


MESSAGE FROM THE GENERAL CO-CHAIR 

Dear participants of CEIT 2018, 

The 6th International Conference on Control 
Engineering & Information Technology, CEIT 2018, is hosted 
by the Control & Automation Engineering Department of 
Electrical and Electronics Faculty, Yildiz Technical University 
(YTU) in the Davutpasa Convention Centre, Istanbul, Turkey 
on October 25 – 27, 2018. We hope you find YTU Davutpasa 
campus an excellent venue for CEIT’18 and enjoy being in 
Istanbul. 

There are two tutorial sessions, each for two hours, on the day before the 
conference starts, that is October 24, 2018, and is held in the Conference Hall of the 
Faculty of Electrical & Electronics Engineering located on the same campus. The 
tutorials are on two very popular and state-of-the-art topics: Deep Learning by Prof. 
Nidhal Carla Bouaynaya and Flexible Robotics by Prof. Vicente Feliu Batlle. 

The opening ceremony includes the first plenary speech that is on Live & let 
die – How control theory may contribute to the cure of cancer by Prof. Frank 
Allgöwer and a mini concert with the theme of In the search of the lost sound 
following the welcoming speeches by the conference general chairs and the Vice 
Rector. Three more plenary speeches are given in the second and the last day of the 
conference on the topics of A 16th century Ottoman scientist: Taqî ad-Dîn al-
Râshid Muhammad ibn Ma’rûf by Prof. Atilla Bir; A Tribute to Charles 
Fortescue on his seminal work on symmetrical components by Prof. Krishna K. 
Busawon and Blockchain, bitcoin from security and privacy point of view by Prof. 
Bilgin Metin. 

This year’s CEIT edition received 310 papers from various countries. Out of 
these, around 200 oral presentations and over 40 posters were accepted. Eligible 
papers will be included in the IEEE Xplore Digital Library.  

This three-day event provides an opportunity to researchers from the 
universities, industry, private and public sectors to meet and network with their peers. 
The technical program comprises of well-known plenary speeches, special sessions, 
oral presentations, posters and tutorials. The social programs have also been planned 
for the conference attendees to facilitate networking, information exchange and 
collaboration. 

Şeref Naci Engin 
Conference General Co-Chair 
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PLENARY SPEAKER: Prof. Dr. Frank Allgöwer 
Institute for Systems Theory and Automatic Control 
Department of Mechanical Engineering 
University of Stuttgart, Germany 

Topic: Live & let die – How control theory may contribute 
to the cure of cancer 

 Systems biology is an interdisciplinary approach aimed 
towards a better understanding of the physical basis of life. In 
this talk the role of systems and control theory for systems 
biology will be explored and an introduction to the field will be 

given. We will discuss achievements, potential and problems by exemplarily looking at one 
particular approach to cancer treatment that is based on apoptosis inducing targeted protein 
therapeutics. We will show that systems theoretic methods and tools, like for example passivity-
based ensemble control, can play a valuable role for the understanding of the underlying 
dynamical mechanisms. 

Biography 

 Frank Allgöwer is director of the Institute for Systems Theory and Automatic Control 
and professor in Mechanical Engineering at the University of Stuttgart in Germany. Frank's 
main interests in research and teaching are in the area of systems and control with a current 
emphasis on the development of new methods for optimization-based control, networks of 
systems, data-based control and systems biology. Frank received several recognitions for his 
work including the IFAC Outstanding Service Award, the IEEE CSS Distinguished Member 
Award, the State Teaching Award of the German state of Baden-Württemberg, and the Leibniz 
Prize of the Deutsche Forschungsgemeinschaft. Frank is President of the International 
Federation of Automatic Control (IFAC) for the years 2017-2020. He was Editor for the journal 
Automatica from 2001 to 2015 and is editor for the Springer Lecture Notes in Control and 
Information Science book series and has published over 500 scientific articles. Since 2012 
Frank serves a Vice-President of the German Research Foundation (DFG). 
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PLENARY SPEAKER: Prof. Dr. Atilla Bir 
Istanbul Technical University & Fatih Sultan Mehmet Foundation 
University, Istanbul, Turkey 

Topic: A 16th century Ottoman scientist: Taqî al-Dîn al-Râshid 
Muhammad ibn Ma'rûf 

 Taqî al-Din al-Râshid (1526-1585) born at Damascus was the 
eminent Ottoman scientist in the second half of the 16th century. 
He moved to Istanbul in 1571, the capital of the Ottoman Empire 
and excelled in several scientific fields such as mathematics, 
astronomy, engineering and mechanics, and optics. He was the 

author of several texts, some of those manuscripts survived and are, at present, the subject of 
thorough studies in the history of science. One of his books, Al-Turuq Al-Saniyya fi Al-Alat 
Al-Ruhaniyya (The Sublime Methods of Spiritual Machines), described the operation principles 
of different mechanical devices. 

 He was ordered by the Sultan for the construction of the Istanbul observatory. After 
several glorious years of activity, the observatory was closedown and demolished by the same 
Sultan. He used a mechanical clock of his own make as well as a wooden wall dial that he set 
in the observatory. He described the clock as “we build a mechanical clock with a dial showing 
the hours, minutes and seconds and we divided every minute into five seconds”. Taqî al-Dîn 
integrated Damascus and Samarkand traditions of astronomy. His first task at the observatory 
was to correct the “Astronomical Tables of Ulugh Beg”. He also conducted various 
observations on eclipses of the sun and the moon. The comet, which was viewed in the skies of 
Istanbul for one month during September 1578, was observed ceaselessly day and night and 
result of the observations were presented to the sultan. He managed this as a result of the new 
methods he developed and equipment he invented. Taqî al-Dîn was able to approach his 
observations in an innovative way and produce new solutions to astronomical problems. He 
also substituted the use of decimally based system for a hexadecimal one and prepared 
trigonometric tables based on decimal fractions. He determined the ecliptic degree as 23° 28' 
40", which is very close to the current value of 23° 27'. He used a new method in calculating 
solar parameters as well as determining the magnitude of the annual movement of the sun’s 
apogee as 63 seconds (modern value is 61 seconds). The talk will be on this great Ottoman 
scientist and his research in the fields of optic, mechanic and robotics. 

Biography 

 Atilla Bir, was born in 1941 in Izmir. After completing his secondary education in Izmir 
and Istanbul, he graduated from Saint Joseph High School in 1959. In 1960, he started to study 
at the Electricity Faculty of the Karlsruhe Higher Technical School (TH-Karlsruhe) and 
graduated from the Weak Currents Department in 1966 as “Electrical Higher Engineer”. He 
worked as a Control Engineer in Siemens-Karlsruhe Research Laboratory for one year and 
contributed to the development of control systems. He did his military service as a Reserve 
Officer working as a Control Engineer in 1968-1969 in the eastern Turkey. In 1970, he started 
to work in the Division of Application of Electricity to the Industry, Faculty of Electrical 
Engineering, Istanbul Technical University (ITU) as an assistant. He completed his PhD on 
“Prediction in Certain and Probable Control Systems” in 1975. 
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 He was endowed the title of Associate Professor in 1980 upon his thesis on “Geometric 
Interpretation of Optimal Control Problems”, then the title of full professor in 1989. He worked 
for the Control Systems Division under Electrical Engineering Department of Electrical and 
Electronics Engineering Faculty, ITU for 38 years and retired from the age limit in 2008. He 
has advised 6 PhD theses on Control, Digital Control, Stochastic Control, Robust Control, 
Modeling and Control of Biological Systems. In addition to his career as a professor of 
engineering, he gave lectures on History of Technology and Instrumentation in the Department 
of History of Science, Istanbul University and Human and Society Science program of ITU. 

 Prof. Bir has been working in the History of Turkish-Islamic Science and Technology 
Institute founded by Prof. Kazim Çeçen in ITU since 1975. He was a member of the technical 
committee for the International Congresses on Turkish-Islamic Science and Technology 
History organized by the Institute in 1981 and 1986. He presented his notable studies on “Kitab 
al-Hiyal by Banu Musa bin Shakir” and The Principle and Use of Turkish Astrolabe Quadrant 
in these two international congresses. His work on “Kitab al-Hiyal by Banu Musa Bin Shakir” 
was published as a book in English by IRCICA. The book presents a detailed examination of 
mechanical systems designed in the nineteenth century in the light of modern Control and 
Systems Engineering. He still publishes scientific papers and gives lectures on similar topics. 
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PLENARY SPEAKER: Prof. Dr. Bilgin Metin 
 Control Department of Management Information Systems, 
Bogaziçi University, Hisar Campus B Block 34342 - Bebek, 
Istanbul, Turkey 

Topic: Blockchain, Bitcoin from Security and Privacy Point 
of View 

 A block-chain is principally can be thought as a distributed 
database or public ledger. Transactions in a block chain are verified 
by agreement of a majority of the participants in the system and 

then shared among them. Also, different from a database information cannot be deleted in 
block-chain. The first and the most popular application of block-chain is bitcoin. Bitcoin is a 
decentralized peer-to-peer digital currency. The digital currency bitcoin is found wide range of 
applications in both financial and non-financial world. Based on these considerations, we will 
highlight how Bitcoin has not been met the challenges of the business and daily life from 
security and privacy point of view and new currencies also presented to improve security and 
privacy challenges. 

Biography 

 Bilgin Metin firstly received the B.Sc. degree in Electronics and Communication 
Engineering from Istanbul Technical University, Istanbul, Turkey. Later, he joined Armada 
Bilgisayar Co. and he was responsible for Cisco Products r in the design and installation of 
computer networks and network security projects. He received M.Sc. and Ph.D. degrees in 
Electrical and Electronics Engineering from Bogazici University, Istanbul. During M.Sc. and 
Ph.D. studies, he worked as a consultant in private sector for designing, implementing, and 
supporting data communications and network security systems. In 2007, He started to work as 
assistant professor for Management Information Systems Dept. in Bogazici University. He 
received the title of Associate Professor in 2014. His research interests include electronic circuit 
design for information and communication systems, information security and information 
technology governance. He published more than 80 papers in the international journals and 
conferences. Assoc. Prof. Bilgin Metin was in the organization committee of a number of 
national and international conferences such as YBS 2014 (National Management Information 
Systems Conference 2014), ELECO (Conference on Electrical and Electronics Engineering) 
between 2012 and 2017. He is a local chair of ECIS 2016 (European Conference of Information 
Systems 2016). He is an academic director in ISACA (Information Systems Audit and Control 
Association) Istanbul Chapter. He is currently the Manager of Bogazici University MIS 
Cybersecurity Center. 
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PLENARY SPEAKER: Prof. Dr. Krishna K. Busawon 
Control Systems Engineering                                          
Mathematics, Physics and Electrical Engineering Department 
Northumbria University, United Kigdom 

Topic: A Tribute To Charles Fortescue on His Seminal Work 
on Symmetrical Components 

 In 1918, Clarles Fortescue demonstrated that any set of N 
unbalanced phasors — that is, any such "polyphase" signal — could 
be expressed as the sum of N symmetrical sets of balanced phasors 
known as symmetrical components. The paper was judged to be the 

most important power engineering paper in the twentieth century. He was awarded the Franklin 
Institute's 1932 Elliott Cresson Medal for his contributions to the field of electrical engineering. 
In this plenary session, we will pay tribute to his work a century after the publication of his 
work. We will set out the mathematical foundation behind his ideas. We will also provide some 
alternative approaches to derive the results of his works and clarifies some of the claims that 
Charles Fortescue made in his 1918 paper on symmetrical components. 

Biography 

 Professor Krishna Busawon is currently the Head of Nonlinear Control research group 
in the Faculty of Engineering and Environment at Northumbria University, UK. 

Prior to that Krishna Busawon obtained his first degree in Mathematics and Fundamental 
Sciences from University of St-Etienne in 1989. He then went to University of Lyon where he 
obtained his BEng and MSc Degree in Electrical Engineering in 1990 and 1991 respectively. 
He went on to continue his post-graduate studies in the same university and consequently he 
obtained his MPhil and PhD degree in Control Systems Engineering in 1992 and 1996 
respectively. After his PhD he was appointed as a Research Fellow at Simon Fraser University 
in 1997. He then joined the University of Nuevo León in Mexico where he worked as a Lecturer 
in the Department of Mechanical and Electrical Engineering (FIME). 

His research interest lies mainly in the area of mathematical modelling, nonlinear control and 
observer design, fault detection and isolation with application to various engineering disciplines 
such as mechanical, power and biotechnological systems. He has written 2 books and published 
over 200 research papers in his area of research. He is one of the pioneers of high gain and 
proportional-integral observer design. His recent work in the observer design area consists in 
the development of observable canonical forms for multi-output nonlinear system which 
enables the design of nonlinear adaptive observers and controllers as well as output observer 
design. He is a Senior Member of the IEEE and a Fellow of the IET. 
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Abstract—This paper presents a mathematical modelling and 
parameter identification for the excitation system and 
synchronous generator in a single framework. For modelling 
process, the seventh-order dynamical model of synchronous 
generator and detailed model of excitation system cards are 
considered. Then, the parameters of overall model are identified 
using an optimization algorithm. Data for identification process is 
acquired from online measurements of a 330MW steam unit which 
is obtained from a data acquisition system. The validation process 
is implemented through Power Factory DIgSILENT software and 
the accurate matching between simulation results and 
measurement data states the proper accuracy of the proposed 
model.       

Keywords—Power Plants; Excitation System; Synchronous 
Generator; System Identification. 

I. INTRODUCTION

There are some factors that contribute to the necessity of 
dynamic parameters identification in various sections of power 
plants among which altering the dynamic and static parameters 
with the passage of time which leads to the change in behavior 
of overall power network in the transient analyses is more 
crucial. The necessity of these studies with the expansion of 
power grid and the introduction of fast excitation systems 
especially the PSS is more evident. The component parameters 
are useful in the stability analyses and simulating the system 
behavior in tuning or resetting the controllers. Even if the 
manufacturer proposes the as-built parameters, the accuracy of 
these parameters should be validated via field tests after five 
years [1]. 

In the synchronous generator section, there are two 
identification methods: 1) offline identification and 2) online 
identification. In the offline methods, the synchronous 
generator is out of service and various techniques like 
frequency response [2], least squares [3], and dc excitation ones 
[4] will be employed. The main drawbacks of this method are
its difficulty to apply, time-consuming nature, not considering
the parameters aging and off-grid application of machine for a
long time. Alleviating the aforementioned difficulties, the

online methods have been proposed [5], [6].In these methods, a 
small exogenous signal is injected to the in-service machine in 
order to have no dominant effect on the normal operation of the 
system. There three main categories for online testing: 1) black-
box, 2) white-box, and 3) grey-box methods. In the black-box 
modeling[7], the output data is sought to be mapped on the input 
data in a model without considering the physical structure while 
in white-box modeling, the model for understudy system is 
already known and just the validation is carried out on the given 
parameters, and in the grey-box method, the mathematical 
model is known and the parameters should be identified.  

Researchers have been employed several methods to 
identify synchronous generator parameters. In [8] a fourth-
order model of the synchronous generator while the excitation 
system has not been considered, is proposed. In [9] a genetic 
algorithm (GA) identification method for synchronous 
generator parameters and a first-order automatic voltage 
controller (AVR) using online test measurements have been 
considered while the subtransient parameters of synchronous 
generators have not been taken into account.  

Generally, the direct method of excitation system 
identification necessitates the availability of excitation current 
and voltage which is not accessible in brushless excitation 
systems. However, the comprehensive identification of 
synchronous generator parameters makes the direct method 
possible in brushless excitation systems. In [10], a simultaneous 
identification of generator and excitation system using 
optimizations method and online measurements have been 
presented. In this paper, thanks to the complete identification of 
synchronous generator parameters, the direct method has been 
realized and the sensitivity of output errors to the various 
machine parameters have been investigated. However, the 
detailed model of real excitation system and on board cards in 
the real power plant has not been presented. 

In this paper, a mathematical modeling and parameter 
identification of synchronous generator and excitation system 
for a real gas power plant are presented. At the first stage, the 
seventh-order synchronous generator model is presented and its 
main parameters which need to be identified are introduced. 
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Then, a short description and dynamic model of comprising 
cards, exciter and rotating diode bridge are included. The 
effective parameters are identified using Genetic Algorithm 
(GA) which its ability to solve optimization problem has been 
proved. The identified parameters are placed in a general single 
synchronous generator and excitation system framework in the 
Power Factory DIgSILENT Software and the simulation results 
are compared with the measurements from a real 330MW steam 
unit. 

II. GENERATOR MODELLING 

In this section, the seventh-order model of synchronous 
generator is considered here. The advantage of this model is to 
consider the impacts of stator and damper windings comparing 
to the low-order linear structure such as Heffron-Philips [11]. 

Generally, flux linkages are chosen as state variables in 
synchronous generator modeling in a single machine system. 
There are two state equations of rotor dynamics and five state 

equations for stator, damper, and field windings. These 
equations are stated as follows: 
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In these equations, reactances are defined as follows: 
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(4)

As it was stated before, this excitation system is a brushless 
type in which there is no way to measure the synchronous 
generator excitation current and voltage. Therefore, indirect 
method should be employed for the identification process. It 
should be noted that the identification process for synchronous 
generator and excitation system is based on the technique 
presented in [10]. 

III. EXCITATION MODELLING 

This section consists of various parts each of which plays an 
important role in overall performance of the system. Typically, 
the old excitation systems are composed of analog cards to 
produce references or limiting signals while the new ones are 
mostly digital based and function blocks within a 
programmable logic controller (PLC) are responsible for 
signaling. The understudy excitation system is an alternator-
supplied rectifier excitation which employs ac alternator to 
produce dc current for the main generator field winding. In this 
section, the model of each card within the excitation system 
with a short description on each one is presented. 

A. Cross Current Compensation  

The automatic voltage regulator normally controls the 
generator stator terminal voltage. Sometimes load compensation 
is used to control a voltage which is representative of the voltage 
at a point either within or external to the generator. This is 
achieved by building additional circuitry into the AVR loop. The 
compensator has reactance (Xc) that simulates the impedance 
between the generator terminals and the point at which the 
voltage is being effectively controlled. This model is depicted in 
Fig. 1.  

tct
IXV ⋅±

 
Fig. 1. Cross current compensator 

B. Voltage Deviation Detector 

The input voltage signal to control unit is rectified through 
a three-phase diode bridge and then compared with reference 
voltage in this unit. Generally, the rectifier bridges are modelled 
with simple time constant and gain. The model of this section 
is shown in Fig. 2.   
 

d

d
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Fig. 2. Voltage Deviation Detector  

C. Automatic Phase Shifter  

This section is the main section of AVR in which the input 
signal from different parts such as under excitation, unti-
hunting, bias voltage and output voltage from voltage deviation 
detector are added and the resultant signal is passed through a 
magnetic amplifier which can be modelled as one lead-lag filter 
and one low-pass filter as shown in Fig. 3. 

D. Anti-Hunting Unit 

Excitation systems comprised of elements with significant 
time delays have poor inherent dynamic performance. For 
improving the dynamic performance of the control system, one 
series or feedback compensation loop is used. Typically, one 
derivative feedback will be implemented such as shown in Fig. 
The effect of this control loop is to minimize the phase shift 
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which is implemented by time delays over a selected frequency 
range. 
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Fig. 3. Automatic phase shifter  
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Fig. 4. Anti-hunting unit 
      

E. Exciter  

In this excitation system, the responsibility of exciter is to 
provide the ac voltage as the input to the rotating diode on the 
main shaft of synchronous machine. It should be noted that this 
type of exciter is called "inverse synchronous generator". In this 
system, the dc output of thyristor bridge is fed to the armature 
of a synchronous generator and the ac output is extracted from 
rotating field winding. The basic model for ac exciter is 
depicted in Fig. 5.  

 
Fig. 5. Exciter Modelling. 

 
The following equation characterizes the operation of this 
exciter [12]. 
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In which, Rg is the air-gap line slope, and	  and  are the 

per-unit value of excitation current and voltage in a specific 
operating point, consequently.  

 
Fig. 6.  Single machine infinite bus machine. 

F. Rotating Diode Bridge 

The three-phase diode bridge rectifier is commonly employed 
to rectify the output voltage of ac exciter. The inductive effect 
of ac source which is modeled with inductive reactance and 
referred to as the commutating reactance makes a delay in the 
process of commutation. The main drawback of this process is 
the reduction in the average output voltage of the rectifier and 
increase in the load current value. [13] shows that a three-phase 
full-wave bridge rectifier circuit operates in one of the three 
distinct modes as the rectifier load current varies from no load 
to the short-circuit level. The mode of operation depends on the 
commutating voltage drop. The equation defining the rectifier 
regulation as a function of commutation voltage drop may be 
expressed as follows: 

 

FD N
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(7)  

 
where, KC is dependent on the commutating reactance and the 

non-linear function can be expressed with the expressions in 
Table I.  

TABLE I.  NON-LINEAR FUNCTION  
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Considering the below objective function, the identification 
process is conducted through the Genetic Algorithm (GA) as 
the optimization method. 
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(8)  

where, is the measured data from real power plant and	  is 
the simulated data with the identified parameters in each 
optimization iteration. Using this objective function, the overall 
parameters of excitation system and synchronous generator are 
obtained. The results of this identification are demonstrated in 
Table II and Table III and its overall model is depicted in Fig. 
10. 

IV. EXPERIMENTAL VERFICATION 

In order to verify the validity of proposed dynamical 
modelling and parameter estimation results, various 
experiments have been carried out on a 330 MW steam unit. In 
these experiments, the voltage reference of AVR has been 
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changed and the results of alternation in different quantities 
have been recorded using the parameters stated in Table II and 
Table III. The recording device is a 16-channel data logger 
featured 1 kHz sampling frequency recoding capability. Then, 
the results of these experiments are compared to the simulation 
results conducted by DIgSILENT Power Factory software. The 
overall configuration for simulation framework is depicted in 
Fig. 6 and the data logger for recording and load angle meter 
for online calculation of	  are shown in Fig. 7. 

 

Fig. 7. Data logger and load angle meter. 

A. Stabilization Loop Identification 

In this test, the anti-hunting unit which its duty is to enhance 
the dynamic performance of the system is identified through 
setting exciter voltage as the input voltage and recording its 
output. The proper matching between measured and simulated 
signal considering the identified parameters is depicted in Fig. 
8.  

 
Fig. 8. Stabilization Loop Identification 

B. High Active Power and Positive Reactive Power  
In this test, a ±100mV voltage signal is injected to the AVR 

reference and the resulting outputs are recorded. Due to the 
change in the voltage reference, the value of reactive power 
which is directly related to the terminal voltage is altered. 
Furthermore, as it has been shown in overall modelling of AVR 
system, the field voltage of main excitation system is 
susceptible to the terminal voltage reference. These quantities 
during external signal injection to the reference of terminal 
voltage are shown in Fig. 9. The values of these quantities are 
related to the nominal operating point of this unit while it is 
operating in the overexcited mode. In this test, the active and 
reactive power values are 332 MW and 26 MVAr in the pretest 
steady state condition. 

 

 
Fig. 9. The waveforms of measured and simulated signal for field voltage at 
P=332MW and Q=26 MVAr. 

TABLE II.  SYNCHRONOUS GENERATOR PARAMETERS 

Parameter Value Parameter Value 
 1.8290 p.u. ,  0.2 p.u. 
 0.3140 p.u.  4.8792 s 

′  0.2560 p.u.  0.1184 s 
 1.6461 p.u.  1.4400 s 
 0.4710 p.u.  0.1276 s 
′  0.2560 p.u.  6.5 s 

 0.0027 p.u.  0.012 p.u. 

TABLE III.  EXCITATION SYSTEM PARAMETERS 

Parameter Description Value 
Tb Filter Delay Time 5s 

Tc 
Filter Derivative Time 

Constant 
2.19s 

Ka Controller Gain 50.4 
Ta Controller Time Constant 0.012s 
Te Exciter Time Constant 0.39s 

Kd 
Exciter Armature Reaction 

Factor 
0.017 

Ke Exciter Constant 3.054s 

Kc 
Rectifier Regulation 

Constant 
0.0003089 

Kf Stabilization Path Gain 0.0069 

Tf 
Stabilization Path Delay 

Time 
2.74s 

 

C. High Active Power and Negative Reactive Power  
Likewise, in this test, a ±100mV voltage signal is injected to 

the AVR reference and the resulting outputs are recorded. The 
difference is in the under excitation mode of operation in which 
the reactive power is about -5 MVAr. The results of this test are 
shown in Fig. 11.     
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Fig. 10. The overall model of the excitation system 
 

 
Fig. 11. The waveforms of measured and simulated signal for field voltage at 
P=332MW and Q=-5 MVAr. 

V. CONCLUSION  

This paper presents a comprehensive modelling and 
identification procedure for the excitation system and 

synchronous generator parameters. In the modelling section, the 
seventh-order state equations for synchronous generator are 
included and in the excitation section all of the consisting cards 
are modelled and dynamical model for each section is obtained. 

 In order to identify the dynamical parameters, a 
metaheuristic algorithm is employed and the terminal voltage 
of synchronous generator is used as the objective function. In 
the PSS section, due to the inaccessibility to the output, the 
overall identification is accomplished through injecting active 
power signal as the input to the PSS section and the terminal 
voltage as the objective function.   The accuracy of the proposed 
modelling is justified through experimental results on a real gas 
power plant and the proper fitness between the simulated and 
measured results proves the efficacy of dynamical modelling. 

 

VI. REFERENCES 
[1] M. Rasouli and M. Karrari, “Nonlinear Identification of a Brushless 

Excitation System Via Field Tests,” IEEE Trans. Energy Convers., 
vol. 19, no. 4, pp. 733–740, Dec. 2004. 

[2] T. L. Vandoorn, F. M. De Belie, T. J. Vyncke, J. A. Melkebeek, and 
P. Lataire, “Generation of Multisinusoidal Test Signals for the 
Identification of Synchronous-Machine Parameters by Using a 
Voltage-Source Inverter,” IEEE Trans. Ind. Electron., vol. 57, no. 1, 
pp. 430–439, Jan. 2010. 

[3] S. Mouni, E; Tnani, “Synchronous generator modelling and 
parameters estimation using least squares method,” Simul. Model. 

Pract. Theory, vol. 16, no. 6, pp. 678–689, Jul. 2008. 
[4] M. Hasni, O. Touhami, R. Ibtioueb, M. Fadel, and S. Caux, 

“Estimation of synchronous machine parameters by standstill tests,” 
Math. Comput. Simul., vol. 81, no. 2, pp. 277–289, Oct. 2010. 

[5] R. Khalili, H. Rabieyan, A. Khodadadi, B. Zaker, M. Karrari, and S. 
Karrari, “Mathematical Modelling and Parameter Estimation of an 
Industrial Steam Turbine-Generator Based on Operational Data,” 
IFAC-PapersOnLine, vol. 51, no. 2, pp. 214–219, Jan. 2018. 

[6] B. Zaker, G. B. Gharehpetian, and M. Karrari, “Improving 
Synchronous Generator Parameters Estimation Using d-q Axes Tests 
and Considering Saturation Effect,” IEEE Trans. Ind. Informatics, 
pp. 1–1, 2017. 

[7] B. Zaker, G. B. Gharehpetian, M. Mirsalim, and N. Moaddabi, 
“PMU-based linear and nonlinear black-box modelling of power 
systems,” in 2013 21st Iranian Conference on Electrical Engineering 

(ICEE), 2013, pp. 1–6. 
[8] E. Ghahremani and I. Kamwa, “Online State Estimation of a 

Synchronous Generator Using Unscented Kalman Filter From Phasor 
Measurements Units,” IEEE Trans. Energy Convers., vol. 26, no. 4, 
pp. 1099–1108, Dec. 2011. 

[9] N. Zaker, B.; Gharehpetian, G.B.; Moaddabi, “Parameter 
identification of Heffron–Phillips model considering AVR using on-

line measurements data,” Int. Conf. Renew. Energies Power 

Qual.(ICREPQ), Cordoba, Spain, pp. 1–6, 2014. 
[10] B. Zaker, G. B. Gharehpetian, M. Karrari, and N. Moaddabi, 

“Simultaneous Parameter Identification of Synchronous Generator 
and Excitation System Using Online Measurements,” IEEE Trans. 

Smart Grid, vol. 7, no. 3, pp. 1230–1238, May 2016. 
[11] Y. . Yu, Electric power system dynamics. NEW YORK, NY 10003, 

USA: ACADEMIC PRESS, INC., 1983. 
[12] P. Kundur, N. Balu, and M. Lauby, Power system stability and 

control. 1994. 
[13] R. L. Witzke, J. V. Kresser, and J. K. Dillard, “Influence of A-C 

reactance on voltage regulation of 6-phase rectifiers,” Trans. Am. 

Inst. Electr. Eng. Part I Commun. Electron., vol. 72, no. 3, pp. 244–
253, 1953. 

6

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



978-1-5386-7641-7/18/$31.00 ©2018 IEEE

Mathematical Modeling of a Generic Steam Turbine 

During Power Grid Dynamical Studies 

R. Khalili, H. Rabieyan, B. Zaker, M. Karrari
Electrical Engineering Department

Amirkabir University of Technology (Tehran Polytechnic) 

Tehran, Iran 
{ramtin.khalili, hadi_rabieyan, zaker.behrooz, karrari}@aut.ac.ir 

M. Nakhaee Pishkesh
Electrical Engineering Department 

Khatam University 

Tehran, Iran 
Mortezanakhaee082@gmail.com

Abstract— Due to the significance of power systems dynamics 
studies, obtaining an accurate and consistent dynamical model for 
steam turbine-governor is a must. In this paper, dynamical 
modeling and parameter estimation of an industrial steam turbine 
governor are taken into consideration. The nominal output power 
of the turbine is 368 MW and dynamical tests are designed in four 
different operation point and two different modes of the system. 
During the tests, necessary signals are recorded by measuring 
devices and data acquisition systems. Before going through the 
modeling process the exact operation of the system should be 
examined. A precise dynamical model is proposed based on the 
operation of the system. In the next step, parameters of the 
suggested model are estimated using one of the most practical 
methods. The comparison between the response of the suggested 
model with the estimated parameters and response of the real 
system is made to show the accuracy of the proposed model. 

Keywords—dynamical model; governor; parameter 
identification; steam turbine. 

I. INTRODUCTION

Due to the annual load increase in developing countries 
power system utilization becomes a challenging topic. So, 
numerous research has been conducted in order to improve the 
stability of the power grid. Between these researches, power 
grid dynamical studies are of significant importance. Predicting 
the grid response after the occurrence of a phenomenon is our 
first priority in power system dynamical modeling. Purpose of 
the study always determine the order or generally the 
complexity of the model. In face of any known or unknown 
disturbance, the operational limitations of the electricity grid 
should not be violated. In this study, our purpose is to propose 
a mathematical model for a 368 MW steam turbine which is 
employed in one of the thermal power plants in Iran. 

Since the beginning of comprehensive studies on power 
network, several dynamical models have been proposed for the 
generation units. Most of them persist in obtaining exact models 
for gas and steam units due to the frequent use of thermal power 
plants in electricity generation. The prerequisites of modeling 
the power system have been discussed in [1] by obtaining a 
simple dynamical model for steam chest. This model has 
become the basis for concluding other models in [1]-[3]. In [2] 
dynamical models for steam and hydro turbines has been 
proposed. Then, typical parameters for different manufacturers 
have been suggested as initial values. Furthermore, one of the 
most popular models for steam turbine i.e., IEEEG1 has been 
explored in [2]. Some of the most practical models for gas, 

steam, and hydro turbines from the easiest one to more complex 
have been addressed in [3].  

IEEEG1 model describes the behavior of steam turbine with 
an acceptable precision. However, it has many simplifying 
assumptions in obtaining the model. These assumptions have 
been completely explained in [3] and [4]. These simplifying 
assumptions may conversely affect the exactness of the model 
in some studies. Hence, a more complex model is needed in 
these studies. [5]-[7] have been proposed more detailed 
dynamical models by investigating the thermodynamic work 
cycle of the turbine and complex equations. In [5] a research 
has been conducted on an analytical model which considers a 
complex model for the boiler of the steam units. [6] and [7] have 
been discussed nonlinear equations of the steam turbine and 
obtained a model with a higher degree of complexity. However, 
these model are hard to use in dynamical studies of the grid and 
consume a lot of effort and energy.   

Steam turbine modeling studies are discussed up to this 
point. To assess the exactness of the proposed model parameters 
of the model should be identified. In other words, grey-box 
system identification is used here due to the known structure of 
the system with unknown parameters [8], [9]. Estimating the 
parameters is divided into two main categories: classical and 
non-classical methods. Some methods such as nonlinear least 
squares (NLS) method have been utilized as classical methods 
for estimating the parameters of the system like in [4] and [10]. 
In [10] a standard model has been used to describe the behavior 
of an industrial gas turbine. Then, parameters of this model have 
been estimated using NLS. 

To avoid the complexity and energy-consuming 
calculations of classical methods, evolutionary algorithms have 
been suggested. In [11] and [12] parameters of a synchronous 
generator and excitation system have been estimated using 
genetic algorithm (GA). In [13], authors have used load 
rejection tests to estimate synchronous generator parameters. 
Later particle swarm optimization has been introduced as a 
powerful method for optimization. [14] has been explored the 
application of PSO in power systems.  

In this paper after giving a concise explanation of the 
structure and work cycle of the system, a dynamical model for 
the turbine-governor system is proposed. This turbine works in 
two different modes which are called governor mode and load 
limit mode. Both of these modes are considered in the model 
for the purpose of model comprehensiveness. After that, four 
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tests in different operating points and modes are used for 
parameter estimation process. Parameters of turbine-governor 
as a whole system are estimated using Particle swarm 
optimization (PSO) method. Comparing the suggested model 
response with the real data which is recorded by means of data 
acquisition systems with a 1 ms sampling time shows a 
negligible error.  

This paper is organized as follows: after this introduction, 
dynamical modeling of the turbine-governor system is outlined 
in section 2. In section 3 method of parameter identification 
which is used to determine the parameters of the suggested 
model is briefly explained. In section 4 simulation results are 
presented and compared with operational data in different 
modes and operation points. Finally, section 5 concludes the 
paper. 

II. TURBINE-GOVERNOR MODEL 

For the purpose of dynamical modeling, an introduction to 
the main components including steam turbine and governing 
system is necessary. First, the turbine section is considered in 
this part. The studied turbine is a 368 MW industrial steam 
turbine with four main stages. These stages include one high 
pressure (HP) stage which contains eight subsections, one 
intermediate (IP) stage with five subsections, and two low 
pressure (LP) stages each of which contains five subsections.  

The other main part of the system is the governing system of 
the steam turbine (governor). This type of governor consists of 
a digital system and a mechanical-hydraulic part. Digital part of 
the governor is responsible for setting the load reference (target 
load), controlling the speed governor and load limit motors using 
digital PID controllers, choosing and switching between modes 
of operation, etc. Also, mechanical-hydraulic part consists of 
load limit, speed governor, speed relay, hydraulic servomotor of 
the main control valve, rotating pilot valve, and axillary pilot 
valve.  

As it is mentioned earlier, this system has two different 
modes of operation: load limit mode and governor mode. The 
common input of the digital part of the governor in both modes 
is target load (TL) signal. First, the rate of this input is regulated 
by means of a rate limiter block. The rate of this input is usually 
set at 1% per minutes. However, it is could be increased in fast 
loading mode. Then, the regulated signal is compared with the 
measured electrical power and the error signal enters the 
controllers of the selected control mechanism (load limit or 
speed governor) to control the position of AC motors. A switch 
which selects the desired control mechanism is considered to 
show the changing between two modes in the model. 

If the system works in the governor mode, the error signal 
passes through the governor PID controller. The control signal 
manipulates the governor motor which directly affects the 
control valve. The set of governor AC motor and the driver is 
modeled with a gain and a simple first order time constant. In 
the governor operating mode, the speed governor responds to the 
frequency deviations by changing the output power. If the 
frequency falls below the set value the output power of the unit 
increase to compensate for the deficit. Vice Vera, if the 
frequency goes up output power should be decreased. The 
amount of frequency correction in each generation unit is 
directly determined by droop. This effect is modeled with a 
simple gain (inverse of droop) in the speed governor model. 
Moreover, for modeling the speed governor system a lead-lag 
transfer function is assumed. So, in this mode inputs of the 

control valve is the sum of two signals: target load and turbine 
speed. 

The load limit can be closed down from the full-open 
position by any amount to close the auxiliary pilot valve port 
opening for the oil supply to the rotating pilot valve and to the 
speed relay. As long as the rotating pilot valve restricts the oil 
flow more than the auxiliary pilot valve, the speed governor has 
control over the turbine load. However, if the rotating pilot valve 
port opening is increased (by means of the speed/load changer 
screw) to become less restricting than the auxiliary pilot valve, 
it is no longer capable of increasing oil pressure under the speed 
relay to open the control valves more. The auxiliary pilot valves 
are then the limitation on a further increase in the load. Load 
limit is named after this function. In this manner, it can be used 
to limit the load to any value below what the speed governor 
commands.  

According to what described above it is concluded that when 
the load limit control mode is selected the speed governor has no 
effect on load control. So, in this case, the input of the dynamical 
model is only target load. Like the governor mode, the error 
signal passes through another PID controller with different 
settings. But, unlike the governor mode, the frequency deviation 
does not affect output power of the turbine. Then, the load limit 
motor output is entered into the control valve in the model. The 
servo-valve is simply modeled by a time constant. Finally, the 
output of the last stage of governor model, i.e., control valve 
dynamics is the steam flow which enters the first stage of the 
turbine. 

Due to the simultaneous modeling of turbine and governor 
system, a precise model for turbine section is also needed. 
Dynamical model for this multi-stage turbine is selected based 
on IEEEG1 standard model and the dynamical model which is 
presented in [4]. One more important point which deserves some 
words is the rest of the system model is that although it is 
possible to add the auxiliary pilot valve and the rotating pilot 
valve models in the main model, it is not allowed based on the 
simplicity principle in mathematical modeling and due to the 
fact that, their time constants are negligible in accordance with 
the chest, reheater, and crossover time constants.  

III. PARAMETER IDENTIFICATION METHOD 

First Kennedy and Eberhart introduced swarm optimization 
when they were working on the behavior of birds and fish. In 
this method, a swarm consists of a number of particles move 
through the search space to explore optimal solutions [15]. In 
[14] various points have been mentioned as the benefits and 
weak points of the PSO. Being derivative-free, ability to avoid 
local minima, admitting stochastic objective functions, and not 
depending on the initial guess for start are some of the benefits 
of PSO. Generally, each particle updates its position based on 
three terms: 1) its initial velocity 2) its best experience 3) the best 
experience of all of the particles (the swarm). The mathematical 
explanation of this statement is shown in (6) and (7). 

 1
1 1 2 2. (X X ) (X X )t t best t Gbest t

i i i i iV W V c r c r
+ = + − + −  (1) 

 1 1Xt t t
i i iX V

+ += +  (2) 
where t represents the iteration number, i stands for particle 

number, Xbest
i and XGbest  are the best experience of the particle 

and swarm respectively. W is inertia weight, 1c  and 2c are two 
positive constants, 1r and 2r are two random numbers in [0,1] 
interval.
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Fig. 1. Dynamical Model of Turbine-Governor system. 

In [12] the optimal parameters of the PSO have been studied 
with a mathematical viewpoint.  

The parameter estimation steps based on PSO is explained 
below: 

Step 1) based on active and reactive power the operating 
point of the system is selected. 

Step 2) according to measurements in the previous step 
initial settings of the algorithm are set. 

Step 3) the perturbed inputs are fed to the system and 
response of the system (output of the model) is recorded. 

Step 4) parameters of the proposed model is estimated based 
on the operating point and measurement data with mean square 
error objective function. Parameters of the turbine section are 

HPK , IPK , LPK , CHT , RHT , COT and parameters of the governor 
system are VK , GK , LK , GT , LT , 1T , 2T , 1PK , 1IK , 1DK , 2PK , 

2IK , 2DK . 

TABLE I.  MODEL PARAMETERS AND SEARCH SPACE 

Parameter Explanation Search Space 

HPK , IPK , LPK  Turbine Gains [0,1] 

CHT , RHT , COT  Chest, Reheater, and 
Crossover Time Constants [0,15] 

1 VK  Control Valve Time Constant [0,2] 

GK , LK  Governor and Load Limit 
Motors Gains [0,2] 

GT , LT  Governor and Load Limit 
Motors Time Constants [0,1] 

1 K  Droop [0.02-0.08] 

1T , 2T  Speed Governor lead-lag 
Time Constants [0-1] 

1PK , 1IK , 1DK  Governor Motor PID 
controller coefficients [0-0.1] 

2PK , 2IK , 2DK  Load Limit Motor PID 
controller coefficients [0-0.1] 

 

IV. SIMULATION RESULTS AND DISCUSSION 

As it is mentioned earlier, in this paper grey-box system 
identification of steam turbine-governor system is taken into 
consideration. After proposing a comprehensive model for 
turbine-governor in this part, the unknown parameters of the 
model which are addressed in Table I, should be determined 
using the method which is discussed in section III. The final 
goal is to assess the output of the model in comparison with the 
real system. So, the output of the model should be monitored 
with the same inputs which enter the real system. It is worth 
noting that all of the necessary signals are recorded by means 
of a 1 kHz data acquisition system. 

To reach our purpose in estimating the parameters of the 
model in a right way, some dynamical tests should be designed 
precisely. These tests should cover all operating points in the 
work cycle of the real system and should not violate system 
constraints. To fulfill our goal four tests in two different modes 
of the system are designed. The steam unit of this power plant 
is utilized in a way that frequency perturbations directly affects 
the output power. This is exactly what happens in units which 
are involved in frequency control of the grid. So, the main 
control loop of the system is governor mode and most of the 
tests were done in this mode. However, in order to determine 
the parameters of load limit controller, one of the tests was 
performed in load limit mode.  

Another extremely important point in doing dynamical tests 
is choosing the right signal for system identification. Usually, 
known signals are added to inputs of the model for performing 
dynamical tests. Here inputs of the model are target load, 
turbine speed, turbine speed reference in governor mode and 
only target load in load limit mode. Turbine speed is related to 
the frequency of the grid and could not be changed by the 
operator. Also, the change in turbine speed reference is 
impossible and it is set to 1 p.u. So, perturbations should be 
directly employed in TL for both modes. Input test signals are 
step functions perturbations with appropriate amplitudes. The 
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amplitudes of the step functions in the TL input are selected in 
a way that a 7 to 15 MW change in power output is reached.  

During performing the tests a high rate data acquisition 
system record the necessary signals. The recorded signals are 
polluted with noise. So, after data preprocessing including 
filtering the noise and analyzing the recorded signals, 
parameters of the turbine-governor model are estimated 
simultaneously using PSO. The estimated parameters of the 
turbine-governor model are determined in Table II. The 
simulation results are addressed in the following. In each figure, 
the first row is dedicated to the measured and simulated power 
output. For governor mode, second and third rows show the 
inputs of the model including target load and turbine speed 
respectively. However in load limit mode showing the turbine 
speed is unnecessary because the frequency of the grid does not 
affect the system in this mode. 

Figs. 2 to 5 represent the results of the simulation and 
measured signals for the four tests. Fig. 2 shows a comparison 
between measured and simulated output power, load reference 
(target load), and turbine speed of the unit during the first test 
in governor mode. For sake of simplicity, all of the signals are 
depicted in per unit system. Figs. 3 and 4 demonstrate the 
similar order of signals in two other operating points in 
governor mode. Fig. 5 shows the comparison between 
measured and simulated output power and load reference (target 
load) during the fourth test in load limit mode. As it is obvious 
in Figs. 2 to 5 intuitively the error between the simulated and 
measured output power is negligible. In [4] and [10] R-squared 
criterion and mean square error (MSE) have been used for 
assessing the model response and exactness of the model. R-
squared and MSE criteria are calculated based (3)-(6) and the 
results are represented in Table III. If R-squared value becomes 
near the unity the model is more accurate [4]. 

 
Fig. 2. Output Power Measured and Simulated (p.u.), Target Load (p.u.), 

Speed (p.u.) in the first operating point/Governor Mode (test 1: 282 MW). 

 
Fig. 3. Output Power Measured and Simulated (p.u.), Target Load (p.u.), 
Speed (p.u.) in the second operating point/Governor Mode (test 2: 330 MW and 
Positive Reactive Power). 

 
Fig. 4. Output Power Measured and Simulated (p.u.), Target Load (p.u.), 

Speed (p.u.) in the third operating point/Governor Mode (test 3: 337 MW 
and Negative Reactive Power) 
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Fig. 5. Output Power Measured and Simulated (p.u.), Target Load (p.u.) in the 
fourth operating point/Load Limit Mode (test 4: 330 MW) 
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TABLE II.  LIST OF ESTIMATED PARAMETERS 

Parameter Value Parameter Value 

HPK  0.3 LT  0.2 

IPK  0.3 1 K  0.04 

LPK  0.4 1T  0.229 

CHT  0.236 2T  0.334 

RHT  11.61 1PK  0.02 

COT  0.449 1IK  0.05 

1 VK  0.4 1DK  0 

GK  0.973 2PK  0.04 

LK  1 2IK  0.06 

GT  0.215 2DK  0.004 

TABLE III.  R-SQUARED AND MSE CRITERIA 

Test MSE R-squared 

Test 1  0.9826 

Test 2  0.9846 

Test 3  0.9766 

Test 4  0.9843 

 

V. CONCLUSION 

For the purpose of improving the stability of power grid and 
predicting the effect of unknown phenomena in the grid a 
precise dynamical model for steam turbine-governor has been 
proposed. For turbine section dynamical model of IEEEG1 
model has been utilized. On the other hand, a dynamical model 
has been suggested based on the operation of control systems 
for the governor. Parameters of the turbine-governor system 
have been estimated simultaneously with PSO method. 
Comparison between the real data and model response reveals 
that the proposed model predicts the behavior of the system 
with an acceptable precision. 
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Abstract— This paper describes the black-box system 
identification and iterative learning control algorithm which 
apply to a quadcopter. At first, two feedback control loops from 
angles and angular velocities are implemented to stabilize the 
system, then the experimental data and the models of roll and 
pitch are identified via a black-box routine. For more accuracy of 
angles measurement, the complementary filter is used to fuse the 
data of the inertial measurement unit (IMU). An iterative 
learning control (ILC) method is then applied to the closed loop 
system with the aim of following trajectories of the roll and the 
pitch angles. The designed controller was first applied to the roll 
and pitch model separately and then applied to both angles 
simultaneously. The experimental result is presented and 
discussed. 

Keywords- Quadcopter, iterative learning control, black-box 
identification, trjectory tracking. 

I. INTRODUCTION

In recently years, quadcopters have become very popular 
because of their good maneuverability, survivability and 
increasing payload. These flying robots are employed for 
different tasks such as inspection, exploration, photography 
and they can also replace human during activities that could be 
harmful to life. Many approaches are presented to extract the 
dynamics of quadcopters that differ in considering the 
gyroscope and some aerospace effects. In general, dynamics of 
quadcopter is nonlinear, however, in many applications a 
linearized model has relatively good performance [1]. The 
main problem in this approach is to identify the model 
parameters. An alternative approach is to extract the model via 
a black-box identification routine. In black-box identification 
methods, model is identified using measured data from real 
physical responses. For pitch and roll dynamics the ARMAX 
model is identified in [2]. The accuracy of this models is 
dependent on accuracy of the sensors. The angular velocities 
and body accelerations are measured by Inertial Measurement 
Unit (IMU), but for positioning the quadcopter typically the 
motion capture is used [3].  

Iterative Learning Control (ILC) applies to systems that 
repetitively perform a task [4,5]. This control method can 
iteratively improve the performance that may not be reached 
via real-time control loop. ILC at the first time introduced in 

[6]. Trajectory tracking with quadcopters is typically achieved 
using feedback control approaches in the linear models. ILC is 
one of these approaches that uses the linear model of system 
that has a good performance in periodic trajectory problem [7]. 
ILC scheme composed of PD controller and the anticipant 
controller is proposed to control the quadrotor to follow the 
trajectory at a constant height in [8]. Authors in [3] investigate 
an iterative learning scheme aimed at the non-causal 
compensation of repeatable trajectory tracking errors over the 
course of multiple executions of periodic maneuvers. 

This paper is organized as follows. Section II introduces 
mathematical of quadcopter. In Section III explained how to 
stabilize the system and quadcopter flies in various maneuvers 
with RC and IMU data is collected for black-box identification 
and different models are compared. Section IV summarizes 
the ILC algorithm. One important feature of the ILC algorithm 
is the dependence of the speed of convergence on weight 
parameters appearing in the norms of the signals chosen for 
the optimization problem. The simulation results of the 
controller are carried out and Finally, the reference trajectory 
for roll and pitch are tracked with ILC. 

II. MODELENG OF QUADCOPTER

Mathematical equations derived from physical laws (see 
Fig. 1) which motor trust are directly related to the rotor 
angular velocities as  

, (1)
where  and  are the thrusts and angular velocities exerted 
by the  rotor respectively and 	is the drag coefficient of 
each of the identical propellers [9]. 
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Fig. 1. Quadcopter Illustration. 

The differences among the four rotors angular velocities 
cause differences in thrusts and therefore yields different 
moments around the quadcopter axes. These moments cause 
the quadcopter to tilt around its axes. In general, quadcopters 
have 12 states: Three for the position, three for the orientation, 
three for the linear velocities and three for the angular 
velocities [10]. In this work, we consider only four states 
(vertical position and the three orientation) as the quadcopter’s 
outputs and ILC just applied to roll and pitch. 

Equation related to the dynamic of quadcopter can be 
described as follow [8] 

 , (2) 
 , (3) 
 , (4) 
 , (5) 
 , (6) 
 , (7) 

where  is total mass,	 , 	 	 ,  is gravity 
constant and  refer to moment of inertia of  axis, Also , , 

 are roll, pitch and yaw orientation, respectively, and 

 , (8) 
 , (9) 
 , (10) 
 , (11) 
where  is thrust coefficient,  is distance between center of 
propeller and center of mass and  is drag coefficient. 

III. SYSTEM IDENTIFICATION MODELLING 

Black-box identification method was used to obtain the 
mathematical model and only the measurements input-output 
data is required for this purpose. For identification roll and 
pitch model the input of this models related to square of 
velocity of propellers according to (8) – (11). 

  
Remark 1: To avoid to measure the velocity of propellers, the 
Pulse Width Modulation (PWM) of motors considered as 
model’s inputs. 

The dynamics of the quadcopter is unstable, so for black-
box identification, the quadcopter must be stabilized before 
flying and capturing data. For this purpose, two feedback 
control loops are implemented on angles and angular 

velocities. Figure 2 depicts the cascaded feedback loop for 
stabilizing the system using  PI and P controllers. 

 
Fig. 2. scheme of stabilizer feedback control. 

The parameters of P and PI controller are initially adjusted 
empirically. Stabilized controller described as follow 

 , (12) 
 	 . (13) 

Experimental data is saved in EEPROM when quadcopter 
is flying and angles measured by IMU. To increase the 
accuracy of output measurement, complementary filter is used 
to fuse the gyroscope and accelerometer’s data. Digital 
implementation of the complementary filter can be presented 
as following Exponentially Weighted Moving Average 
(EWMA) equation [11] 

 , (14) 

where  is the amount of samples taken,  is a filter parameter 
and  is sample time. 

 
Fig. 3. Quadcopter used in experiment. 

Quadcopter used in this work is shown in Fig. 3. The 
electrical part was composed of four Brushless dc motors 
(with speed of 1000 rpm, operating voltage 11.1 - 14.8V), four 
electronic speed controller (operating voltage 5V and 30Apm 
max), Lipo battery (3 cell, 11.1V, 3500 mAh) and arducopter 
(APM_2.8) which using inboard gyroscope and accelerometer 
MPU 6000 sensor was used to measure the angular velocities 
and acceleration of axis of the vehicle during flight while the 
barometer MS5611 (pressure sensor) was used to measure the 
quadcopter altitude. The quadcopter is 1.1Kg weight and 45cm 
diameter.  Also in the all experiment 	  and 

. 
The different models were simulated for various order are 

shown in Table I and eventually the best model is selected in 
trade of simplicity and accuracy. It can be seen the identified 
models describes how well the system behaviors in Fig. 4 and 
Fig. 5. 
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TABLE I. DIFFERENT MODEL AND ORDER TEST 
Model %Fit (roll) % Fit (pitch) 

ARX(2,1,1), LS 8.10 40.50 
ARX(2,2,1), LS 14.60 45.73 

ARMAX(2,2,1,1), LS 41.71 52.30 
ARMAX(2,2,2,1), LS 17.43 50.78 

TFEST(2,1), IV 52.62 60.60 
TFEST(3,2), IV 52.97 62.86 

Experimental data has correlation because of closed loop 
stabilizing feedback, and ARX and ARMAX model are not 
appropriate for this condition due to Least Squares (LS) 
method. However, Instrument Variable (IV) consider the 
correlation and so fits best to the data. 

Consider a linear regression model as [12] 

  (15) 

where   is the regression vector and  is vector of model 
parameters which has four element in model identified for 
pitch same to roll. Now suppose that the data actually can be 
described as 
 	  (16) 

For some sequence , we may think of  as true value 
of the parameter vector. The IV estimation can be expressed as 
following. 

  (17) 

The element of  are then called instruments. This gives 

 	 	  (18) 

Instruments must be correlated with regression variables 
but uncorrelated with noise, so require to satisfy the following 
properties of instruments  

 
		 	

 (19) 

The pitch and roll transfer function identified using the 
instrument variable approach summarized as follow 

 , (20) 

 . (21) 

 
Fig. 4. Actual output and output identified model of pitch. 

 
Fig. 5. Actual output and output identified model of roll. 

IV. ITERATIVE LEARNING CONTROL 

Iterative Learning Controller is based on the notion that the 
performance of a system that executes the same task multiple 
times can be improved by learning from previous executions. 
The goal of the proposed learning scheme is to use iterative 
experiments to teach a dynamic system how to precisely 
follow a desired trajectory. To problem formulation the 
following sampled-time is considered 

 			 			 , 

 				 				 			 , (22) 

	 	 	 ,	 	 	 	 	 	 ,	
	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	
	 	 	 	 	 	 	

 	 
 , (23) 

where  desired output and The weight matrices  
and  must be symmetric and positive definitive for 
all  and with this matrixes can be change the rate of 
convergence. The solution of this problem proposed in [13] 
can be summarized in the follow 

 	  

 	 	 , (24) 

with the terminal condition . This equation is 
independent of the inputs, states and outputs of the system. In 
contrast, the predictive or feedforward term  is generated 
by 

  

 , (25) 

 and . 

The input update law becomes with these terms 

  
  (26) 

To apply this algorithm, the state space model of closed 
loop system is required (see Fig. 2). Simulation result show 
that ILC can track the reference signal after few iterations. 
Reference signal for pitch and roll defined as 

 , (26) 
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 . (27) 
Figure 6 shows that the response of closed loop of system 

to track the reference signal with ILC. Notice that at all 
simulations and experiments  and . 

We can say that after few learning steps, the closed loop 
system of roll angle follows the desired trajectory closely and 
learning scheme successfully compensates for repetitive errors 
along the trajectory and, in 4 iterations reference trajectory 
tracked in desired accuracy. 

 
Fig. 6. simulation ILC controller response. 

Simulation result for tracking reference signals according 
to (26) and (27) for roll and pitch simultaneously are shown in 
Fig. 7.  

 
Fig. 7. Simulation of tracking a circle angular trajectory with ILC. 

ILC complemented in real quadcopter and Experimental 
data shown in Fig. 8 and Fig. 9. In this experiment the roll 
angle dose not tracked reference signal and only used the 
scheme showed in Fig. 2 was considered to stabilized. 

To better compare the iterations, the error index is defined 
as follows 

  (28) 

where  is period of reference signal per sampling time equal 
to 50. Figure 10 shown this index in different iterations 
according to reference tracking in Fig. 8 .It can be seen that 
with increasing iterations the tracking error has been 
improved.  

 
Fig. 8. Tracking the reference trajectory with the ILC. 

 
Fig. 9. control signal of ILC. 

 
Fig. 10. Error index in tracking the reference trajectory with the ILC. 

Dynamic of quadcopter is not centralized and the roll and 
pitch have coupled dynamics but in system identification 
considered in this work neglected this coupling. Finally, the 
roll and pitch excited and ILC want to track the reference 
signal simultaneously. The experimental result shown in Fig. 
11. It can be seen after few iterations reference signal tracked 
in desired accuracy but because of coupling in dynamic the 
accuracy less than when only one angle was tracked. 

 
Fig. 11. Tracking a circle angular trajectory with ILC. 
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V. CONCULUTION 

The experimental results presented in the previous section 
showed that the learning algorithm significantly improves the 
system’s tracking performance and we achieve a desired 
tracking accuracy, however in simultaneous tracking of roll 
and pitch, the experiment result shows some tracking error 
which can be explained by coupling effect that has been 
neglected in the system dynamics.   
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Abstract—A two-cell power chopper system will be studied in 
this paper. The topology of this chopper is based on a 
combination of two cell switching interconnected via a flying 
capacitor. The system is a particular hybrid dynamical one 
which induces new and difficult control problems. In this 
paper, such problem is tackled by a new control concept based 
on Petri Nets modeling. The main advantage of this control is 
to use a discrete event algorithm for both current tracking and 
capacitor voltage balancing with the ability to drive directly 
the chopper switching components, by respecting the tolerance 
errors of load current and capacitor voltage. Simulation and 
experiment tests are carried out to verify the feasibility and 
effectiveness of the proposed control. The obtained results 
show that; the proposed controller presents good 
performances, in terms of both current tracking and voltage 
balancing compared to conventional existing controls 
according to the variation of the tolerance errors. 

Keywords— Two-cell series chopper, Petri Nets modeling, Hybrid 
dynamical systems, Dspace. 

I. INTRODUCTION

  The appearance of multicellular series converters, in the 
early 90, provides solutions by the serialization of 
elementary switching cells [1]. This topology makes it 
possible to distribute the stresses in tension on the various 
low-voltage semiconductor components connected in series. 
It also makes it possible to improve the waveforms at the 
output and in particular the harmonic content by an adequate 
phase shift of the control commands [2]. The multicellular 
structure, however, requires the use of floating capacitors 
whose terminal voltages must be controlled and maintained 
at well-defined levels so as not to lose these advantages. 
The multi-cell converter is used in different applications 
such as harmonics filtering, renewable energy systems, and 
voltage dynamic restoration [3-4]. 
 The multicellular chopper system consists in the association 
in series of p commutation cells and (p-1) capacitor voltage 
source. In this topology of converters the imbalance of 
voltage capacitors in each cell is possible [5]. This 
imbalance problem may be because of circuits control 
(signals with not exactly the same duty cycle), active 
components (resistors in switch conduction), and finally 
passive components (inductors). There are two basic 
approaches for voltage balancing, natural balancing and 
active balancing. Natural voltage balancing is very attractive 
because theoretically no capacitor voltage measurement or 
estimation effort is required [6]. However it is known that 
the natural balancing property possesses a very slow 
dynamic, especially for highly inductive loads and/or very 
low switching frequencies [5]. Some techniques have 
incorporated R,L,C filters tuned to the switching frequency 
and connected in parallel with the load to achieve the natural 

balancing [7-8]. Note that extra filter increases the cost of 
the overall system and introduces extra power losses. 
Although the dynamics of balancing are improved with the 
tuned circuit, it may make the response too slow to follow 
the rapid variations of the input voltage [9]. Moreover the 
load current should be well controlled to generate the level 
of voltage to carry out the voltage balancing; there exist PID 
and hysteresis-band current controllers in conjunction with 
the PWM methods [10], [11],[12]. In this paper, based on 
Petri Nets modeling a controller is proposed for the 
particular case of two-cell chopper system. The aim of this 
controller is to achieve both the load current tracking and 
the voltage balancing with the particularity to respect the 
tolerance errors of current and voltage [13-16]. This type of 
control is an efficient solution to this type of system. 
Simulation and experimental tests are carried out to verify 
the feasibility and effectiveness of the proposed control. The 
paper is organized as follows: Section II, the two-cell 
chopper system is presented. Section III is devoted to the 
Petri net control of the considered chopper. Simulation 
results are presented in Section IV. Experimental results to 
validate the proposed strategy are presented in section V 
Finally a conclusion is drawn in the last section. 

I. MODELING OF  MULTI-CELL CHOPPER

Multicellular chopper consists of cells, where each on 
contains two complementary power electronics components 
and can be controlled by a binary switch (Fig. 1) [2], [7]. 
The signal is equal to 1 when the cell upper switch is 
conducting and equal to 0 when the lower one is conducting. 
These cells are associated to capacitors and the chopper is 
connected in series with an R, L load [2]. Consequently the 
chopper has p-1 floating voltage capacitors with p refer to 
cells number. The requested energy balance of the chopper 
is the following one Vck =k.E/p. This condition is necessary 
in order to guaranty that each cell cut off only Ep . In this 
case output voltage of the chopper takes one of the 
following values: (0, E/p…. , (p-1)E/p , E). The chopper 
modeling is: 
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Fig.1.  P-cells Chopper 
 

 For the sake of simplicity, the proposed control is carried 
out for a 2-cells chopper (Fig. 2). In this case the model (1) 
is rewritten as follows by taking p = 2. 
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  Where vC1 , is represent the state (capacitor flying voltage 
and load current), and ui, i = 1; 2 refers to the control, which 
is considered here as a binary switch. vC1 , is, vs and E are 
the measurements. Moreover, the power electronics 
components are considered ideal. 

 
Fig.2. Two-cell chopper connected to RL load 
 

The control commands within each pair of switches 
must be complementary in order to avoid short circuits 
between the voltage sources. These pairs of switches are 
therefore considered as switching cells. Figure 3 shows the 
different operating phases of a series multi-cell converter for 
case n =2. Two switching cells (Cell1, Cell2) and a floating 
capacitor charged to E / 2 are used to produce a voltage Vs 
three Levels (0, E / 2 and E). 

 
The voltage level Vs = E is obtained when the switches T1 
and T2 are closed while the level Vs = 0 is obtained when 
these switches are open. There is redundancy for obtaining 
the intermediate level of the output voltage Vs = E / 2 from 
two configurations (Figure 3 (b), (c)). The difference 
between these two configurations (for a positive current) is 
that of Figure 3 (c) allows the floating capacitor to charge 
while that of Figure 3 (b) produces its discharge 

 

 
 

Fig.3. Obtaining different levels of voltage with a three-level flying 
capacitor converter 

 
 

I.  CONTROL STRATEGY 
 

  The interest of this work relies in modeling strategy and 
control of systems hybrid event-based on the use of Petri 
nets [1]. Systems hybrid event include both continuous and 
discrete blocks, they are called hybrid dynamic systems. In 
our case, the continuous blocks is composed by load 
inductance and flying capacitors and refers to the dynamic 
evolution of the state continue (load current and capacitor 
voltage). The physical switches represent the discrete block 
which is discrete event and receives internal events, external 
conditions. The control strategy is illustrated in Figure 4. 

 
Fig.4. Scheme of Petri net control strategy 
 
   The control strategy has as input the errors of current and 
voltage e1 = isref - is, e2 = vCref - vC and tolerance errors of 
current and voltage δ1 and δ2 where vC = vC1 for sake of 
simplicity. The output of the control strategy is the discrete 
state (binary switches) u1 and u2 which fed the power 
electronics components of the chopper. 
  The control strategy consists on the voltage regulation 
vC to value vCref = E/2 and the current tracking (is to isref ) 
according to figure 4 where e1, e2,δ1 and δ 2 are just before 
defined. The voltage regulation is followed by a balancing 
of the cells voltages to ensure a better distribution of the 
latter in each cell. 
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Fig.5. Time evolution of load current and capacitor voltage 

 
The proposed Petri net control, which generates the binary 
switches u1 and u2 based on the time evolution of load 
current and capacitor voltage (figure 4), is carried out with 
respect to figure 5.  
   The converter is allowed to configure by two possible 
configurations. In the first configuration only one switch is 
allowed to be passing, in the second configuration two 
switches are allowed to be passing. The significance of all 
places and transitions are shown in the table I.  

 
TABLE I 

SIGNIFICATION  OF  PLACES 

   
Places Designations 

P0 The initial state of the commutation switches 

P1 The state of the switch of the first cell

P2 The state of the switch of the second cell
 

From one place to another the transition depends on the load 
current, the capacitor voltage and their references as it is 
proposed in table II with respect to figure 6 and chopper 
configurations (table III). The closure of the switch of the 
cell (Celli) depends on the validation of the transition ti0 and 
the elapsed delay di, i = 1; 2 (d1 of P1 for the switching cell1 
and d2 of P2 for the switching cell2). For example, if the 
current error is less than or equal to the negative tolerance 
error of load currentδ1, i.e. e1 >= -δ1, which corresponds to 
reduce the current, the binary switch u1 of Cell1 is 
committed to open and thus t01 transition is crossed, i.e. t01 = 
1. Otherwise if the current is inside the current band (see 
figure 5), i.e. - δ1 < e1 < δ1the proposed Petri net control acts 
on the voltage capacitor. If the capacitor voltage error 
exceeds the positive tolerance error of voltage + δ2, i.e. e2 

>= δ2, which implies that the capacitor voltage is lower than 
the reference, the capacitor should be charged which 
corresponds to the condition of opening  u1 and thus the 
transition t01 is reached, i.e. t01 = 1. 
 

 
  

Fig.6. Petri net graph for a control switches of two-cell chopper 
 

Notice that the time allowed between two successive 
commutations is modeled by the delay di and it is based on 
the technology used for making the switch. In this work the 
delays of P1 and P2 places are considered same (d1 = d2). 
Finally the presence of two arcs inhibitors in the proposed 
Petri net control leads to prevent the presence of more than 
one token in places P1 and P2. 
 
 

TABLE II 
TRANSITIONS 

 

T01 {e1>= 1δ  } or {(- 1δ <e1<+ 1δ ) and (e2>=+ 2δ )} 

T02 {e1>= 1δ  } or {(- 1δ <e1<+ 1δ ) and (e2<=+ 2δ )} 

T10 {e1<= 1δ  } or {(- 1δ <e1<+ 1δ ) and (e2>+ 2δ )} 

T20 {e1<= 1δ  } or {(- 1δ <e1<+ 1δ ) and (e2<+ 2δ )} 

 
TABLE III 

CHOPPER CONFIGURATIONS OF BINARY SWITCHES 
 

u2 u1 Output voltage Vs 

0 0 0 

0 1 Vc 

1 0 E-Vc 

1 1 E 
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II. SIMULATION RESULTS 

 
To show the performances of the proposed controller by 
simulation, the following chopper parameters are used 
within Matlab-Simulink software power toolbox: 
 

• Voltage source E = 150V 
• Current source is = 1A 
• Capacitance C1 = 33 µF 
• Resistance R = 33 Ω 
• Inductance L = 32 mH 
• Sampling period Ts = 2μs 
• Switching period Tcut = 50μs (for PWM control)  

 
In figures 6 and 7, the capacitor voltage, load current for 
different values capacitor voltage and load current tolerance 
errors, i.e. (δ1= 0,001, δ2= 0,2)-( δ1= 0,001, δ2= 2) and (δ1= 
0,001, δ2= 0:2)-( δ1= 0,1, δ2= 0,2). In the two first cases, the 
current limit bound δ1 is constant while the one of capacitor 
voltage changes. The inverse is considered for the two other 
cases. In both cases the capacitor voltage is well balanced to 
its reference (E/2) and a good tracking of load current is 
obtained (figure 7) as well with respect to the predefined 
limit bounds. However and as expected when the tolerance 
errors of capacitor voltage and load current are decreased 
and take the values δ1= 0,1 and δ2=0,2 (figure 8), the 
tracking is degraded. 
 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

10

20

30

40

50

60

70

80

Time (s)

C
ap

ac
it

or
 v

ol
ta

ge
 (

V
)

0.016 0.018 0.02
74.85

74.9
74.95

75

 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

10

20

30

40

50

60

70

80

Time (s)

C
ap

ac
it

or
 v

ol
ta

ge
 (

V
)

0.015 0.02
72

74

76

 
 

Fig. 7. Capacitor floating voltage (reference in red and actual in blue) 
 

Figure 9 and 10 display respectively the binary switches and 
output voltage of the chopper in case of δ1= 0,001, and δ2= 
0, 2. 
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Fig. 8. Load current (reference in red and actual in blue) 
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Fig. 9. Binary control switches (u1 in blue and u2 in red). 
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Fig. 10.  Load voltage. 

 
In order to compare the performance of the proposed control 
law to existing commonly control of power converters, a 
PWM control is applied to a chopper and compared to our 
proposed control. As it can be seen, the PWM control causes 
high voltage undulation (figure 11) of the voltage source 
while the control by a Petri net (figure 7) causes less stress 
voltage for power components and this is an important 
factor for the electrical systems. 
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Fig.11. capacitor voltage with PWM control 
 

III. EXPERIMENTAL RESULTS 
 
  It should be noted that the parameters used in the 
experimental test are similar to those used in the simulation 
in order to validate the developed models. 
After the construction of the various electronic circuits and 
the development of the software, the two cells chopper was 
tested in the laboratory. The experimental results obtained 
are given in Figs 13, 14, 15 and 16. 
 

 
 

Fig. 12. Photograph of the implemented test bench 
 

1) PC-Pentium + dSPACE board + ControlDesk; 
2) dSPACE input/output connectors; 
3) Two Cell Chopper; 
4) current and voltage sensors ; 
5) Continuous power source ; 
6)  Load resistance and inductor. 
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Fig.13. Capacitor floating voltage (reference in red and actual in blue) 
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Fig. 14.  Load current (reference in red and actual in blue) 
 
 

  Figures 15 and 16 show the evolution of the load current 
and capacitor voltage when the converter is configured us an 

inverter by changing the current reference. 
 

 
 

Fig. 15. Load current (reference in red and actual in blue) 
 

 
Fig. 16.  Load voltage. 

 
 
 We can show that the experimental results are similar to 
that obtained from the simulation, with well performances. 
 

IV.   CONCLUSION 
 

   In this work a new control scheme using PNs has been 
proposed for controlling the output current and capacitor 
voltages for the serial multicellular chopper. 

C
ap

ac
ito

r 
vo

lta
ge

 (
V

) 

Time (s) 

Time (s) 

Time (s)

Time (s) 

O
ut

pu
t  

vo
lta

ge
 (

V
) 

L
oa

d 
cu

rr
en

t (
A

) 
L

oa
d 

cu
rr

en
t (

A
) 

21

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



  The algorithm developed for the closed-loop control 
scheme, based on Petri Nets modeling a controller of two 
cells chopper system, to solve the current and voltage 
regulation problem, where the output current regulation and 
the capacitor voltage balancing are integrated into an 
automata model using Petri net. 
  The goal of this controller is to solve both the load current 
tracking and the voltage capacitor balancing by respect 
particularly the tolerance errors of current and voltage. Petri 
nets are among the powerful tools for modeling and control 
of such systems which have discontinuities in their 
mathematical models. Simulation and experimental results 
showed a good performance of the proposed controller in 
terms of both current tracking and voltage balancing 
compared to conventional existing controls, which is very 
important on pollution network lover converter. 
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Abstract—In this study, we have proposed an unconventional
UAV design. We aimed heavy lifting in an efficient way, without
using complicated swashplate mechanism. Helicopter consist of
two large propellers to carry the main payload, two small
propellers to stabilize the roll attitude, and two servo motors
to control the yaw axis. Large propellers will be more efficient
than the small propellers owing to their greater disk area.
For this reason, main lifting will be achieved by two large
propellers. Conventional quadcopters have “PNPN” (P: Clock-
wise, N: Counterclockwise) propeller arrangement. However,
the system we proposed has “PPNN” propeller arrangement
to compensate the reaction torques of equally sized propeller
pairs which are placed at opposite sides. However, quadcopters
with “PPNN” propeller arrangement loses controllability upon
hovering. Therefore, controllability is satisfied by adding servo
motors to small propellers for tilting. We have derived the
nonlinear dynamic equations, linearized the system around the
equilibrium point and performed controllability analysis. An
autopilot and controller is designed and, the system is simulated
with realistic parameters. System performance is shown to be
satisfactory.

Index Terms—autopilot, vertical take-off and landing, heli-
copter modeling

I. INTRODUCTION

Aerial robotic vehicles have become a standard platform
among academics, engineers and hobbyists alike due to their
mechanical simplicity and availability. They offer commer-
cial uses in disaster relief, search and rescue, fire spotting,
surveillance, ecological and geographical survey, mapping
and military. For increasing the scope of commercial uses,
there is a demand to improve the flight time endurance and
payload capacity of current solutions. Therefore, the studies on
airframe design, system design, battery and other technologies
are hot study topics worldwide. Basically, there exist two
main categories of UAVs (Unmanned Aerial Vehicle), fixed
wing and the rotary wing UAVs. Fixed wing UAVs have
the advantage of being able to fly at high speeds for longer
duration, thus enabling larger survey areas per given flight. On
the other hand, rotary wing UAVs (also called multicopters)
have flight capabilities such as hovering, vertical take-off
and landing (VTOL) and agile maneuvering capability. There
also exist hybrid solutions to possess the strengths of both

a rotary and fixed-wing aircraft in one platform [1]. Single
main rotor with anti-torque tail rotor configuration have be-
come the most common helicopter configuration. Single rotor
helicopters need a mechanism to neutralize the yawing move-
ment produced by the single large rotor. This is commonly
accomplished by a tail rotor or the NOTAR (no tail rotor)
systems, thus some of the engine power is used to counter
the torque. Tandem rotor helicopters, however, use counter-
rotating rotors (two sets), with each cancelling out the other’s
torque. Therefore, all of the power from the engines can be
used for lift. Advantages of the tandem-rotor system are a
larger centre of gravity range, good longitudinal stability, lift,
and power available. One disadvantage of both tradional single
rotor helicopters and tandem rotor helicopters is that they
require swashplate mechanism which increases mechanical
complexity. Quadcopter and other types of multicopters do
not need complex swashplate mechanism. They have been de-
veloped for specialized applications such as unmanned drones.

In order to make a progress in the trade-off of flight time
endurance, payload capacity, and mechanical complexity of a
UAV, we have offered a new system design. In this system,
two large propellers will carry the main payload (similar to
tandem rotor helicopters), but instead of stabilizing attitude
using mechanically complex swashplate mechanisms, we add
two small rotors to stabilize the roll and two servo motors
tilting the small rotors to control the yaw axis. Large propellers
will be more efficient than the small propellers owing to
their greater disk area. For this reason, main lifting will be
achieved by two large propellers. Proposed design is given in
Fig. 1. Two large and two small propeller configuration is also
expected to be aerodynamically more efficient than the four
even propeller configuration (quadcopter) in forward flight.

Conventional quadcopters have “PNPN” (P: Clockwise, N:
Counterclockwise) propeller arrangement (Fig. 2a). However,
the system we proposed has “PPNN” propeller arrangement
in order to compensate the reaction torques of equally sized
propeller pairs which are placed at opposite sides. Quadcopters
with “PPNN” propeller arrangement loses controllability upon
hovering [2]. For example, they can not reject roll/pitch
disturbances in hover without sacrificing yaw axis control. In
order to assure full state controllability, we add two servo
motors to small propellers for them to tilt.978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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Fig. 1. Proposed configuration

(a) “PNPN” configuration (b) “PPNN” configuration

Fig. 2. Configuration types

Classical controllability analysis method to determine the
full state controllability of a system may not be practically
useful alone. For example, the quadcopter with “PPNN”
configuration given in Fig. 2b is not full state controllable
[3], but if we extend one of the arms by ✏ meter (a very small
amount), system would be full state controllable in theory.
But in practice, we would require infinite bandwidth motors
and no-delay sensors. Therefore, there is a need to quantify
the controllability. This concept, the degree of controllability
is discussed in [4] in detail. It is also possible to find a
degree of controllability for multicopters with the algorithm
proposed in [5]. In this study, the UAV configuration in Fig. 1
is modeled and nonlinear dynamic equations are derived in
Section II-A. In Section II-B, the system is linearized around
the equilibrium point and it is shown that controllability and
observability matrices are full rank. In Section II-C, the control
allocation matrix which maps the torque and force parameters
to motor parameters (propellers’ speed and servo motor an-
gles), is determined. In Section III, system is simulated with
realistic parameters and the degree of controllability and flight
performance of the system are verified.

II. DYNAMIC MODEL AND CONTROLLER DESIGN

There exist four propellers and two servo motors in the
system proposed, given in Fig. 1. The 1st and 2nd propellers
turn in !1 and !2 rad/s angular speed, positively with respect
to z axis and, the 3rd and 4th propellers turn in !3 and !4 rad/s
angular speed, negatively with respect to z axis. Propellers
from 1 to 4 are located parallel to the xy-plane, 0, 90, 180,

and 270 degrees from the x-axis respectively. The 1st and 2nd

servo motors rotates positively with respect to the y-axis and
tilts the 2nd and 4th rotors by ⇠1 and ⇠2 radians respectively.

Some symbols used in this study are described as follows;
• K

tb : Thrust coefficient of big rotors (N s

2
/rad

2).
• K

ts : Thrust coefficient of small rotors (N s

2
/rad

2).
• K

mb : Torque coefficient of big rotors (Nms

2
/rad

2).
• K

ms : Torque coefficient of small rotors (Nms

2
/rad

2).
• d

b

: Distance between big rotor and the body center (m).
• d

s

: Distance between small rotor and the body center
(m).

• C

↵

: cos(↵), S

↵

: sin(↵), T

↵

: tan(↵)
• R

i

(↵) : Rotation matrix about one of the axes of a
coordinate system (x, y or z) by an angle ↵.

• B: Body coordinate system, e: Earth coordinate system.
For the derivation of the dynamic model equations of the

system, we have benefited from the following references; [2],
[6]–[9]. Assumptions for the multicopter are as follows;

• Rigid body.
• Mass and the moments of inertia are constant.
• The mass is symmetrically distributed; i.e., the moment

of inertia matrix consist only of diagonal elements, that
is J = diag(I

xx

, I

yy

, I

zz

)

• The gravity points along the positive direction of the o

e

z

e

axis and the propeller thrust points along the negative
direction of the o

b

z

b

axis.
Under these assumptions, rigid body dynamic model equa-

tions will be derived. For propellers from 1 to 4, thrust and
reaction torque models in body frame are given as follows;
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Total thrust torque acting on the mass center on body coordi-
nate system is given by;
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Euler angles of �, ✓,  describe the roll, pitch and yaw angles
from body to earth coordinate system. From body to earth
DCM (direction cosine matrix) is given as;
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We can transform the force vector to earth coordinate system
as follows;

F

E

ext

= C

E

B

F

B

ext

(5)

A. Nonlinear model

We would like to derive the nonlinear function ẋ = f(x, ⌘)

where we define the input vector ⌘, and the state vector x as
follows;

⌘ = [!

2
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2
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T (6)
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Position, angle and velocity elements of state vector are
defined in earth frame and angular velocity elements are
defined in body frame.

The output vector comprises variables of particular interest
that can be physically measured or are required to behave in
a specific manner. In our system, we will be able to measure
angular rates (pB , qB , rB) using gyroscope, yaw orientation
( E) using magnetometer and earth position (xE , y

E , z

E)
using GPS. Then our measurement function can be defined as
a 7⇥1 vector;
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Differential translation equations are;
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Differential rotational equations are;
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Combining all the equations above, the nonlinear model can

be described as;

f(x, ⌘) = [ẋ
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where;
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B. Linearization

There exist an equilibrium point in hovering flight, with the
following states and inputs;

X0 = (x0 y0 z0 0 0  0 0 0 0 0 0 0)

T

⌘0 =

�
!

2
1,0 !

2
2,0 !

2
3,0 !

2
4,0 0 0

�
T

(12)

Here, !1,0 = !3,0 and !2,0 = !4,0. In equilibrium point, first
derivatives of the states are equal to zero;

f(X0, ⌘0) ⌘ 0 (13)

Then the nonlinear model given in Eq. 8 and 11 can be
linearized around the equilibrium point as follows;

A =

@f(X0, ⌘0)

@x

B =

@f(X0, ⌘0)

@⌘

C =

@h(X0)

@x

(14)

with the following dynamics;

ż = Az +Bv (15)
z = x�X0 (16)
v = ⌘ � ⌘0 (17)

The origin of the input signal of the linear system (v = 06x1,
Eq. 17) is an interior point of the control constraint set.
Therefore, we can apply the classical controllability techniques
on the system. When we analyze the controllability and
observability matrices using “MATLAB symbolic toolbox”,
they result in full rank (See Eq. 18). Therefore, the system is
both controllable and observable.
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C. Determination of control allocation matrix

For the autopilot, we ignore the lateral and longitudinal
translation states (x, y) and their derivatives (u, v). We define
a new, reduced order, linear dynamic model of the multicopter.
We edit Eq. 15 such that input vector motor parameters, v6⇥1,
are converted into force and torque parameters, u4⇥1.

ż = Az + B|{z}
=GBf

v (19)

= Az +GB

f

v

|{z}
=u

(20)

= Az +Gu (21)

Here;
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J
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= diag(m, I
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, I

zz

) 2 R4⇥4 (26)

For the input vector, f
z

corresponds to force input and ⌧
x

,
⌧

y

, ⌧
z

corresponds to torque input in body coordinate frame.
The control effectiveness matrix, B

f

maps the rotor and
servo control parameters to the system total thrust/moment;

u = B

f

v (27)
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Control allocation matrix, P

ca

, maps the thrust/moment
inputs to the rotor and servo control parameters. Rank of B

f

is 4, i.e., it is not a full rank matrix. Control allocation matrix,
P

ca

, is not unique. One possible control allocation matrix can
be obtained by calculating the pseudo-inverse of B

f

, given
in Eq. 29. This will result in minimum norm solution, which
may not be the minimum energy solution.

P

ca

= B

T

f

(B

f

B

T

f

)

�1 (29)

Control allocation matrix is calculated only once in the
initiliazion of the autopilot software. Therefore, in real-time
control system, Eq. 29 will not consume CPU time. Control

TABLE I
HELICOPTER AND PROPULSION SYSTEM PARAMETERS

Description Symbol Value Unit

Total mass m 7.293 kg
Central principal moment of inertia I

xx

0.13 kg·m2

Central principal moment of inertia I
yy

0.25 kg·m2

Central principal moment of inertia I
zz

0.55 kg·m2

Propeller radius r
b

0.41 m
Propeller radius r

s

0.20 m
Distance from mass center d

b

0.55 m
Distance from mass center d

s

0.45 m
Thrust coefficient K

tb 0.001 N·s2/rad2
Thrust coefficient K

ts 6.6e-05 N·s2/rad2
Torque coefficient K

mb 3.04e-05 Nm·s2/rad2
Torque coefficient K

ms 9.66e-07 Nm·s2/rad2
Max angular velocity max(!1,3) 372 rad/s
Max angular velocity max(!2,4) 770 rad/s

Fig. 3. Structure of a flight control system for multicopters [2, p. 254]

allocation matrix will map the desired force and torque com-
mands to the motor parameters with v = P

ca

u. Combining
this with the Eq. 17, we obtain Eq. 30 as follows;

⌘ = ⌘0 + P

ca

u (30)

where ⌘0 is the equilibrium point input vector for the linearized
system.

III. AUTOPILOT AND SIMULATION RESULTS

In order to verify the feasibility of the proposed design, the
nonlinear system (Eq. 11) has been simulated with realistic
parameters in MATLAB/SIMULINK environment. After de-
tailed design, those parameters may change. Helicopter and
propulsion system parameters are given in Table I.

Controllers consist of traditional cascaded PIDs
(proportional-integral-derivative). The flight control structure
given in Fig. 3 is used. From position control, desired roll
and pitch angles (�

d

, ✓
d

) are produced such that vehicle
velocity does not exceed 5 m/s and roll and pitch angles
does not exceed 0.3 rad. Attitude control stabilizes the
vehicle and execute the desired angle commands. Desired
altitude thrust is limited by the 0.75 of the maximum thrust
of the rotors so that remaining thrust is left as a buffer
for orientation control. In control allocator block, desired
thrust and torque commands are mapped to rotor/servo
parameters by ⌘ = ⌘0 + P

ca

u (Eq. 30). Equilibrium point,
⌘0 =

�
!

2
1,0 !

2
2,0 !

2
3,0 !

2
4,0 ⇠1,0 ⇠2,0

�
T , is selected such that, in

hover, big rotors carry the 0.85 of total mass and small rotors
carry the 0.15 of the total mass.
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Fig. 4. Trajectory tracking result

Fig. 5. Angular velocity control

According to simulation results given in Fig. 4, multicopter
is stable and trajectory tracking performance is sufficient.
From inner to outer, the cascaded control loops are as follows;
angular velocity (Fig. 5), attitude (Fig. 6), linear velocity
(Fig. 7) and position (Fig. 8), in decreasing closed loop control
bandwidths. According to propeller angular velocities given
in Fig. 9, system can be controlled with small variations in
motor speeds. As the disturbances such as wind increase, the
variations in motor speeds will increase. Servo motor angles
are given in Fig. 10. The main purpose of servo motors is to
control the yaw axis. Angles ⇠1 and ⇠2 are mostly inverse of
each other. This is why we need two seperate tilting rotors
instead of using same tilting (1 servo motor) for both small
rotors.

IV. CONCLUSION

In this study, we have proposed an unconventional UAV
design. We aimed heavy lifting in an efficient way, without

Fig. 6. Attitude control

Fig. 7. Linear velocity control

using complicated swashplate mechanism. Nonlinear mathe-
matical model has been obtained. System has been linearized
at an equilibrium point. Controllability analysis in linear model
has been performed and it is shown that system is both
observable and controllable. In order to verify the feasibility
and performance of the system, an autopilot and cascaded PID
controllers are designed and nonlinear system is simulated
with realistic parameters. Sufficient stability and trajectory
tracking performance is achieved. As a future study, we will
build a system aiming to lift 4-7 kg useful payload for at
least 15-20 minutes. Low level flight control algorithms will be
developed for pixhawk flight controller modifying PX4 open
source autopilot. Control allocation matrix will be improved
for the energy optimal autopilot. One way to improve control
allocation matrix, P

ca

is to take weighted pseudo inverse of
B

f

, but other methods will also be researched.
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Fig. 8. Position control

Fig. 9. Brushless motor control (left: rad/s, right: throttle %)
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Abstract—Dual Twin Rotor Aero-dynamical Helicopter 
System (DTAHS) include nonlinearities due to frictions in the 
horizontal and vertical joints. In this study, an adaptive friction 
coefficients estimation model was developed to estimate the joint 
frictions of the Two DOF Double Dual Twin Rotor Aero-
dynamical Helicopter System (TDDTRAHS) and compared 
with existing Linear and Non-Linear friction models. Joint 
accelerations of TDDTRAHS were classified into three different 
groups, for example low, medium and high. The adaptive 
friction coefficients were optimized based on this classification 
of acceleration. Based on the position RMSEs obtained from 
each joint friction model, the adaptive friction estimation 
method was much better than the existing friction estimation 
models in the literature. the joint frictions of the TDDTRAHS 
are estimated better using the Adaptive Non-Linear Friction 
Model (ANLFM). A robust mathematical model with ANLFM 
was developed for simulation and controller, which will be used 
in the inverse dynamic model for the PID controller. PID 
controllers designed based on the mathematical model with 
ANLFM. Accurate inverse model and the joint friction 
compensation improved PID controller performance for the 
TDDTRAHS. 

Keywords—Dual Twin Rotor Aero-dynamical Helicopter 
System (DTAHS), Two Double Dual Twin Rotor Aero-dynamical 
Helicopter System (TDDTRAHS), Linear Friction Estimation, 
Non-linear Friction Estimation, Adaptive Friction Coefficients 
Estimation, PID controllers 

I. INTRODUCTION

Dual Twin Rotor Aero-dynamical Helicopter System 
(DTRAHS) is a better experimental setup laboratory 
developed by twin motor. these systems include Feedback 
sensors for the control experiments [1]. Nowadays, the 
TRASH has gained importance attention from the researchers 
[2]. Based on its history, The DTRAHS can exist in many 
different aero-dynamical forms. Generally, this type of system 
includes a single rotor for the up thrusts to mainly overcome 
the weight, and a single rotor in the tail to control yaw angle 
[3]. It is an over-actuated and unstable mechatronic system, 
with nonlinear dynamics. In this study, a Two DOF Double 
Dual Twin Rotor Aero-dynamical Helicopter System 
(TDDTRAHS) which composed of four motors that make two 
pairs. One pair of tail motors control yaw motion and the main 
motors pair provide the thrust force to overcome the weight 
and control the pitch movement. Using two rotors for each 
DOF ameliorate the dynamic characteristics and the response 
time of the helicopter system. On the other hand, the frictions 
are very important for the control of the TDDTRAHS. It can 
have highly nonlinear values and can result in state errors, 
limit cycles, and poor performance for the TDDTRAHS [5]. 

Therefore, the friction estimation is very important to estimate 
the ideal frictions for the TDDTRAHS. Friction estimation 
ameliorates the quality and the dynamic behavior of the 
TDDTRAHS in the control phase [6]. The position signals of 
the two joints obtained experimentally from a GoogolThech 
GT-800 Series Motion Controller were classified based on 
their low, medium and high accelerations. The adaptive 
friction coefficients were studied and compared with the 
existing Linear, and a Non-Linear friction estimation models 
[7]. Based on the Root Mean Squared Error (RMSE) values, 
the Adaptive Non-linear Friction Model (ANLFM) returned 
better than the other models which will be tested with PID 
controller. The paper is organized as follows: A mathematical 
simulation model of the TDDTRAHS is explained in Section 
II. The friction estimation models applied to the TDDTRAHS
will be explained in Section III. In section IV the friction
estimation models are validated with experimental results.
The ANLFM was tested with PID controller to control the
system in section V.  The last section is devoted to the
conclusion.

II. MATHEMATICAL SIMULATION MODEL

The Free body diagram of the TDDTRAHS is depicted in 
Fig.1. A detailed mathematical model was developed in [8]. 
A mathematical simulation model of the system is shown in 
Fig.2. The mathematical s model is based on controlling pitch, 

 and yaw,  angles of TDDTRAHS. The pitch angle,  has 
positive value when above the horizontal reference axis and 
yaw angle  is positive for a clockwise rotation. The resultant 
thrust forces  and	  provide pitch torque and yaw torque 
respectively. 

Fig. 1. Free body diagram of TDDTRAHS 
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Fig. 2. Simulink model of  the TDDTRAHS  

The nomenclature present the parameters of the TDDTRAHS. 

NOMENCLATURE  

 (D.C) Duty cycle of main - up,down motor and tail - lef,right 
motor 

 main Brushless DC motors mass 
 main shield mass 
 main beam mass 

 main beam length 
 tail Brushless DC motors mass 
 tail shield mass 
 tail beam mass 

 tail beam length  
 counter-weight mass 
 counter-weight beam mass 
 counter-weight beam length 

 gravitational-acceleration 
 Torque  of forces in the Pitch axis 

 Torques of inertia relative to the horizontal axis (i.e. in the 
Pitch axis) 

 beam Pitch angle  
 main - up motor angular velocity 
 main - down motor angular velocity 

 main - up motor force in the pitch axis on the main - up 
motor angular velocity 

 main - down motor force in the pitch axis on the main - down 
motor angular velocity 

 beam Yaw angle  
 force torque in the yaw axial 
 vertical axis - inertia relative torques (i.e. in the Yaw axis) 
 tail - left motor angular velocity 
 tail - right motor angular velocity 

 tail - left motor force in the yaw axis on the tail - left motor 
angular velocity 

 tail - right motor force in the yaw axis on the tail - right 
motor angular velocity 

 

The origin of the absolute Cartesian coordinate system is 
at the common pivot point of pitch  and yaw  angles axis. 
Torque  is the sum of all the torques acting at pitch axis 
which include, the torque due to gravity, the torque due to the 
propulsive forces, the torque due to centrifugal forces and the 
torque due to the  friction. Equation 1 and 2 represent the   
pitch and yaw dynamic behavior of system respectively: 

	
	 																  

																														  

																																																																	  

where 

	, 	, 

	 , 	,	 

		 	 

																																																															  

 

For system simulation, a friction model block added to 
each joint of the TDDTRAHS as shown in Fig.3. 

 
Fig. 3. Friction model block 

Fig. 4 and Fig. 5 illustrate experimental analysis for 
determining the parameters of nonlinear functions 

, 		and , respectively. These nonlinear functions 
Eq. (5) and Eq. (6) obtained   by polynomial approximation of 
the experimental data.  The following equations are used in 
the final mathematical model of the TDDTRAHS. ( ,

, 	 ): 

, 			  

, 	 												  
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Fig. 4. Block diagram of the TDDTRAHS 

 

Fig. 5. Brushless DC motors speed ratio to Duty Cycle, Aerodynamical 
force of motor ratio to Brushless DC motors speed 

From the obtained mathematical model, it is clear that the 
TDDTRAHS has a complex non-linear dynamic model. The 
friction coefficients in each joint of TDDTRAHS should be 
determined experimentally. The friction coefficients can be 
varied with position and acceleration. Therefore, it is 
necessary to follow an adaptive friction coefficient estimation 
approach to estimate the friction coefficients. 

III. FRICTION ESTIMATION MODELS 
In this section, linear and non-linear models of friction 

estimation are described. More detailed study can be found in 
[9]. The first model  is a linear model, used to estimate 
coulomb and viscous friction coefficients. The last model is a 
non-linear model that is applied to estimate five parameters; 
the zero drift error of friction torque, coulomb friction 
coefficient, viscous friction coefficient and the experiential 
friction coefficients. 

A. Linear Friction Model 

The linear friction 	in the helicopter system joints is  a 
combination of viscous	and Coulomb frictions		[9].  

	 																																																																											  

The viscous friction depend by to the angular velocity 	  is 
given as follows: 

	 																																																																																			  

where 	are the constant coefficients. Also, Coulomb friction 
is depended by  the normal force  that is derived as follows 
[10]: 

	 																																																										  

where  is the angular velocity.  

	 	 	 	 	 																										  

where 	 are the dynamic friction coefficients and is 
the signum function. The linear friction  expression will be: 

	 	 	 	 	 	 												  

B. Non-Linear Friction Estimation Model 

The non-linear friction estimation model is a better 
description of the joint friction [11]. The characteristics can be 
followed by a nonlinear equation: 

	 	 	 	 	 												  

Where is the zero drift error of friction torque,  is the 
Coulomb friction coefficient,  is the viscous friction 
coefficient, and  are the experiential friction coefficients. 
Also 	  is the angular velocity, is the signum function 
and  is Arc tangent function. 

III. EXPERIMENTAL ADAPTIVE FRICTION ESTIMATION 

A.  Data Collection 

In our TDDTRAHS, two encoders were used, a pitch 
encoder sensor and yaw encoder sensors. The first one was 
used to collect the data from the horizontal axis and the second 
one was used to collect the data from the vertical axis. The 
TDDTRAHS is controlled by Industrial PC using a 
counter/timer.  An encoder sensor of pitch type (HEDS-5500) 
and an encoder sensor of yaw type (HE40B-50B) are included 
in the system. The encoder sensors have a resolution of 1024 
pulses per revolution. The controller block includes an 
Industrial PC Controller type (GoogolThech GT-800 Series 
Motion Controller). The friction in the joints of TDDTRAHS 
depends on positions, velocities and accelerations of the 
joints.  In this case, an adaptive friction coefficients estimation 
should be determined experimentally. The joints acceleration 
of the TDDTRAHS was classified into three groups such as 
low, medium and high. The adaptive friction coefficients were 
optimized based on this acceleration classification.  

B. Simulation Results   

 The joints’ accelerations and their values were classified 
into different groups as follows:  High [0 to 3.5s], medium 
[3.5 to 8s] and low [8 to 20s] for pitch angle joint; high [0 to 
4s], medium [4 to 10s] and low [10 to 20s] for yaw angle 
joint, shown in Table. I. The adaptive friction coefficients 
were optimized by using the LFM, and NLFM, shown in 
Table II and Table III.  The RMSEs between the modeled 
signals and the measured signals were calculated using the 
adaptive friction coefficients. Table IV gives comparison of 
RMSEs obtained with existing friction estimation models and 
adaptive friction estimation models. 
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TABLE I.  CLASSIFICATION OF YAW ANGLE  AND PITCH ANGLE JOINTS 
ACCELERATIONS OF THE TDDTRAHS  

Yaw angle 
joint 

Positions [Deg] Accelerations  [Deg/s^2] 
Maximum 

values 
Minimum 

values 
Maximum 

values 
Minimum 

values 

[0 to  3.5s] 62.7390 44.0611 1.0451 
 

1.0071 

[3.5  to 8s] 25.6270 12.0711 6.0361 
 

4.5102 
 

[8  to 20s] 3.4016 1.7105 49.2017 21.0581 

Pitch angle 
joint 

Positions [Deg] Accelerations  [Deg/s^2] 
Maximum 

values 
Minimum 

values 
Maximum 

values 
Minimum 

values 

[0 to  4s] 84.601 3.5973  3.8320 
 

1.8071 

[4  to 10s] 11.2108 1.0513 0.3805 
 

0.1855 

[10  to 20s] 1.4071 0.1701 43.0613 31.9170 

TABLE II.  ADAPTIVE FRICTION COEFFICIENTS OF  THE TDDTRAHS 
BY LFM 

TABLE III.  ADAPTIVE FRICTION COEFFICIENTS OF  THE TDDTRAHS 
BY NLFM 

TABLE IV.  RMSES OBTAINED USING EXISTING LFM AND NLFM 
ESTIMATION MODELS AND THE RMSES OBTAINED WITH ADAPTIVE 

FRICTION COEFFICIENTS OF TDDTRAHS 

 

C.  Results and Discussion 

Adaptive Linear Friction Estimation Model (ALFM) and 
the Adaptive Non-Linear Friction Estimation Model 
(ANLFM) returned more accurately than the existing LFM 
and NLFM. The ALFM reduces the RMSEs values than the 
existing LFM as follows: 

•  6,1 % in yaw angle joint and 1,9 % in pitch angle joint.   

 Also, ANLFM reduces the RMSEs values than the existing 
NLFM as follows: 

• 11,41 % in yaw angle joint and 2,75 % in pitch angle joint.   

Fig. 6 present the experiment’s position signals obtained from 
the GoogolThech GT-800 Series Motion Controller, The 
signals with the ANLFM and the signals with the existing 
NLFM 

 
Fig. 6. Experimental position signals,  the NLFM simulation and the 

ANLFM simulation for the TDDTRAHS 

IV. CONTROLLER DESIGN WITH ANLFM 
The control performance of the TDDTRAHS depends by 

the confirmation of motors. In this section, a design of the 
TDDTRAHS controller with PID controller based on ANLFM 
will be explained in detail.  

A. Open loop controller system inversion 

The open loop model inversion of TDDTRAHS is shown 
in Fig.7.  TDDTRAHS model and its inverse form are 
simulated with input given to the inverse model is the desired 
value of pitch angle, , . The output of the inverse model 
is then given to the TDDTRAHS model to get the require pitch 
angle . 

 
Fig. 7. Open loop controller system inversion with ANLFM. 

B. Closed loop controller system inversion using PID 

The block diagram of the closed loop control system 
inversion using PID controller is explained in Fig.8 As 
mentioned before, applied the Ziegler-Nichols (Z-N) tuning 
method to come up with an initial set of working PID 

Adaptive Friction Coefficients of  The TDDTRAHS By LFM 

Time of   Yaw angle 
joint [0 to  5.5s] [5.5  to   9s] [9   to   20s] 

Yaw 
angle  
joint 

 
[Nm.s/rad] 0.0011 0.0023 0.0190 

 [Nm] 0.0113 0.0631 0.0293 
Time of  Pitch angle 

joint [0 to  6s] [6  to   12s] [12   to   20s] 

Pitch 
angle 
joint 

 
[Nm.s/rad] 0.0024 0.00104 0.001610 

 [Nm] 1.31  0.00204 1.821  

Adaptive Friction Coefficients of  The TDDTRAHS By NLFM 
Time of joint 1 [0 to  5.5s] [5.5  to   9s] [9   to   20s] 

Yaw 
angle  
joint 

 [Nm] 9.013  0.0040 1.21  
 [Nm] 2.330  0.2421 0.0134 

 
[Nm.s/rad] 3.991  3.6013  3.561   

 [Nm] 2946  1.43741  9.17  
 [Nm] 6.461  8.8573  2.17  

Time of joint 2 [0 to  6s] [6  to   12s] [12  to   
20s] 

Pitch 
angle 
joint 

 [Nm] 6.109  1.6102  0.00843 
 [Nm] 9.733  8.1431  0.01538 

 
[Nm.s/rad] 1.190  1.5427  0.00585 

 [Nm] 2.325  2.7212  2.25  
 [Nm] 7.706  3.58796  1.49  

Joints 

RMSEs obtained with 
existing friction 

estimation models  

RMSEs obtained with 
adaptive friction 

coefficients  
LFM NLFM LFM NLFM 

Yaw angle 
joint 0.01342 0.01051 0.01259 0.009301 

Pitch angle 
joint 0.01719 0.01306 0.01685 0.01270 
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parameters for the TDDTRAHS. the PID Parameters are listed 
in Table V. 

TABLE V.  PID PARAMETERS OF Z-N 

Parameters 
Proportional ( ) 6.9341 

Integral ( ) 15.346 

derivative ( ) 12.1372 

 

 
Fig. 8. The closed loop control system using PID controller with ANLFM. 

C. Configuration of the experimental setup 

Four broch less DC motors are used in TDDTRAHS.  One 
pair of motors control the pitch movement and the other pair 
control the yaw movement, as shown in Fig.9  Two encoders, 
each provide information of pitch and yaw angles respectively 
to the control unit. The complete experimental shown in the 
Fig.10 illustrates TDDTRAHS controlled by PID algorithm 
design in Industrial PC. The DC brushless motors have 25000 
rpm, and 12 V operating voltage. Four ESCs (ESSC-Dys-
30A) as motor drivers, an encoder of pitch motion (HEDS-
5500) and encoder of yaw motion (HE40B-50B) are angle 
measuring sensors respectively, are included. The control 
setup includes an Industrial PC Controller (GoogolThech GT-
800 Series Motion Controller) and PWM Generator card 
(ATMEGA128 microcontroller) which handles the main task 
of controlling and filtering inputs and outputs of the 
TDDTRAHS. 

 
Fig. 9. Experimental setup configuration 

D. Results 

In order to analyze the behavior on PID performance, 
Fig.11 shows the performance of the PID to track a step of 
reference. The evaluation of the controller performance is 

performed using IAE, ISE, and ITSE. A dynamic performance 
comparison of the two controllers is given in Table VI. 

 
Fig. 10. Experimental setup of TDDTRAHS. 

TABLE VI.  COMPARISION OF PERFORMANCES RESULTS FOR 
CONTROLLERS   

Controller  (%)  	5%  
PID Controller without 

friction model 56.7 1.30 4.01 0.73 

PID Controller with 
ANFM 41.9 0.87 4.12 0.58 

 

The minimum steady state error was obtained by PID 
Controller with NLFM. Moreover, the best step response 
setting time was obtained by PID Controller with ANLFM. 
Step data sets are used in Table VII, and compared two 
controllers. According to the obtained results, it is shown that 
the performance of PID controller with ANLFM is better than 
the rest of the controllers. 

TABLE VII.  COMPARISION OF FRICTION MODEL PERFORMANCES OF 
CONTROLLERS   

Controller Criterion Pitch Joint Yaw Joint 
PID Controller 
without friction 

model 

IAE 9.0612 7.0012 
ISE 1.2765 0.9244 

ITSE 36.755 24.824 

PID Controller 
with ANLFM 

IAE 8.1034 5.8773 
ISE 1.1755 0.8602 

ITSE 35.632 22.044 
 

V. CONCLUSIONS 
In this paper, a robust dynamic model with ANLFM for 

TDDTRAHS was developed and compared with other 
existing LFM and NLFM. According to the comparison 
results, the ANLFM has given the best performance for the 
yaw and pitch joints of the TDDTRAHS. Further,  the ALFM 
returns more best results than the LFM. Based on the 
mathematical modeling witch  ANLFM, a real-time PID of the 
system was developed and embedded in the Industrial PC 
Controller (Motion Controller Series model:GoogolThech 
GT-800). The PID parameters in the controller based on the 
inverse dynamic model with ANLFM were tuned by using the 
Z-N. The adaptive joint friction estimation enhances the 
stability and control performance of the TDDTRAHS. 
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Fig. 11. PID controller performance for step reference. 
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Abstract—This paper presents a mathematical modeling and

simulation of a nonholonomic mobile robot for the low-level

control regarding the parameter change using model-based de-

sign. The model-based design methodology has been a promising

technique in automotive and home appliance industries to address

and validate the algorithm development, code generation and

its deployment on platform. To investigate the electrical and

mechanical behavior of the mobile robot, nonlinear mathematical

model is constructed and is added to the control loop with the

estimator to identify the parameter change. The recursive least

square algorithm is used to identify the inertia and the payload of

the robot to adapt the dynamic behavior before applying control

law. The performance of the model-based approach is investigated

on the simulation environment considering the different payloads

with DC motor’s constraints to track the reference trajectory

using PI controller.

Keywords—mobile robot, nonholonomic, low-level control,

model-based control, dynamic parameter estimation

I. INTRODUCTION

Autonomous mobile robots have been deployed for a
variety of purposes in the manufacturing and industrial set-
ting such as improving material handling efficiency [1] and
inspection under hazardous conditions [2]. Precise and robust
motion control under varying payloads is crucial for delivery-
type mobile robots (alternatively referred to as autonomous
transport vehicles, ATV) that generally operate cooperatively
as fleets [1]. To perform tasks such as the trajectory tracking,
the low-level controller of the ATV should regulate it’s motion
according to the commands from the high-level control mod-
ule. Thus, reducing tracking errors in the presence of model
uncertainty and is major research topic for autonomous mobile
robot motion control [3], [4].

Dynamics-based control of mobile robots is difficult in
the presence of varying and/or uncertain friction, inertia, and
mass during the execution of a task. Therefore, a significant
amount of research effort has been devoted to the kinematics
based tracking control of mobile robots [5]. In this paper, a
recursive least squares method with a forgetting factor [6] is
proposed for the online estimation of the pertinent dynamic
parameters of a nonholonomic differential autonomous mobile
robot. The dynamic model of the robot is updated based

This research is supported by the Scientific and Technological Research
Council of Turkey (TUBITAK) grant no. #116E853.

on these estimated parameters in real-time, which is in turn
used by the PI type low-level controller for precise trajectory
tracking [7].

II. MATHEMATICAL MODELING

In this section, mathematical modeling of nonholonomic
mobile robot is considered in terms of actuation, kinematics
and dynamics. Fig. 1 shows the actual robot considered for this
research (the Evarobot) as well as the generalized coordinates
of the system including the notation of the parameters and
variables. (see Section II.B)

Fig. 1. The Evarobot differential drive robot with a schematic depicting
the coordinate systems and the geometric parameters for the differential drive
mobile robot.

A. DC motor dynamics

The differential drive mobile robot has two standard (non-
steerable) wheels driven by two independent DC motors and
two unactuated castor wheels for balance and stability. The
independently actuated DC motors provide both translational
motion and steering. These motors are gear-coupled to the
standard wheels. The governing equation for the DC motor
electric circuit are given as:

E

a

= R

a

i

a

+ L

a

di

a

dt

+ E

b

(1)

978-1-5386-7641-7/18/$31.00 © 2018 IEEE
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where E

a

, i
a

, R
a

and L

a

are the voltage, current, resistance,
and inductance of the armature circuit, respectively, and E

b

=

K

b

!

m

is the back electromotive force (emf). The governing
equation for the mechanical part of the DC motor is:

J

m

!̇

m

+ b

m

!

m

= ⌧

m

. (2)

where J

m

, b
m

, !
m

, ⌧
m

are defined as the moment of inertia,
the viscous coefficient, the angular velocity and the electrical
torque of the motor, respectively.

The electro-mechanical coupling between (1) and (2) is
achieved through the motor torque-armature current relation-
ship given as ⌧

m

= K

t

i

a

and K

t

is the torque constant of the
motor. Finally, the torques transmitted from the motors to the
wheels are governed by the equations:

⌧

i

= ⌘⌧

m

, i = l, r (3)

where ⌧
i

is the torque transmitted to the left (l) or right (r)
wheels, and ⌘ is the gear ratio between the motor and the
wheel. Likewise, the transmitted motion from the motor to the
wheels is governed by !

m

= ⌘! and ✓
m

= ⌘✓ for the angular
velocity and angular displacements, respectively. Table I in
Sec. V shows the electrical and mechanical parameters of the
DC motor used in the mobile robots considered for this paper.

B. Kinematic and dynamic model of the mobile robot

The posture vector (⇠) and generalized coordinates (q) of
a terrestrial mobile robot is in the form of:

⇠ = [

x y �

]

T (4a)

q = [

x

c

y

c

�

]

T (4b)

where (x, y) and (x

c

, y

c

) are the x- and y-coordinates of the
geometric center (point P ) and the mass center (point G) of
the robot in the inertial coordinate system, respectively, and
� is the heading angle of the robot. The relation between the
geometric and the mass center of the mobile robot and it’s
derivative are defined as:

x = x

c

+ d cos�

0
, y = y

c

+ d sin�

0 (5a)

ẋ = ẋ

c

� ˙

�

0
d sin�

0
, ẏ = ẏ

c

+

˙

�

0
d cos�

0
, (5b)

respectively. The parameter d is defined as the distance be-
tween the center of geometry and the center of mass of the
robot (see Fig. 1). In case the mass center is not perfectly
aligned with the X

B

-axis, the heading angle of robot from
the center of mass is defined as �0 = � +  and ˙

�

0
=

˙

�

where  = atan2(y � y

c

, x � x

c

) is the fixed angle from the
center of geometry to the center of the mass. However, for the
differential drive robot utilized in this research it is assumed
that the center of mass lies on the robot X

B

-axis due to the
very small difference in heading angles between the center of
mass and the center of geometry of the robot, i.e.,  ⇡ 0.27

�

and therefore it is assumed that �0 ⇡ �.

The angular position and speed of the wheels are given by
' = [

'

r

'

l

]

T and ! = [

!

r

!

l

]

T , respectively. The velocity
of the robot in the inertial frame is related to the velocity in
the body frame v = [

v !

]

T through:

2

4
ẋ

ẏ

˙

�

3

5
=

"
cos� 0

sin� 0

0 1

# 
v

!

�
(6)

with v = (v

r

+ v

l

)/2 and ! = (v

r

� v

l

)/L the linear and
angular velocities of the robot, L is the distance between the
wheels, v

l

= r!

l

and v

r

= r!

r

are tangential velocities of the
left and the right wheels, respectively where r is the wheel
radius. Then, one can obtain the wheel angular velocities from
the linear and angular velocity of the robot from


!

r

!

l

�
=


1/r L/(2r)

1/r �L/(2r)

�

| {z }
Rw

r


v

!

�
(7)

where R

w

r

represents the transformation matrix from robot’s
linear and angular velocities to the wheel angular velocities.

Combining (5b) and (6) yields the relationship between the
center-of-mass and body-frame velocities of the robot as:

˙

q = S(q)v (8)

where the kinematic matrix is defined as

S =

"
cos� d sin�

sin� �d cos�

0 1

#
(9)

Finally, due to the no lateral motion (side slip) condition, the
kinematic constraint equation of the mobile robot becomes

�ẋ

c

sin�+ ẏ

c

cos�+

˙

�d = 0 (10)

In the derivation of the dynamic equation for the mobile
robot, the method outlined in [8] is utilized. Accordingly, for
a n degree-of-freedom (DOF) robot subject to p inputs and m

constraints, the general dynamic motion equation is given as:

M

¨

q+V

˙

q+ f

d

+ g = Eu�A

T� (11)

where M 2 Rn⇥n is the symmetric positive-definite inertia
matrix, V 2 Rn⇥n is the centripetal and Coriolis force matrix,
f

d

2 Rn represents the friction and damping forces, g 2 Rn

is the gravitational force vector, E 2 Rn⇥p is the input
transformation matrix, A 2 Rm⇥n is the kinematic constraint
matrix associated with the nonholonomic constraint equation
A

˙

q = 0, q 2 Rn is generalized coordinates, u 2 Rp is the
input vector, and � 2 Rm is the vector of Lagrange multiplier
associated with the kinematic constraints.

Ignoring viscous and friction forces, the Lagrangian for-
mulation for the constrained equation of motion of the non-
holonomic mobile robot can be expressed as:
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d

dt

✓
@L
@q̇

k

◆
� @L
@q

k

= f

k

�
mX

j=1

�

j

a

jk

(12)

where L is the Lagrangian, f
k

are the generalized forces, �
j

is the j

th constraint equation’s Lagrange multiplier, and a

jk

is
the k

th coefficient of the the j

th constraint equation. For the
constraint equation given in (10), j = 1 and k = 1, 2, 3. The
Lagrangian for the mobile robot does not include any potential
energy terms and can be expressed as L = m(ẋ

2
c

+ ẏ

2
c

)/2 +

(J

r

˙

�

2
)/2 where m = m

r

+m

pl

is the total mass of the mobile
robot (m

r

) and the payload (m
pl

), and J

r

is the mass moment
of inertia of the robot about the z-axis passing through the
mass center of the robot. The resulting equations of motion
become

mẍ

c

� � sin� =

1

r

(⌧

r

+ ⌧

l

) cos� (13a)

mÿ

c

+ � cos� =

1

r

(⌧

r

+ ⌧

l

) sin� (13b)

J

r

¨

�+ �d =

L

2r

(⌧

r

� ⌧

l

) (13c)

where � is the Lagrange multiplier, ⌧
r

and ⌧
l

are the driving
(input) torques acting on the right and left wheels, respectively.
In the derivation of (13), the effects of the rotational dynamics
of the wheels are neglected. Eq. (13) can be written in matrix
form as:

M

¨

q = Eu� �a

T (14)

with the matrices:

M =

"
m 0 0

0 m 0

0 0 J

r

#
,E =

1

r

2

4
cos� cos�

sin� sin�

L

2 �L

2

3

5

a = [

� sin� cos� d

] ,u = [

⌧

r

⌧

l

]

T

.

It is desirable to express the equations of motion in terms
of the body coordinates, which can be accomplished by sub-
stituting (8) into (14). Pre-multiplying the resulting dynamic
equation with S

T eliminates the Lagrange multipliers since
S

T

a

T

= 0. The resulting dynamic equation of the mobile
robot becomes

˜

Mv̇ + Ṽv = Ẽu (15)

where ˜

M = S

T

MS, ˜

V = S

T

M

˙

S, and ˜

E = S

T

E.

For low-level controller design purposes, it is desirable to
cast the kinematic and dynamic equations in state-space form.
Defining the state vector as x = [q

T

v

T

]

T , the nonlinear
state-space model can be expressed as:

2

6664

ẋ

c

ẏ

c

˙

�

v̇

!̇

3

7775
=

2

6664

v cos�+ !d sin�

v sin�� !d cos�

!

�!2
d

mdv!

Jt

3

7775
+

2

6664

0 0

0 0

0 0

1
mr

1
mr

L

2rJt
� L

2rJt

3

7775


⌧

r

⌧

l

�

(16)

and the total mass moment of inertia is defined as J

t

= J

r

+

md

2.

III. PARAMETER ESTIMATION

To accurately model the dynamic behavior of the mobile
robot under different payloads, a recursive least square (RLS)
algorithm with a forgetting factor (�) is employed to estimate
pertinent mechanical parameters of the system such as the
inertia of the robot and it’s payload.

A system with unknown parameters can be modeled as

y(k) = �

T

(k)

ˆ

⇥(k � 1) + e(k) (17)

where y(k) is the output vector, �(k) is the measurement
vector called the regressor, ˆ

⇥(k) is the unknown parameter
vector to be estimated and e(k) is the prediction error. By
minimizing the cost function

V (

ˆ

⇥, k) =

1

2

kX

i=1

�

k�i

���
���y(i)��

T

(i)

ˆ

⇥(k)

���
���
2

(18)

with respect to ˆ

⇥ at time (k), the closed-form solution is
obtained as

ˆ

⇥(k) =

"
kX

i=1

�

k�i

�(i� 1)�

T

(i� 1)

#�1
kX

i=1

�

k�i

�(i� 1)y(i)

(19)

Since (19) contains matrix inversion, it’s computational
cost makes it unsuitable for practical, real-time control ap-
plications. Alternatively, a recursive scheme based on the
matrix inversion lemma [9] can be employed. Accordingly,
the unknown parameters are recursively estimated using

ˆ

⇥(k) =

ˆ

⇥(k � 1) +K(k)e(k) (20)

where the first term in (20) is the estimate at the previous time
(k � 1), and the second term is the applied correction. Thus,
(20) updates the estimates at each discrete time by correcting
the error between the system output and the predicted output.
K(k) in (20) is the gain matrix defined as

K(k) =

P(k � 1)�(k)

� +�

T

(k)P(k � 1)�(k)

(21)

with
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P(k) =

1

�

⇥
I�K(k)�

T

(k)

⇤
P(k � 1) (22)

being the covariance matrix. Finally, the estimation error is
computed as:

e(k) = y(k)��

T

(k)

ˆ

⇥(k � 1). (23)

The RLS algorithm updates the parameters at the given discrete
time with the selected forgetting factor in the range of 0 < � 
1. The forgetting factor can be chosen large to give less weight
to the past errors in (23).

Using the forward-Euler discretization, the dynamics of the
mobile robot in (16) can be discretized as:

v(k + 1) = v(k)� !

2
(k)t

s

d+

t

s

mr

[⌧

r

(k) + ⌧

l

(k)] (24a)

!(k + 1) = !(k) +
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s

d

J

t

v(k)!(k) +

Lt

s

2rJ

t

[⌧

r

(k)� ⌧

l

(k)]

(24b)

From (17), the output estimation vector is defined as:

ˆ

y(k) = �

T

(k)

ˆ

⇥(k � 1). (25)

The vectors of the output estimation, the regressor and the
parameter estimation can be determined by substituting (24)
into (25).

[

v(k + 1) !(k + 1)

]

| {z }
ŷ
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Therefore, the mechanical parameters of the mobile robot can
be obtained as follows:

ˆ

d =

ˆ

⇥21/ts, m̂ = t

s

/(r

ˆ

⇥31), m̂pl

= m̂�m

r

,

ˆ

J

t

= (m̂

ˆ

dt

s

)/

ˆ

⇥52, if ˆ

d 6= 0, or

ˆ

J

t

= (Lt

s

)/(2r

ˆ

⇥62) independent of the parameter ˆ

d.

 

Dynamic Kinematics
Trajectory  
Generator  PI

DC 
Motor
DC  
Motor

Estimator

Fig. 2. The block diagram of the feedback loop of the differential drive
mobile robot.

IV. CONTROLLER DESIGN

Several model-based design strategies exist for the design
of low-level controllers of nonholonomic mobile robots. These
strategies are the model-in-the-loop (MIL), the software-in-the-
loop (SIL), and the hardware-in-the-loop (HIL). In the low-
level controller design presented in this paper, the MIL method
is employed for which a mathematical dynamic model of the
mobile robot is implemented in the robot’s feedback control
system. Fig. 2 shows the overall block diagram of the trajectory
tracking controller implemented for the nonholonomic mobile
robot. The Evarobot (see Fig. 1) is actuated using the DC
motors with the mechanical and electrical parameters given
in Table I. To follow the reference trajectory, the trajectory
generation block provides the reference linear (v

ref

) and
angular velocities (!

ref

) of the robot for the predefined
path. These robot velocities are transformed to the reference
angular velocities for the wheels (!

iref , i = l, r) using the
transformation matrix R

w

r

. A PI controller is employed to
regulate wheel angular speeds. This PI controller generates
the required driving voltages to actuate the DC motors based
on the following control equation:

E

ai = K

Pi(!iref �!i

)+K

Ii

Z
(!

iref �!i

)dt, i = l, r. (27)

The PI gains (K
P

, K
I

) are chosen based on the perfor-
mance requirements defined as a maximum overshoot less than
25% and a settling time less than 1.5 s. The low-level controller
is designed using the SIMULINK software with the following
PI gains:

K

Pr = 14.70, K

Ir = 70.25 (28a)

K

Pl = 14.70, K

Il = 70.25. (28b)

V. SIMULATION

For the parameter identification process, the forgetting
factor (�) is chosen as 0.999 to reduce the influence of the
past estimates on the covariance matrix which is initialized as
P(0) = ⇢0 · I6⇥6 (⇢0 > 0). The simulation results using the
RLS algorithm are given in Fig. 3 and Fig. 5. Fig. 3 shows the
errors between the reference and the predicted values in terms
of the linear and angular velocities of the robot. The predicted
velocities have different convergence times due to the different
parameter variation rates as shown in Fig.5. Identifying the
payload (Fig. 4) on the robot is quite fast compared to the
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total inertia estimation (Fig. 5) of the robot due to the different
parameter variation rate. Fig. 5 also shows the estimate of the
total inertia without the distance effect from the payload to the
center of mass of the robot [recall that ˆ

J

t

= (Lt

s

)/(2r

ˆ

⇥62)].
In general, the identified parameters of the robot converge to
the predefined values.
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Fig. 3. Linear (ev) and angular velocity (e!) estimation errors.
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The proposed RLS based estimator (Sec. III) and the
low-level controller (Sec. IV) are validated through MAT-
LAB/SIMULINK based numerical simulations. A sampling
time (t

s

) of 1 ms is used and unmodeled dynamics are

simulated in the form of disturbance torques acting at the
output of the DC motors. For this purpose, a band-limited
white noise is added into the disturbance torque for 0 kg and 10

kg of the payload under the same initial conditions. The initial
conditions are given as x0 = 1 m, y0 = 1 m, �0 = 63.43

�,
v0 = 1.4 m/s, and !0 = 0 rad/s. The values of electrical and
mechanical parameters of the mobile robot are given in Table
I and Table II.

TABLE I. THE MOTOR CHARACTERISTICS.

Quantity Parameter Value
torque constant Kt 18.349 [mNm/A]

back emf constant Kb 1.921 [mV/rpm]
rotor inertia Jm 121.8271 [gcm2]

viscous coefficient bm 0.0001 [Nm/(rad/s)]
coil resistance Ra 0.621532 [⌦]
coil inductance La 0.72 [mH]

TABLE II. THE MECHANICAL PARAMETERS OF THE MOBILE ROBOT.

Parameter Values
L 0.3175 [m]
r 0.086 [m]

mr 13.402 [kg]
mpl 0 � 10 [kg]
Jr 0.29172 [kgm2]
d

p
(x � xc)2 + (y � yc)2

Fig. 6 and Fig. 7 show that the robot tends to follow the
eight-shaped trajectory [7] with good tracking result in 60
seconds. However, it requires more voltage to generate the
torque inputs to drive the wheels for the payload increment.
Depending on the DC motor characteristics, the mobile robot
can deliver the limited weight to follow the predefined trajec-
tory, which means that above the certain weight, it may take
longer time to complete the trajectory tracking or it can be
out of the trajectory since the PI controller cannot manage the
required voltage and current from the armature circuit due to
their saturation. Thus, it is important to estimate the parameter
variation in real-time for the autonomous transportation vehicle
before it performs decision in high-level control perspective.

VI. CONCLUSION

This paper introduces a model-based approach for the low-
level controller design of a nonholonomic, differential drive,
autonomous mobile robot. The PI-type controller is augmented
with a dynamic parameter estimator for on-line adaptation
of the controller to varying payloads. More specifically, a
recursive least squares based estimator with a forgetting factor
is employed to estimate the payload mass and inertia as well
as the center of mass of the combined robot and payload.
Several simulations are carried out under two different loading
conditions (with and without payload) to demonstrate the
effectiveness of the parameter estimator and the controller. In
both cases, the parameter estimator is shown to converge to the
true values of the dynamic properties of the payload and the
controller is shown to precisely track the pre-defined trajectory.

The proposed method is to be implemented on actual
Evarobots and prototype ATV’s in the future. An improved
version of the proposed low-level controller is being developed
in the form of an adaptive controller based on the estimated
payload parameters.
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Fig. 6. Simulation results for case 1: No payload (mpl = 0 kg).
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Abstract— This paper deals with the identification of 
suitable observation technique for estimation of the rolling 
resistance of a tire. Two nonlinear observers were applied in 
order to get a robust and accurate estimation of rolling 
resistance force. In this paper, a quarter car model is used and 
the adaptive high gain and the adaptive second order sliding 
mode (SOSML) techniques are compared. Their advantages 
and disadvantages have allowed choosing the most effective 
solution with respect to accuracy, robustness and computing 
complexity. The first simulation results of estimation of rolling 
resistance showed efficiency and precision of these two types of 
observers with a relative mean error less than 5 %. Their 
robustness to modelling error, parameter uncertainty and 
input noise was evaluated and used to detect the variation in 
the input. So, the convergence study has shown that the two 
observers ensure an asymptotic convergence toward zero error 
and that the adaptive high gain observer is faster than adaptive 
SOSML by 2 sec. Finally, simulation validation is carried out 
with software MATLAB/Simulink and SCANeRTM Studio 
(vehicle dynamic software). This brief paper presented the very 
first results of an original estimation of rolling resistance using 
adaptive gain observers. 

Keywords— Adaptive high gain observer; adaptive gain 
sliding mode observer; rolling resistance estimation 

I. INTRODUCTION 

olling resistance is due to the dissipation of energy 
occurring during the passage of a tire on a road. This 

dissipation contributes to the increase in fuel consumption in 
vehicle hence CO2 emissions [1], [3]. In order to reduce fuel 
consumption, it is necessary to monitor the states of tire-road 
interaction in real time driving to optimize rolling resistance.  

The rolling resistance of the vehicle is still rather 
unknown and research should be conducted to be able to 
estimate it reliably and accurately. This accuracy is 
particularly necessary at the scale of a single vehicle, 
considering that rolling resistance coefficient is a 
dimensionless quantity with an order of magnitude of 1 to 
2% [3]. However, recent studies have shown that even 
moderate decrease in rolling resistance allows for gains in 
fuel consumption. For instance, rolling resistance related to 
the road surface is responsible for about 20% of the CO2 
emitted by a passenger car driving at 100 km/h [3], [4]. 

Rolling resistance is a physical phenomenon, which is 
difficult to quantify with the sensor. So it is needed to 
estimate it and the best candidates to perform this task are 
observers, which can reconstruct the unknown variables with 
the help of measured parameters.  

Since all the observer design techniques are based on the 
mathematical model of the system, the presence of 
disturbances, dynamic uncertainties and nonlinearities pose 
great challenges in practical aspect. Toward this end, the 
high-performance robust observer design problem has been 

great interest recently and several advanced observer designs 
have been proposed.  

Several authors have proposed online estimation schemes 
of rolling resistance, in addition to parameters such as 
longitudinal stiffness, effective radius, tire-road friction, and 
wheel slip using nonlinear observation methods [5], [6], [7]. 
Observations techniques such as high gain [8], sliding mode 
[7], [12], [13] and extended Kalman filter (EKF) [9] are also 
widely used to estimate vehicle states and parameters. The 
characteristics of classical observers lie in the easiness of its 
implementation, robust to modeling uncertainty and external 
disturbances. Whereas the main drawbacks of these classical 
observation techniques are sensitive to measurement noise, 
lack of stability around real values and take longer to 
converge to real values. This aggravates the situation, which 
has rapid dynamics in real-time conditions. To overcome 
this, an adequate strategy for using adaptive gain observers 
and identify the parameters of the model in real time is 
proposed in this paper. 

In section II the problem is discussed and solutions are 
proposed. In section III System modelling and validation of 
the model is performed. Then, observer design is discussed 
in section IV with the consideration about the observability. 
Simulation results are presented in section V. Finally, some 
conclusions and perspective are drawn from this comparison. 

II. PROBLEM DESCRIPTION

An important challenge for the development of current 
vehicles and autonomous vehicles is to ensure better energy 
management. The rolling resistance is one of the most 
important parameters affecting the fuel consumptions and 
the performance of a vehicle.  

Rolling resistance is defined as a quantity of the force 
required to overcome the retarding effect between the tires 
and road, and it is really difficult to distinguish this force 
and the other tire forces. Physically, rolling resistance is 
unmeasurable, it highly depends on tire parameters such as 
inflation pressure, temperature, road surface type, and 
vehicle speed [1], [2], [18].  

Thus, the lack of complete physical phenomenon of tire-
contact dynamics to estimate it accurately is the main 
drawbacks. However, various measurement methods to 
estimate or calculate the rolling resistance indirectly are 
described in [4] and [19], such as trailers, drums etc. Indeed, 
at the present time, these methods are inaccessible and very 
uncertain due to the quality of results, reproducibility of the 
measurements, limited to the small test track and the high 
cost of physical sensors attached to vehicle tires. 

In order to solve this difficulty, dedicated works are done 
in [7], [9] with the aim to estimate the rolling resistance 

R 
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force by using virtual sensor based on the observer approach 
(sliding mode and EKF). Indeed, these applications have 
been far from conclusive, as it served only under simplified 
conditions: on straight line track at a constant speed and on 
simplified tire-road contact model. Therefore, no work has 
been done to estimate the rolling resistance in real driving 
conditions with experimentation validation.  

Also, the impact of road roughness and temperature are 
not included as far as to our knowledge. Moreover, these 
studies didn’t account for the source of incertitude, 
convergence and real-time estimation. Research in this area 
is still quite recent and much work remains to be committed. 

To address this problem, the adaptive gain nonlinear 
observer is explored for estimation of rolling resistance 
under real driving conditions that take account of all the 
parameters. In this paper, adaptive high gain [20] and 
adaptive SOSML observers [15], [16] are used on the 
quarter car for estimation of rolling resistance.  

This is motivated by the fact that the adaptive solution is 
the most suitable for the rolling resistance estimation 
because of variable dynamics and continuous change in a 
situation during the real driving situation. Their robustness 
to modeling error, parameter uncertainty and input noise 
used to detect the variation in the input. Their advantages 
and disadvantages have allowed choosing the most effective 
solution with respect to accuracy, robustness and computing 
complexity. The choice of a quarter car is made to 
represents the standard trailer test of rolling resistance. 

This work is done mainly to make a choice of observer 
technique, which is most suitable to estimate the rolling 
resistance force in real driving conditions. 

III. SYSTEM MODELLING AND VALIDATION 

A. Quarter car model 

This paper focuses on tire dynamics of a quarter car, 
mainly longitudinal dynamics. Longitudinal dynamics 
consist of translation motion of vehicle and wheel rotation. 
In literature, a lot of quarter car models are available [21- 23] 
which are easy and simple to implement in Simulink. In this 
section, we will present longitudinal dynamics of the quarter 
car model. We can use the model presented in [7], as a 
reference. According to Newton’s 2nd law, the longitudinal 
and rotational dynamics of the quarter car system in fig. 1 
can be represented by the following equation [21]: 

 J 	=	  RFx Cf
	Mvx = Fx  Fd  Frr

 (1) 

Different forces defined as 
1) Traction Force Fx: This force comes from the tire-

road interaction and mainly depends on the slip ratio and 
friction coefficient. It can be expressed as a function of the 
coefficient of friction μ( ) with the ground  

 Fx =Fzμ  (2) 
With  as pseudo-slip which is defined as 

 =
R vx

R
= 1

vx

R
 (3) 

The relation between μ and  is semi-empirical [21] 

 μ =2μ0
0

0
2+ 2 (4) 

where 0 is pseudo slip which corresponds to the maximum 
value of the friction . 

 
Fig. 1. Longitudinal dynamics of a wheel [7] 

2) Aerodynamic Force Fd: This resistance force comes 
from the interaction with air flow around the vehicle. It is 
proportional to the square of the speed of the vehicle and 
defined as 

 Fd vx =
1
2

AdCdvx
2 (5) 

Where  air density, Ad  quarter car frontal area and Cd  is 
aerodynamic drag coefficient. 

3) Rolling resistance force Frr : Rolling resistance is 
mainly due to viscoelastic properties of the rubber 
compounds, used to make tires. When they are deformed, 
they tend to dissipate the energy in the form of heat. When 
rolling, a tire is deformed by the load exerted on it, flattening 
out in the contact patch. This repeated deformation causes 
energy loss known as rolling resistance. Similar to traction 
force, rolling resistance force is also a product of normal 
force Fz and rolling resistance coefficient	Cr. 

 Frr=CrFz (6) 

4) Normal Force: This force depends mainly on the 
mass of the quarter car, but also on the vertical displacement 
of the tire-road contact point with the gravitational 
acceleration mainly due to road defaults. Here we make an 
assumption to neglect the vertical displacement, which 
makes normal force equal to: 

 Fz=Mg (7) 

In other hypotheses, tire effective radius and tire pressure 
are assumed to be constant. Only point contact is considered 
at the ground with a smooth surface and all the simulations 
are done on straight line on a passenger car. 

B. Validation of model 

Validation of the above mentioned quarter car model is done 
using vehicle simulator SCANeRTM. It is a simulation 
software tool, which analyses the dynamic behaviour of 
vehicles, developed by the company OKTAL. In this section 
validation of quarter car is done. Based on the above 
mentions hypotheses, different test scenarios have been 
constructed to validate our model as defined below: 

• Case 1: Car moving at 50Km/h. 
• Case 2: Car moving at 80Km/h. 
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• Case 3: Car moving at 60Km/h with variance 
0.1km/h. 

• Case 4: Car moving at 50Km/h and later 
accelerates in 10 sec to 80Km/h. 

50km/h and 80km/h are used as these are reference 
velocities for standard rolling resistance trailer test 
measurements. Case 4 with a variation of speed from 50km/h 
to 80km/h is used to check if the model can take into account 
the variation of speed.  

 
Fig. 2. The methodology of validation 

Classical approach has been used to validate model as 
shown in fig. 2, same input parameters mentioned in table I 
are given to simulator and our model with torque as input. 
The resulted velocities and traction force are compared and 
the results are shown in fig. 3 and 4. 
TABLE I. QUARTER CAR MODEL AND TIRE'S PARAMETERS USED 

IN SIMULATION 

Parameters Values Units 
J 25.1 kgm2 
R 0.306 m 
M 440 kg 
Ad 0.6 m2 
Cf 0.76 kgm2s-1 

μ0 0.9 - 

Cd 0.63 - 

0 0.20 - 
g	 9.81 ms2	
 1.205 kgm-3 

The validation criteria for the model are based on two 
factors: error must be close to “0” and the system should 
respond to the variation with max delay of 2 seconds.  

 
Fig. 3. Case 4 comparison results 

 

 
Fig. 4. Case 3 error of the comparison in percentage 

Case 3 results are shown in fig. 4, a variation of 
rotational velocity is taken into account by a model with 
error <1%. It satisfies our validation criteria. During the 
change of speed from 50km/h to 80km/h (time: 20s to 30s) 
model exhibits error higher than 1%, which can be explained 
with the dynamical behaviour of the complete vehicle used 
in the simulator as compare to quarter car model.  

Also, case 4 results are shown in fig. 3 which 
support the validation of the model. In case 4, errors for 
velocities are less than 1% and it follows the variation 
introduced in the speed. Other cases also have errors < 1%. 
From the above results, this model is validated and can be 
used for the observer design. 

IV. OBSERVERS DESIGN 
In this section, the adaptive high gain observer and 

adaptive second order sliding mode observer are designed for 
quarter car mentioned in section III, which allow the 
estimation of rolling resistance. The main idea is to 
understand the behaviour of different observers and compare 
their performances. Firstly, the model is written under state 
space form and observability of system is analyzed thanks to 
numerical evaluation technique.  

A. Observability analysis 

Different hypotheses made in the previous section will 
simplify the model, which will have only longitudinal 
dynamics and it will avoid the complexity in developing the 
observer and calculate its observability matrix. To write a 
model in the dynamic equation of longitudinal and rotational, 
the dynamic of Frr is supposed to have a variation and can be 
seen as unknown so we can write the dynamics as: 

 Frr = F t  (8) 
with F a bounded function. 

We can write a model directly from (1) with the state 
vector as and u=  the torque, we 
obtain 

 x=

1
J

( RFx(x) Cfx1)

1
M

(Fx(x) Fd(x) x3)

F

+

1
J
0
0

u (9) 

44

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



The output is y	=	 	=	x1, we can write the x1 as measured 
and u as known. We can separate the term depending only 
on the known variables  

 
1
J

(u Cfx1) (10) 

So the system (9) can be written as: 

 x=f x +	 f	+ g y,u  (11) 

With, 

f x =

1
J

RFx(x))

1
M

(Fx(x) Fd(x) x3)

0

, f	=
0
0
F

, g y,u =

Cf

J
x1+

1
J

u

0
0

 

In system (11), only state x1  and  x2  are measured 
directly by standard sensors on the vehicle. Rolling 
resistance should be estimated by observers if the 
observability of the systems is ensured. To verify this 
condition, local observability rank condition test, which is 
based on Lie derivatives of the outputs of the system is used 
[24]. Considering a nonlinear system having the following 
form: 

 x	=	f x,u
y	=	h(x)  (12) 

where x 	Rn represent the state of the system, u  Rm input 
and y  Rp output of the system. For each input u, a matrix 

 of output and its derivatives at state can be defined: 

 x,u =

hi
Lfh

Lf
n-1h

 (13) 

The system (13) satisfies local observability rank conditions 
at x0 if: 

 Rank
(x0,u)

x
=n or det

x
0 (14) 

Invertibility of analytically establish matrix x  is 
difficult to compute. Thus, the invertibility of x  will be 
numerically evaluated. If its jacobian never equals 0 on the 
operating trajectories, it yields that the transformation x  
is invertible. Results in fig. 5 satisfy the above condition of 
(14) which defines that the system (11) with measured 
variables is observable in operating conditions. 

Given that x  is invertible under the proposed 
operating conditions, it appears as a state coordination 
transformation, i.e.  x  Then, according to [25] it is trivial 
to show that the nonlinear system (18) is locally equivalent 
to  

 =
0 1 0
0 0 1
0 0 0

+
0
0  (15) 

Proposition 1 Given in B, the system (11) is observable for 
x  M and u  U. Considering the new system (11) verifies 
the observability and posing =[y,y,…yn-1]

T
, we obtain 

 
Fig. 5. Determinant Jacobian matrix 

 
=A +

0
0

0
 

y = 1 0 0 0 	=	C  

(16) 
 

A and C are defined as follows: 

A	= 0 In-1

0 0
 ;C	=	 1 0 …0  and 	=	y(n)  

Equation (16) is called as a canonical form of observability. 
Given the system (11), it is evident that the term   is 
incertitude; we suppose that it can be written as  

 = n+  (17) 
with n  is nominal part and  is uncertain. So we can 
write (16) as  

 =A +

0
0

0
n( )

+

0
0

0
 (18) 

Proposition 2: Observer for the system (18) can be written 
as 

 =A +

0
0

0
+ (y, ) (19) 

The function  is the correction term which assures us the 
convergence of estimated state to real state in spite of the 
initial error and uncertain term  . From 

= (x) 
one gets  

 =
x

x x=
x

1

 (20) 

With the help state transformation (20) two adaptive gain 
observers are proposed next.   

1) Adaptive high gain observer 

 An adaptive high gain based observer is proposed in 
[10], [11] for the class of uniformly observable systems 
which are observable for any inputs. The main feature of this 
observer consists in an appropriate calibration of the 
observation gain through a single parameter governed by 
some scalar Riccati equation.  
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Our objective is to design a high gain like observer for 
the system (11) whose gain is derived from an algebraic 
Lyapunov equation and which is calibrated by the choice of a 
single design parameter. However, unlike the classical high 
gain observer [27] in order to improve the performance of 
such observer, the design parameter has not to be chosen 
constant but time-varying with a dynamic which allows it to 
be maintained at low values while the observer continues to 
provide accurate estimates. Before presenting the proposed 
observer, let us introduce some definitions and notations. 

Let  : R R,t t  be a real-valued function and let  
be the following diagonal matrix: 

 =diag
1

,
1
2 ,…,

1
n  

D=diag 1, 2,…,n  
(21) 

Consider the following algebraic Lyapunov equation 

 S+ATS+SA=CTC (22) 

where the unknown is the matrix S, the matrices A and C 
are defined in the system (16). It was shown in [26] that the 
(22) admits a unique solution S, which is symmetric and 
positive definite and whose terms can be expressed as 
follows: 

S i,j =(-1)(i+j)Ci+j-2
j-1  for 1 i,j n 

where Cn
p= n!

(n-p)!p!
. 

The structure of observer for estimation of rolling 
resistance, with the known longitudinal, angular velocity 
and torque with observation model based on the adaptive 
gain higher order sliding mode can be written as from [11]:  

 

x=f x +g u,x
x

x

1
1 KCTx (t)  

=
μ 
2

(t) a t 1 g(t) y(t) ; 							

g t =
M

1+min ( , 1
T y(t) 2dt

max (0,t T)

;  0 1 	

 (23) 

Where , , , with 

where x and u is the state and input of the system; Matrix 
K  such that A-KC  is Hurwitz;  and 
:R R+,y= y is a real-valued function satisfying the 

following properties:  

• 0 =0 
• >0; y>0,0< y max  

2) Adaptive gain second order sliding mode observer 

A novel adaptive law for the gains of the SOSML 
algorithm with only one tuning parameter is designed via a 
so-called “time scaling” approach [17]. The structure of 
observer for system (11) estimation of rolling resistance, 
with the known longitudinal, angular velocity and torque 
with observation model based on the adaptive gain second 
order sliding mode can be written as from [15]: 

 ,  (24) 

Where μ(.) is the SOSML algorithm [14], 

μ e = t e
1
2sign e + (t) sign e d +k t e+k (t) ed

t

0

t

0
 

With  e=(y-x)  and the adaptive gains t , (t) , k t  and 
k (t)	are formulated as: 

 	 (25) 

where 0 , 0 , k 0 , and k 0  are positive constants to be 
defined and l t  is positive, time-varying, scalar function. 
The adaptive law of the time-varying function l t is given 
by: 

 l t = k,        if	 e 0		
0,               else						 (26) 

where k and the initial value l 0  is positive constants. 

V. SIMULATION RESULTS AND DISCUSSION 
Results of application of observer on the quarter car are 

discussed in this section. The main goal is to compare the 
different nonlinear observer techniques and use these 
techniques for estimating  in real driving condition as 
discussed in section II. The bibliographic description of 
different observers has been explained in section IV. 
Adaptive high gain and adaptive second order sliding mode 
observation techniques are used for estimation here. The 
comparison is based on the estimation error, convergence 
time and its robustness. The choice is made based on these 
comparison results.  

A. Simulation scenarios 

Simulation scenarios are divided into two parts. The first 
part consists of a comparison of two observers estimation of 
Frr	with same 4 cases used in section III for validation. In 
order to further evaluate the quality of estimation, 
comparison of observer estimation of Frr  for different 
parametric variations is done in second part. To carry out 
the simulations the proposed observers are initialized by  

 x 0 =
50

16.66
40
4

 (27) 

Different conditions are simulated on a passenger car in 
SCANeRTM environment in order to get input torque and 
measured velocities for observers. The parameters in table I 
are used for simulation. The observer gain and other 
variables for two observers used are:    

1) Adaptive high gain observer: 

Matrices S and -1  are defined as follows: 

 S=
1 -1 1
-1 2 -3
1 -3 6

 and -1=
0 0

0 2 0
0 0 3

 (28) 
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Fig. 6. Evolution of design parameter for case 3 

The initial values used for 0  is 2. The values of 
parameters M, T, a and  used in simulations were fixed at 
10, 1, 4 and 4. Concerning the function , it was specified as 
follows in this application: 

 y =
y 2

1+ y 2 (29) 

The estimation results of this observer are shown in fig. 7 
and the evolution of the design parameter t  is given in 
fig. 6. This estimation shows that the parameter t  is 
decreasing to a low value as soon as an estimated value 
coincides with the real values. 

1) Adaptive gain SOSML observer: 

The parameters of the adaptive SOSML algorithm given by 
(25) were chosen as 0, 0, k 0, k 0and k are 4, 2, .25, 2 and 4 
respectively. The initial values for l 0  were used as 4. The 
evolution of l t  can be seen in fig. 6. The simulation results 
from these two parts are discussed below. 

B. Simulation results and comparison 

This section is divided into two parts as discussed 
previously. In this section, the estimation of each observer 
with the real value of Frr  for each case is compared. The 
precision of the observer is evaluated by calculating the 
relative mean estimation errors: 

 eFrr=
1
N

Frr ti Frr(ti)
Frr(ti)

N

i=1

 (30) 

With  is counted from the instant when estimated values 
start converging to real ones (approx. 5sec) to 40 sec and N 
number of samples in this period. Observer gains are fixed 
to as mentioned in section V for the observer. Different 
conditions simulated as mention in section V-A simulation 
scenarios.  

1. Part A 
The simulation is done for all the cases (defined in section 
III .B) and relative mean errors are calculated (see table II). 
Only, the simulation results from case 3 are presented here. 
In order to simulate sensor noise, a zero mean additive noise 
with variance 0.1km/h is added to speed.   

In fig. 7 real values and estimated values from adaptive 
high gain (in red) and adaptive SOSML (in black) are 

presented with real values coming from SCANeRTM (in 
blue). In fig. 8 the relative mean error is given, for time 5 sec  

 
Fig. 7. Estimation results of rolling resistance for case 3 

to 35 maximum errors is 6% only, which is acceptable. 
Estimated values of rolling resistance are converging towards 
real values in 2 sec for adaptive high gain and 4 sec for 
adaptive SOSML. It means that adaptive sliding mode is 
taking long to converge to the real values whereas adaptive 
high gain converges rapidly which is one of our criteria of 
comparison. Estimation of adaptive sliding mode shows 
chattering and estimation from adaptive high gain is smooth 
as seen in closer look in fig. 7 & 8. Current gain values are a 
good compromise between chattering and convergence for 
adaptive SOSML. 

Other cases are simulated also and results are shared in 
comparison table III. In constant speed, both observers 
estimate close to real values. 

In a variation of speed lack of complete dynamics can be 
seen in the results. The gain parameter for observers is 
changing with the variation but the estimated values of the 
observer are underpredicting which can be due to lack of 
complete vehicle dynamics. Proposed model does not 
account for full vehicle dynamics, it is obvious that we are 
going to see some differences in estimated and real values, 
which become widen in variation case. This also justified 
that for robust and accurate estimation of rolling resistance, 
a model which accounts for the complete physical 
phenomenon of tire-road contact. 

 
Fig. 8. Estimation error for case 4 
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Table II. SIMULATED ERRORS OF ESTIMATED VALUES FOR TWO 
OBSERVERS 

Case eFrrHGD(%) eFrrSMA(%) 
1 1.79 1.42 
2 1.81 1.03 
3 2.71 3.71 
4 1.41 1.73 

2. Part B 

Both observers have no information of dynamics of Frr 
which induces uncertainty to the system. In order to justify 
the quality of estimation, simulations with parametric 
variations are performed. Supposing that parameters used in 
table I are standard cases, two types of parametric variation 
are proposed below: 

• Parametric variation 1: μ0 =0.8 and 0 =0.1. 
• Parametric variation 2 : mass=380 kg 

Table III displays the values of the relative mean error of 
these two cases. 
Table III. SIMULATED ERRORS OF ESTIMATED VALUES FOR TWO 

OBSERVERS 
Case eFrrHGD(%) eFrrSMA(%) 
PV 1 1.48 1.69 
PV 2 1.90 1.11 
 
Results from table II and III conclude that both observers 
are estimating very close to real values of  with a relative 
mean error (eFrrHGD(%) , eFrrSMA(%) ) less than 5%. In 
robustness, both the observers are showing same error 
results and it is difficult to make choice of one observer. In 
term of convergence adaptive high gain observer is 
converging faster as compare to adaptive SOSML by 2 sec. 
Adaptive high gain takes around 2 seconds to converge 
where adaptive SOSML tale 4 seconds. This difference can 
be important while computation in real driving conditions 
where dynamics are fast. 

VI. CONCLUSION 
Two nonlinear observers are applied in order to get a 

robust and accurate estimation of rolling resistance force. 
The main goal is to identify suitable observation technique 
for estimation of rolling resistance. Adaptive high gain and 
adaptive SOSML are compared. The precision of these 
observers is proved through simulation results. Its robustness 
is used to detect the variation in the input. This brief paper 
presented the very first results of original estimation of 
rolling resistance using adaptive gain observers. This is the 
very promising solution to use in real driving conditions.  
There is no significant difference in relative mean error 
except convergence in these two observers and both can be 
used for the estimations. This paper favours the strategy of 
adaptive gain solution, which has several advantages as 
discussed earlier. The estimation results should be compared 
with experimental results before taking a final decision about 
the observers. Future research will be conducted on 
completing the tire-road contact model by adding 
phenomenon such as road surface, temperature etc.  
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Abstract—In this paper we propose a reduced observer design

for the estimation of the linear velocity of an aircraft based

on the measurements of the Euler angles and angular velocity

as well as the position of the latter subjected to measurement

errors and noise. The observer is designed based on a high gain

approach using an output injection, which enables to reduce the

order of the observer to six equations rather than a full order

observer of order 12. A simulation study is carried out using an

aerodynamic model for a British aircraft Jetstream-3102 to show

the performance of the observer as well as its robustness with

respect to measurement errors and noise.

Index Terms—Aircraft linear velocity estimation; output injec-

tion; high gain observer;

I. INTRODUCTION

It is well-known that the dynamical models of aircrafts
are complex and highly nonlinear whereby modelling errors,
unmodelled dynamics and parametric uncertainties are un-
avoidable due to the influences of aerodynamic disturbance.
These nonlinearities and uncertainties pose great challenges
in the design of flight control system [1] and, in particular, in
the observation of unmeasured state variables.

In this work, we focus on the issue of aircraft linear
velocity estimation,which has an important role in piloting.
It is important to note that, in general, the approximate
derivation of successive measurements from GPS sensors
are used to estimate the velocity for large flying airships
(manned or unmanned). However for fast aircrafts the standard
procedure is to integrate the acceleration while coupling the
obtained result to the derivative of GPS measurements. The
“open loop” strategy used for velocity estimations (like direct
acceleration integration) suffer from two critical issues: an
unknown constant estimation error is produced even when
exact acceleration measurements are available while a random
drift is induced by noisy acceleration estimations. Also in
practice, numerical integration along with measurement noise
induces a very fast growing velocity measurement error. To
overcome this problem one has to reduce the measurement
error, and at the same time, construct control systems that
are robust enough to accept the residual disturbance on the

speed estimation provided by these methods. The GPS in-
formation are used to bound the measurement error in the
framework of sensor fusion technique where initial conditions
for acceleration integration are provided by GPS devices. The
resulting errors are usually small compared to the size of
aircraft because it is related to the GPS order of magnitude
precision. As a matter of fact, the GPS errors may reach many
meters according to the Performance Standards (PS) system.
On the other hand, one can also use D-GPS system. These
systems are known as centimetric GPS and have a precision
of some centimeters, but they also are very expensive and low-
range operating equipment. Doppler measurements coupled
with GPS can actually increase velocity accuracy estimation
[2]. In this work, we consider the issue of aircraft speed
estimation by a reduced observer using the measurement of
angles and the angular speeds that are provided by a simple
Inertial Measurement Units (IMU). We also assume that the
position measurement is obatined by the GPS up to some
degree of accuracy. The proposed reduced observer is based
on a high gain design approach using output injection. This
enables to reduce the order of the observer to six equations
rather than a full order observer of order 12. The main
motivation for employing a reduced order observer is to
increase the computational speed. The proposed observer can
be used for aircraft piloting systems as a solution for the loss
of GPS information. It can also be employed for small aircraft
(manned or unmanned) less than one meter wide and flying
at low speed in indoors or urban applications. The proposed
observer is tested on an aerodynamic model of Jetstream-3102
aircraft elaborated in [3], [4] . It is shown via simulation
that the proposed observer have good robustness properties
with respect to measurement noise. The paper is organized
as follows: In the next section, the model of the considered
aircraft is presented. In section 3, the methodology used to
design a reduced observer for velocity estimation is presented.
Simulation results are presented in section 4. Finally, the
conclusions are drawn in Section 5.

Notations:
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Fig. 1. Jetstream-3102 aircraft withe the referential frames configuration.

Throughout this paper, the following notations are em-
ployed: C

✓

= cos (✓) , S

✓

= sin (✓) .

II. AIRCRAFT DESCRIPTION AND MODELING

Throughout this work, we consider a British Aircraft
Jetstream-3102 which is a fixed wing, twin turboprop aircraft.
In what follows, a brief description of the main features
of the aircraft Jetstream-3102 is introduced as well as its
dynamical model. The main motivation for choosing this
aircraft is because extensive experimental results as well as
its aerodynamic coefficients are available in [3], [4] which
can be used for comparison purposes.

A. The aircraft aerodynamical model

A typical British Aircraft Jetstream-3102 is illustrated in
Figure 1. This type of aircraft has as control inputs the thrust
force (F

T

) generated by two engines, and the deflection angles
of the three control surfaces: elevator (�

e

), ailerons (�

a

), and
rudder (�

r

) as shown in Figure 1. Mechanical parameters of
the aircraft are given in Table 1. The wing surface area, S, the
wingspan, b, the mean aerodynamic chord, c̄, and the mass of
the aircraft, m, are considered as constant parameters.

Table 1:Parameters of the fixed wing Jetstream-3102
Parameter Symbol Value Unit

Mass m 6890 kg

Length L 28.88 ft

Wingspan b 46 ft

Wing surface area S 280 ft

2

Wing root chord c̄ 6.5 ft

There are several works, in the literature, that deal with
aircraft modelling (see eg. [5], [6]). The main difference
between the modelling of a fixed wing aircraft to another
lies in the aerodynamics coefficients variation and the type
of propulsion employed.

In what follows, we give a brief recall of the major mod-
elling aspects of a fixed wing Aircraft moving in space. As
shown in Figure 1, the roll–pitch–yaw convention are adopted
using the 3 Euler angles (�, ✓, ) ✏ [�⇡,⇡].

Using Newton–Euler convention, the dynamical equations
of the aircraft is given by:

8
>><

>>:

˙

X = R
0

(�)W

˙

W = R
1

(⌦)W + (�) +BU

˙

⌦ = f(⌦, U)

˙

� = �(�)⌦

(1)

where
X = (x, y, z)

T denotes the aircraft position expressed in
the Earth fixed reference frame,
� = (�, ✓, )

T is the attitude described by the set of Euler
angles,
W = (u, v, w)

T corresponds to the inertial speed vector
expressed in the body fixed frame coordinates
⌦ = (p, q, r)

T represents the non-inertial expression of the
angular velocity,
U = (F

x

, F

y

, F

z

, F

T

)

T denote the aircraft control input
which includes the aerodynamic forces (F

x

, F

y

, F

z

) and thrust
force F

T

.
Moreover, rotation matrix R

0

(�) maps body axis coordi-
nates to inertial frame coordinates and is given explicitly by:

R
0

(�) =

0

@
C

✓

C

 

S

�

S

✓

C

 

� C

�

S

 

C

�

S

✓

C

 

+ S

�

S

 

C

✓

S

 

S

�

S

✓

S

 

+ C

�

C

 

C

�

S

✓

S

 

� S

�

C

 

�S

✓

S

�

C

✓

C

�

C

✓

1

A

It is important to note that detR
0

(�) = 1 and R�1

0

(�) =

RT

0

(�). This means that R
0

(�) is orthogonal. R
1

(⌦),  (�)

and B are given respectively as:

R
1

(⌦) =

0

@
0 r �q

�r 0 p

q �p 0

1

A
,  (�) =

0

@
�gS

✓

gS

�

C

✓

gC

�

C

✓

1

A
,

B =

1

m

0

@
1 0 0 1

0 1 0 0

0 0 1 0

1

A
.

f(⌦, U) =

0

@
(a

1

p+ a

2

r)q + a

3

L+ a

4

N

a

5

pr � a

6

(p

2 � r

2

) + a

7

(M + Z

TP

F

T

)

(a

8

p� a

1

r)q + a

4

L+ a

9

N

1

A

�(�) =

0

@
p+ tan(✓)(q sin(�) + r cos(�))

q cos(�)� r sin(�)

1

cos(✓)

(q sin(�) + r cos(�))

1

A

where the moments L, M and N are function of the inputs
U . For more details see [5], [6].

III. ESTIMATION OF LINEAR VELOCITY

In this section, we are going to design a reduced observer in
order to estimate the linear velocity, W , of the aircraft assum-
ing that � and ⌦ are measured. In practice, the measurements
of, X , � and ⌦ are given by the standard sensors via the
Inertial Measurement Unit (IMU) embedded in the aircraft.
However, the measurement of X is not generally precise due
to the fact that the inital position is not known. Consequently,
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Fig. 2. Linear velocity observer.

we shall assume that actual measurement of X is affected by
the some measurement noise:

Y

1

(t) = X (t) + ⌘ (t)

where ⌘ (t) is the measurement noise.
We shall also make the following assumption:
Assumption 1. We assume that � and ⌦ are bounded; that

is, k�k  m

1

and k⌦k  m

2

for some positive constants
m

1

,m

2

� 0.

The above assuption is not restrictive as this is the case in
practice.

Since ⌦ and � are measured, we can derived a reduced
order observer by output injection as follows

8
<

:

.

ˆ

X = R
0

(�)

ˆ

W +K
1

(Y

1

� ˆ

X)

.

ˆ

W = R
1

(⌦)

ˆ

W + (�) +BU +K
2

(Y

1

� ˆ

X)

(2)

where the gain K is given by

K = MT

�

�1

�

L (3)

with
M =

✓
I 0
0 R

0

(�)

◆
(4)

�

�

=

✓
1

�

I 0
0 1

�

2 I

◆
, � > 0 (5)

and
L =

✓
L
1

L
2

◆
(6)

is chosen such that the matrix Ā
0

� LC is stable where

Ā
0

=

✓
0 I
0 0

◆
. (7)

Remark 1. Note that, from the observer point of view, �
and ⌦ are seen as external inputs; only the measurements of
X are employed for the observer error correction term. Also
this imply that the state W is observable if we have exact
measurement of X .

Remark 2. Since R
0

(�) is orthogonal, M is also orthog-
onal; that is M�1

= MT

.

We can now state the following theorem:
Theorem 1. Assume that system (1) satisfy Assumption 1.

Then, there exists a constant �

0

> 0 such that for all � > �

0

the system (2) is an asymptotic observer for system (1).

Proof:

Set E

1

= X � ˆ

X and E

2

= W � ˆ

W . Then, the error
dynamics of the observer is given by

˙

E

1

= R
0

(�)E

2

�K
1

(Y

1

� ˆ

X)

= R
0

(�)E

2

�K
1

(X + ⌘ � ˆ

X)

= R
0

(�)E

2

�K
1

E

1

�K
1

⌘.

Similarly,

˙

E

2

= R
1

(⌦)E

2

�K
2

(Y

1

� ˆ

X)

= R
1

(⌦)E

2

�K
2

E

1

�K
2

⌘

One can rewrite the above error dynamics in compact form
as:

Ė = (A
0

+A
1

�KC)E�K⌘

where

A
0

=

✓
0 R

0

(�)

0 0

◆
, A

1

=

✓
0 0
0 R

1

(⌦)

◆

C =

�
I 0

�
; K =

✓
K

1

K
2

◆

Owing to Remark 2, we have
K = MT

�

�1

�

L = M�1

�

�1

�

L where L and �

�

is defined
as in (6) and (5) respectively. Therefore,
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Now, consider the following transformation:
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One can check that
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= �C.
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Consequently,
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Ā
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�
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Since, the matrix
�
Ā

0
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�

is stable, there exists a positive
symmetric definite matrix P such that

�
Ā
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+LC
�
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�
Ā
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Now consider the following Lyapunov function V = ⇠

T

P ⇠.

Then,
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where �

min

and �

max

are the minimum and maximum
eigenvalues of P respectively.

As a result, using Assumption 1, we have
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for some positive constants c
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which does not depends
on � for � > 1.

Consequently,
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Now since ˙

V = 2

p
V

·p
V , we have

·p
V  � �

2�

max

p
V+c

2

p
V +

c

3

�

 �
✓

�

2�

max

�c

2

◆p
V +

c

3

�

for some positive constant c
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.

Finally, if one chooses � > 2�

max

c

2

= �

0

, then
p
V (t) !

0 for large values of �.
This completes the proof of Theorem 1.
Remark 3. The above choice of � is quite conservative.

To have a smaller bound on �, one can judiciously choose P

such that ⇠TPA
2

⇠ = 0 since A
2

is skew-symmetric.

IV. SIMULATION RESULTS
In this section, we illustrate the performance of the above

reduced order observer (2). We first carried out a set of sim-
ulations without measurement noise. After that we introduce
a random measurement noise, of zero mean and 10% of the
signal’s energy, to demonstrate the observer’s robustness with
respect to measurement noise. The numerical simulations was
carried out using Matlab/Simulink simulation package. The
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Fig. 3. Real and observer estimation of the linear velocity U .
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Fig. 4. Real and observer estimation of the linear velocity V .

dynamical model of the Aircraft Jetstream-3102 used in this
simulation was developped in [4], whose mechanical charac-
teristics are given in Table 1. The aerodynamic parameters
are introduced through lookup tables. The observer’s initial
conditions were chosen as ˆ

W (0) = (û(0), v̂(0), ŵ(0))

T

=

(95, 0, 4.2) while that of the system was chosen as W (0) =

(u(0), v(0), w(0))

T

= (84.64, 0.001, 4.11). The observer gain
was chosen as L

1

= 2I and L

2

= I and � = 10.
On all the subsequent figures, the solid lines correspond to
real measurement while the dotted lines correspond to the
estimation values provided by the observer. Figures 3, 4 and 5
shows the profile of the real and estimated variables u, v and
w respectively without the presence of noise. Figure 6 depicts
the corresponding observation error whereby one can see that
all the observation errors converges asymptotically to zero
Figures 7, 8 and 9 shows the profile of the real and estimated
variables u, v and w respectively under the presence of noise.
Figure 10 depicts the corresponding observation error. One can
see that all the observation errors converges asymptotically
to zero even under the presence of noise demonstrating its
robustness performance with respect to noise.

V. CONCLUSION

In this work, the dynamical model of a fixed wing turboprop
British Jetstream-3102 aircraft was considered in order to
design a reduced-order observer to estimate its linear velocity
based on the measurements of the Euler angles and angular
velocity as well as the position of the latter subjected to
measurement errors and noise. More precisely, a high gain
observer was designed by injecting the measurements of the
angle and angular rate provided by the IMU. Simulation study
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Fig. 5. Real and observer estimation of the linear velocity W .
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Fig. 6. Observation error estimation of linear velocity U , V and W .
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Fig. 7. Real and observer estimation of the linear velocity U with noise
presence.
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Fig. 8. Real and observer estimation of the linear velocity V with noise
presence.

time[s]
0 200 400 600 800 1000 1200

W[
ft/s

]

4

4.5

5

5.5

6

6.5

7

W-real
W-es

Fig. 9. Real and observer estimation of the linear velocity W with noise
presence.
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Fig. 10. Observation error estimation of linear velocity U , V and W with
noise presence.

has shown the robustness performance of the observer under
the presence of measurement noise.
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Abstract— This paper presents the attitude control for the over-
actuated double coaxial dual rotor 2DOF helicopter aerodynamic 
system (2DOF-HADS), a simplified version of helicopter, to 
investigate for possible fast dynamic responses using 
(proportional-Interagor-derivative) PID control algorithm and 
Extended Kalman Filter (EKF). In designing control strategy for 
Helicopter, dynamics uncertainties and nonlinear behavior have 
investigated. In control tasks, two separate PID controllers used 
for stabilization of coupled pitch and yaw angles and tracking of 
chosen state variables. The linear and Extended Kalman Filter 
used to estimate the uncertain states of the system. The filter 
combination with PID controllers improve the reliability of 
sensors data. The simulation and experimental results show a good 
tracking of the desire trajectory.  

Keywords— Helicopter, Aerodynamic System, Kalman Filter, 
Trajectory Tracking, BLDC motor, Genetic Algorithm 

I. INTRODUCTION

In aviation industries, researchers are focusing to improve 
the dynamic controls of helicopter system that are nonlinear in 
nature along with its navigational uncertainties. The 
advancement of electromechanical system (MEMS) technology 
made it easy to replace the heavy big and expensive components 
with small and more precise components. However, these 
advancements have its limitations and drawbacks that need to 
deal with especially when the system has uncertainties and 
noisy measurements.  

This paper addresses the design of PID control algorithm for 
an over-actuated 2DOF laboratory helicopter system with 
Extended Kalman filter used as an observer to estimate the 
uncertain states from the noisy data. The commonly used PID 
control algorithm give efficient and simple solutions for many 
practical problems. PID controller been used in more than 90% 
of the industrial problems [1]. Attitude controlling is the 
foremost problem of helicopters controlled flights. Several 
researchers have chosen PID control [6,7] in attitude 
stabilization. In [6,7] LQ controller and PID controller were 
designed for attitude stabilization of micro quadrotor. In 
comparison, the LQ control design showed average results and 
the PID control design, on the other hand with minor 
perturbation were able to control the attitude of quadrotor. 

In designing control algorithm for helicopter dynamics, 
precise and fast calculation of states is the main challenge for 
researchers. These problems mostly cause by high drifts, 
possible biased measurement and noise of the onboard systems 
sensors [7,8]. EKF and several complementary filters are the 
core techniques applied in the attitude estimation [8,9]. EKF is 
an optimal, auto regression algorithm that can predict system 
dynamic state from the number of different noisy signals. To 
estimate the states for attitude control of aerial vehicle, a 

number of approaches been explored. In [1,2] strapdown 
method in which angles was calculated by integrating angular 
rates. In [3] Kalman filter and PID controller is used to deal with 
drifted data, mutation of vehicle’s vibration and accelerometer 
noises.  In [5] estimation of pitch and roll angles were 
performed using thrust vector, which is obtained, by 
acceleration estimation of helicopter using Kalman filter. 

A more advanced control algorithms require complicated 
control model, involve much computations delays in real time. 
Therefore, PID control strategy of single loop with good 
estimated states through EKF, discussed for attitude control in 
this paper. Our goal is to track a desire input signal while 
maintaining stability under noisy data and disturbances. 

Fig. 1. Pictorial view of 2DOF-HADS model 

II. HELICOPTER MODEL DYNAMICS

The free body diagram of pitch and yaw motion dynamics 
of proposed helicopter model given in Fig. 2 and Fig. 3 
respectively.  

A. Pitch motion dynamics

Fig. 2. Pitch moments about the horizontal axis-y
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TABLE I.  NOMENCLATURE 

 and  Tail motor mass and Tail shield mass respectively
 and  Main motor mass and Main shield mass respectively

 and  Tail beam mass and Main beam mass respectively
 and  Counter beam mass and Counter nob mass respectively

,  and  Length of Tail, Main and Counter beam respectively
 and  Pitch and Yaw position respectively 

 and	  Up and Down motor angular velocities of Main rotor
 and  Left and Right motor angular velocities of Tail rotor

 

The dynamic equation of the helicopter for pitch motion 
described as follow. 

                  (1) 

Where  is the inertia moment of the system about y 
horizontal axis,  is the torque due to gravity, the torque due 
to the net thrust force provided by main rotor is	 , the 
centrifugal force torque is  and torque due to friction force 
is	 . Following are the relation given by (1). 
 

                                                        (2) 

Where	 ,  and  

 

                                                    (3) 

Where	  and   

                                                                     (4)  

Where  

                                                                             (5)  

                Where                         (6) 

                                	                                  (7) 

Where  

 

                                                                                (8) 

B. Yaw motion dynamics 
The yaw motion of helicopter system is govern by 

                                                           (9) 

 

Fig. 3. Yaw moments about the vertical axis-z 

In (9)  is the inertia moment of the system about z 
vertical axis, which varies with pitch angle	 ,  is the tail rotor 

driving torque and torque due to friction force is	 . The 
following relations holds for (9).  

 
 

 
Where	 ,  and  are the same that hold for (2). 
 
                                                                     (10) 
                Where                            (11) 
                                                                             (12) 
 

C. Propulsion System 
The propulsion dynamic system comprise of Brushless DC 

motor and propeller. The block diagram shown in Fig. 4 describe 
complete setup for providing net thrust forces  and	  for 
controlling pitch and yaw dynamics respectively.  In Fig. 3, the 
propeller model gives response from angular velocity of 
motor,	  to thrust force,  using (13). 

                                 (13) 

Where  is the thrust force of a single motor in rotor,	 ,	 , 
 and  are the constant parameters estimated by polynomial 

fitting based on data from static states experiments and estimated 
with  , 	 ,  and 

-295.33 

The angular velocity  of propeller depends on the applied 
voltage,  provided in a form of Pulse Width Modulation 
(PWM) signal.  

                              (14) 

Coefficients	 ,	 ,  and  that describe the relation 
between  and   are estimated using polynomial fitting of 
experimental data and estimated with ,	

,  and  

Finally, the propulsion system model obtained as a series 
combination of third order nonlinear polynomials (13) and (14). 
Fig. 5 shows the behavior of propulsion system with PWM 
voltage signal  as an input and net thrust force  as an output. 

 

 

Fig. 4. Propulsion system layout for main and tail rotors 

In Fig. 4, the net thrust force	 , given by (6) is the non-
linear function of angular velocities  and  of main 
propellers and	  is the non-linear function of angular velocities 

 and  of tail propellers, given by (11). Where  
and  are the individual thrust forces of up and down 
motors respectively of main rotor and  and  are 
the thrust forces of right and left motors respectively of tail rotor.  
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Fig. 5. Propeller and motors experimental static state analysis 

III. STATE ESTIMATIONS 
For estimating noisy measured states of system, several 

algorithms been implemented. In this section, estimations 
comparison made between linear and extended Kalman filters 
for attenuating noises from helicopter system states for PID 
controller.  

 

Fig. 6. General estimation layout using Linear and Extended Kalman Filter 

A. Linear Kalman Filter Estimation 
Linear Kalman filter is a state estimator uses linear 

dynamics model of system for estimating its uncertain states. It 
requires measure data from the sensor and information of the 
input control to the system. The system model in (1) and (9) is 
non-linear and given in state space form as ,  and	

. 

     (15) 

 
                              	 	 	                           (16) 

 
The linearized version of (15) and (16) respectively are, 
 

  
and 

 

Where the variables  and	 , random in nature, represent 
the process and measurement noise respectively. These are 
independent and distributed normally. 

 
 

	 ,					 , 

 
	 	 	  

 

B.  Extended Kalman Filter Estimation 
The EKF is a non-linear modified form of the Kalman Filter 

to estimate the states of nonlinear dynamic system (15) and 
(16). The EKF algorithm linearizes the nonlinear models at 
each constant interval of time into linear system. This linear 
system then used in linear Kalman filter. The Helicopter 
nonlinear system described by (15) and (16), corrupted by 
uncorrelated and zero mean white noises w and v of known 
covariances. The system then written in the form given by (17) 
and (18) and EKF algorithm is given by (19)-(23). 
 
                       ,                              (17) 

 
                                                                  (18) 
 

Two steps involve in EKF estimation: In prediction step, the 
apriori state  and Kalman covariance  calculated, based 
on the input u and prior states data. Next, in the update step, 
based on the observation z, the Kalman aposteriori state  and 
Kalman covariance	  are calculated. First step involve, 

 
                                   ,                               (19) 

 
                                	                            (20) 
 
Next, Kalman gain  is calculated. 

 
                                               (21) 
 

Finally, the a posteriori state  and Kalman covariance P 
estimated as follow. 

 
                                                      (22) 

  
                                                              (23) 

 
Where  and  are the Jacobians of nonlinear system (15) 

and (16) respectively. First using Euler’s forward 
approximation of (15), gives (24) then expanding about 
equilibrium point ,  using Tylor series gives (25). The 
same method used for calculating	  from (16), given by (26). 

 
 

						

	
, , , , 	

	
, , , , ,

               (24) 
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,

             (25) 

 
Where the following relations hold for (25), 
 

, ,  ,  

,  and ,  

 
                                                                               (26) 
 
Where	 	 		 		 		 , and  

		 		 		 	 . 

IV. CONTROLLER DESIGN 
In classical control theory, Proportional-Integral-Derivative 

(PID) controller is widely being used as a control algorithm for 
controlling a Single Input Single Output (SISO) system. The 
PID controller get the desired value and sensor value, then 
compute the required actuator output by calculating 
proportional, integral, and derivative responses using (27). 

                                             (27) 

For the proposed system two PID controller been designed 
each for controlling coupled pitch and yaw angles, shown in Fig. 
7, while tracking the corresponding control signal for following 
desire trajectory. 

 

Fig. 7. 2DOF-HADS PID control with Linear and Extended Kalman Filter 

A. Inversion model of 2DOF-HADS (Open loop) 
The function of the inversion model is to get reference angle 

and feed the output, the correct PWM signal, to 2DOF-HADS 
model for reaching the require angle position. In simulating 
2DOF-HADS with its inversion model, an inversion error 
added to the system inversion model to show its efficacy. 

 

B. Inversion model of 2DOF-HADS (Close loop) 
Fig. 8. Shows the model inversion of 2DOF-HADS with PID 

controller [8]. The optimized PID controller’s gains were 
calculated using genetic algorithm approach. Table II shows the 
optimization features of genetics algorithm and results [10, 11]. 

 

Fig. 8 2DOF-HADS with PID controller and Inversion model approach 

TABLE II.            GENETIC ALGORITHM FEATURES AND RESULTED PID GAINS 

Feature Description 
Crossover function Scattered 
Mutation function Adaptive feasible 
Selection function Stochastic uniform
Scaling function Rank  
Population type Double vector 
Generations 100 
Pitch Proportional gain 7.8186 
Pitch Integral gain 16.6595 
Pitch Derivative gain 9.6247 
Yaw Proportional gain 98.92 
Yaw Integral gain 0.00002511 
Yaw Derivative gain 386.58 

V. EXPERIMENTATION 
The system depicted in Fig.1 use GoogolThech GT-800 as 

a main controller. ATMEGA128 microcontroller used to design 
PWM generator. Brushless DC motors of 28390-rpm used as 
actuators for thrust generation. For angle and velocity 
measurements, Inertial Measurement Unit (IMU) and encoder 
sensors are used. In experiential section first, encoder and IMU 
sensor signals analyzed and estimated using EKF algorithm. 
These estimated results then compared for its precision and 
reliability. The data taken by releasing the system parameter 
from the specific position. These results given in Fig 9-12. 

 

 

 Fig. 9. Pitch encoder position estimated with EKF 

 

Fig. 10. Pitch encoder velocity estimated with EKF 
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Fig. 11 IMU pitch angle estimation using EKF for R=0.02, Q=0.001 

 

Fig. 12 IMU yaw velocity estimation using EKF for R=0.02, Q=0.001 

As shown in Fig. 9 the position signal estimation using EKF 
of encoder signal is more precise as compare to estimated IMU 
position signal in Fig. 11. Also for the estimated velocity 
comparison of encoder and IMU signals, IMU signal with EKF 
estimation give more reliable signal filtration. The simulation 
results of the 2DOF-HADS given below. 

 

Fig.13. EKF estimated pitch angle with yaw angle distrubance at 30s. 

 

Fig. 14. EKF estimated pitch velocity. 

 

Fig.15. EKF estimated yaw angle for step input at 30s. 

 

 

Fig.16. EKF estimated yaw velocity for step input at 30s. 

Fig.17. Pitch and yaw rotors net thrust forces  and  respectively. 

 

Fig.18. Linear Kalman Filter estimation for Pitch angle with step input at 10s. 

 

Fig.19. Linear Kalman Filter estimation for yaw angle with step input at 30s. 

 
 
Fig. 20. Real time estimated pitch angle response 
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Fig. 21. Duty cycle for pitch rotor motors, the response given in figure 20 

As shown in Fig. 20, the experimentally estimated pitch 
position shows similar behavior with the simulation result of 
estimated pitch position in Fig.13. The estimated yaw angle 
response shown for a step input at 30s in Fig. 15 and the 
corresponding disturbance in pitch angle due to the coupling 
effect given in Fig. 13. Table III summarize the effect of 
measurement uncertainty by investigating the performance of 
PID controllers and systems output response with hypothetical 
output response using Integrated Squared Error (ISE).  In Table 
IV, the controllers response characteristics investigated with 
using linear and Extended Kalman filter as estimators 
separately. 

TABLE III.            PID ACTION AND SYSTEM OUTPUT PERFORMANCE WITH LINEAR AND EXTENDED KALMAN FILTER 

 ISE of System Output Response ISE of PID Action 
S.D Angle KF EKF KF EKF 

R = 
0.01 

Pitch 0.1283 0.0069 2.275 1.1471 
Yaw 0.2901 0.0030 3.739 2.8269 

R = 
0.03 

Pitch 31.23 0.0219 0.671 1.9036 
Yaw 15.336 0.0710 3.420 2.8038 

R = 
0.05 

Pitch 87.401 1.4075 0.435 5.7151 
Yaw 48.408 0.1570 4.055 3.3987 

TABLE IV.            PITCH AND YAW CONTROLLER CHARACTERISTICS WITH LINEAR AND EXTENDED KALMAN FILTER 
 Estimator Maximum overshoot 

 (%) 
Peak time 

 
Step response  

5% settling time (s) 
Steady-state error  

(degree) 
Yaw Simple KF 0.014 5.603 inf 0.253 

Extended KF 0.028 3.901 9.01 0.08 
Pitch Simple KF 0.086 8.3 inf 0.06 

Extended KF 0.019 1.1 7 0.02 
 

VI. CONCLUSION 
This paper present states estimation algorithm for 2DOF 
helicopter aerodynamics system based on Linear and Extended 
Kalman Filter. The classical PID control theory applied for 
controlling coupled pitch and yaw angles. Estimation mainly 
based on EKF that filter out the noises from systems states and 
measuring devices. The Linear Kalman Filter was not able to 
track the nonlinear system states while performing estimation. 
The noise effect of measuring device shows that EKF can 
compensate for the sensors certain range of limitations. These 
estimated signals then used as a feedback in a single closed loop 
PID control algorithm. In simulation results, controls of pitch 
dynamics show small rise time as compare to yaw dynamics. 
However, due to centrifugal moment effect of yaw motion, the 
systems pitch motion show quite large restoring time. These 
shortcomings need more advanced control algorithm to deal 
with multiple states that can make control signal able to avoid 
delays. 
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Abstract—This paper has for objective, the maximization of a
one-body wave energy converter using model predictive control.
Where two cases are tested. In the second case, a proposition of
using the observer model to extract the control law in order to
ameliorate control characteristics and reduce the costs of using
sensors. The suggested approach is applied to our system and
compared to the first case, which represent the classical approach,
through simulation results.

Index Terms—Model predictive control, Observer, Point ab-
sorber, Wave energy

I. INTRODUCTION

Renewable energy became the most researched topics in the
world these last years, with many and diversified papers and
articles about it, nearly every possible source of energy has
been discussed and studied. One of this energy is the wave
power, which hold a great potential, even more then the solar
or the wind [1], with that perspective, multiple devices have
been created to harvest this energy and are called the Wave
Energy Converter (WEC)

Wave Energy Converters are devices designed to convert
the motion of the ocean waves into usable power. For now,
the WEC remains in the phase of research and development.
There are many different WEC technologies and there is no
predominant design. One of the most interesting designs is the
point absorber type.

This device has some good advantages over the other
devices, it is a floating machine, relatively small and that can
absorb the energy from all directions (six in total), the energy
can be extracted from waves as kinetic, hydraulic or pneumatic
energy to drive the generator. In addition, the point absorber
is simple to install and cost less than the other devices.

Many works were done to study the point absorber WEC
such as the proper methodology proposed by Ruehl [2].
The latter presents the different ways used to obtain the
mathematical model of the point absorber.

On another side, it is important to note here that the objec-
tive of studying and modeling a renewable energy converter
is to obtain the maximum amount of energy. It is the same
strategy for the wave power, where some techniques have
been applied to do so. There are two principal ways to extract
the maximum energy. In the first one, the maximum amount
of energy is extracted by following an optimal trajectory,

either the position or the velocity. However, in the second
technique, the maximum amount of energy is obtained directly
by optimizing a given cost function containing the expression
of the energy.

Many control laws have been applied to achieve this ob-
jective. Jama et al. [3] choose to use a fuzzy logic controller
associated with the particle swarm optimization algorithm to
control the point absorber. Others, such Bacelli et al. [4] used
a cost function that maximizes the energy extraction. However,
the researcher found a great use of the MPC in this kind of
system, since it has the capacity to integrate the constraints
and being efficient with renewable energy.

The MPC grabs a lot of attention in the wave power
control, Hals et al. [5] was one of the first to consider its
great potential by applying a control law that minimize the
difference between the incident power and the radiated power
to a spherical buoy type and analyzing the prediction of the
radiation force and the excitation force using Kalman filter.
In Hals et al. [6] comparison study is proposed between the
MPC and others suboptimal control theories; in this case, the
power extraction was obtained indirectly. In [7] [8], Cretell et
al. Gave a different control law, which maximize the energy
directly. Others works proposed a maximization of energy for
the WEC like in [9], [10] and [11], but an interesting work
done by Guang et al. [12], proposed an optimization based on
a convex approach of the objective function, that trades off the
amount of the extracted power against the power consumption
requirements of the actuator. A work done by Richter [13],
showed that for a linear one-body model of the point absorber
the optimization of the power extraction is possible without
using an optimal velocity reference trajectory.

In other hand, control techniques such as the MPC require
the use of sensors to get the needed information used in the
control law, to achieve the desired objective. However, sensor
control has for inconvenient: additional costs and complexity.
In this work, a new MPC approach, based on the observer
model is proposed and applied to a point absorber, which
can be very useful and reduce the costs related of using
sensors to get information about the system and with a
good performance. The objective is to maximize the power
extraction, directly, of the point absorber. After presenting
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the point absorber system in the first section, the strategy
of predictive control is given in the third section, where the
control law of the proposed approach is extracted. The last
section is devoted to simulation results and comparative study
of each approach.

II. POINT ABSORBER MODEL

The point absorber WEC is a rigid body, consisting of a
buoy, spar, and damping plate, this system is being developed
in the Oregon state university, and the data were taken from
[2] .The studied system is a one-body point absorber, only the
buoy is taken in consideration.

A. Equation of motion
A rigid body like the point absorber has six degrees of

freedom: three translational and three rotational, only the
movement in heave is taken in consideration, which will
reduce the complexity of the model, the forces applied to this
one-body are considered to be linear.
Newton’s second law of motion is then reduced to a first order
equation, given by:

mz̈(t) = F

e

(t) + F

r

(t) + F

h

(t) + F

gen

(t) (1)

Where m is the mass of the device, z̈ the buoy acceleration
and F

gen

is the force produced by the power take off (PTO)
and also it is the control input of the system. The F

e

is the
excitation force, F

r

radiation force, which can be considered
as an unmanipulable system disturbance and F

h

is the hydro-
dynamic force are described by:

F

e

(t) = �m

a

⌘̈(t) + v

d

⌘̇(t) + k⌘(t) (2)
F

r

(t) = �m

a

z̈(t) + v

d

ż(t) (3)
F

h

(t) = �pg⇡r

2
float

z(t) = �kz(t) (4)

Where m

a

is the added mass, v
d

is the viscous damping,
⌘ is the wave elevation, g is the acceleration of the gravity
and r

f

loat is the radius of the buoy. When all the forces are
replaced by their expression equ(2-4) in equ(1), the equation
of motion became:

F

e

(t) + F

gen

(t) = (m
a

+m)ż(t) + v

d

ż(t) + kz(t) (5)

B. The state space representation
By choosing the state variables as x = [z ż]T , the point

absorber system can be represented by the following state
space model:

ẋ(t) = A

c

x(t) +B

c

F

gen

(t) +B

c

F

e

(t) (6)

Where:

A

c

=

2

4
0 1

� k

m+m

a

� v

d

m+m

a

3

5
B

c

=

2

4
0
1

m+m

a

3

5

And the output is considered to be the states of the system,
which are the buoy position and velocity:

y(t) = C

c


z

ż

�
(7)

Where:
C

c

=


1 0
0 1

�

III. MODEL PREDICTIVE CONTROL OF THE POINT
ABSORBER

In this section, two different control strategies of the MPC
are proposed, where each one uses a specific prediction model.
In the first one, the prediction output is calculated using the
state space model. For the second one, it is suggested, that the
prediction is done through the observer’s state space model.

A. Case 1: Direct model
Before applying the MPC the system needs to be dis-

cretized. Using a discretization algorithm [14], which allow
us to calculate the accurate value of the exponential terms of
the new matrices with the sampling time T

e

given by:

A

d

= e

AcTe
, B

d

=

Z
Te

0
e

Ac�
d�B

c

, C

c

= C

d

(8)

And the discretized state space model of the system become:

x
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d
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(9)

Where F

gen

(t) and F

e

(t) are replaced by their discritized
counterpart u

k

and f

k

respectively. The prediction of the state
space can be expressed, using (9):
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With: n horizon of prediction.
In matrix form equ(10) can be written:

X = Ax

k

+B(U + F ) (11)

Where:
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The expression of the power extraction on a mechanic
system such as the WEC is expressed by:

P

gen

(t) = �F

gen

(t)ż(t) (12)

Which is the multiplication of the generator force (or the
PTO) and the velocity of the system. Then, to extract only the
velocity from the state vector, the S matrix is defined:

S =

2

6664

0 1 0 0 · · · 0
0 0 0 1 · · · 0
...

. . .
...

0 0 0 0 · · · 1

3

7775

And the expression (12) in matrix form is:

P

gen

= �SX

T

U (13)

After adding the S matrix and replacing (11) in (13), the
power expression of this system is then:

P

gen

= �[(xT

k

A

T

S

T + F

T

B

T

S

T )U + U

T

B

T

S

T

U ] (14)

The control objective is expressed in a cost function, that
contains the power extraction law (14) and a term of control
effort. And in order to fit the objective of this work, which is
the maximization of the power extraction, the minus sign in
(14) is switched to a positive sign and putted in the cost func-
tion (15), which turn the minimization into the maximization
without altering the minimization of the control effort. The
cost function is expressed:

J =
1

2
[P

gen

+ U

T

�U ] (15)

Where: � is a regulation coefficient. The control sequence
is obtained by the derivative �J

�U

= 0.

U = (BT

S

T + �)�1(x
k

AS + FBS) (16)

B. Case 2: Observed model

In this part, the same strategy of the control theory is fol-
lowed, the only difference is in the model used for prediction.
Where the prediction, is proposed to be done using the basic
observer stat model. The observer model is given by:

x̂

k+1 = A

d

x̂

k

+B

d

u

k

+B

d

f

k

+ L(y
k

� ŷ

k

) (17)
ŷ

k

= C

d
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By replacing (17) in (16):

x̂

k+1 = (A
d

� LC

d

)x̂
k

+ Ly

k
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d
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k
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d

f

k

(19)

The advantage of using the observer state model in the
controller reside in the expression L(y

k

� ŷ

k

), where an error
between the output of the real system and the output of the
observer is calculated and implemented directly in the control
law.

The general form of the state’s prediction, in this case, is:
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Or in matrix form:
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The power expression in this case is obtained by replacing
(21) in (13):

P
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The cost function can be expressed by putting (22) in (15)
:
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(23)

To obtain the control sequence, the same calculation is done
as in 3.1.

63

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



IV. SIMULATION AND RESULTS

This section presents simulation results obtained by the
application of the two mentioned approaches of predictive con-
trol to the point absorber system Fig(1), where the objective
is the extraction of control law which gives us the maximum
amount of power. The design of the model predictive controller
is based on the discrete state space model, where the simple
time is Te = 0.01s. The environment Simulink/Matlab, was
used for the simulation. The control scheme is similar in the
both control strategies, the only difference resides in the model
used for the prediction. The wave was chosen as a sinusoidal
regular one, with a height= 0.8m and a period of 7s. The buoy
parameters are given in table 1. And the control parameters
are n = 30,� = 1e�9.

Fig. 1: The control schema

TABLE 1. BUOY PARAMETERS
Variable Symbol Value
Mass m 1997 kg
Added mass m

a

5666 kg
Viscous damping v

d

11,400 N/(m/s)
Hydrostatic stiffness k 88,970 N/m

The major focus in this section is to compare the direct
model MPC, which is a classical approach, with the proposed
approach, the observed model MPC. The simulation is per-
formed over a period of 50 seconds.

Fig. 2: Buoy position

Fig.2 presents the buoy’s position. The principal difference
between the two positions can be observed in the interval of
time [0 15], where it can be noticed, that the position in the
2nd case varies than the 1st case and it is related to the fact
that the observed MPC take advantage of the wave when it
goes down. The controller apply a bigger amount of force then

the 1st case when the wave is raising, in order to get much
more power when the wave goes down and this is related to
the prediction of the error in the state model of the observer.

Fig. 3: Buoy velocity

The same analysis can be done about the buoy’s velocity
in Fig.3, the difference can be seen in the first 5 seconds,
moreover, the velocity of the 2nd case is greater than the 1st

case which explain why the position of the system in the 2nd

case is higher than the 1st case. Therefore, it will affect the
power extraction.

Fig. 4: The generator force applied to the buoy

The Fig.4 shows the generator force graphic. the 2nd case
indicates that the generator force is more important than the
1st case and it is explained by the fact that in the 2nd case
the system need a force to maintain its stability and its high
power extraction .
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(a)

(b)

Fig. 5: Instantaneous extracted power of the buoy : a-Direct
model case b-Observed model case

The extracted power is important in both cases, where the
values reaches 104W , which prove the efficiency of the used
control strategies. In addition, the graphs presents two phases
of the power values:

• Production phase, where the power values are positive.
• Consummation phase, where the power values are nega-

tive.
After observation, it can be noted the production phase is
greater than the consummation phase; as a result, an important
amount of average power is extracted. Moreover, the reason
why the WEC consumes power is to prevent itself to being
overwhelmed by the waves and sink. Moreover, the average
power of the first case and the second case is 3.8151KW and
5.9523KW respectively, and it can be noticed that the second
case is more effectual.

V. CONCLUSION

This work interested in the application of MPC to a point
absorber converter. The objective is to find the optimal solu-
tion, which gives the maximal power and reduce the costs.
In order to ameliorate the control performance and reach the
goal of this paper, the observed model predictive control is
proposed as a solution. The prediction in this case, is given
using this model. A comparative study through simulation
results, between the simple direct model and the proposed
model, shows clearly the potential of using the observer’s state

space prediction in control strategy. As the obtained results, in
this approach, indicate a better performances then the direct
model, in terms of velocity and position behavior especially
in the startup. Moreover, the amount of extracted power was
heightened, where the value of this one is more important in
the observed case. As a future work and in order to ameliorate
the efficiency of the proposed approach, an application in more
complex systems such as two-body WEC can be considered.
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Abstract— Adaptive control methods are widely used for the 
control of both linear and nonlinear dynamical systems. Among 
the adaptive control approaches, Model Reference Adaptive 
Control (MRAC) method has a systematic design feature in which 
response of a stable reference model is targeted to be followed by 
the dynamical system. In general, Linear Time Invariant (LTI) 
Reference Models are considered in the MRAC design and the 
adaptation rule is formulated accordingly. In this paper, the linear 
reference model is altered with a stable nonlinear one and the 
adaptation rule is re-formulated to cope with the nonlinearity. The 
stable nonlinear reference model is generated by using the State 
Dependent Riccati Equation (SDRE) approach and the adaptation 
rule is also updated by using the same SDRE idea. The effects of 
altering the linear reference model to the nonlinear counterpart 
are shown in the MRAC formulations. In addition to the new 
MRAC formulations, the proposed MRAC algorithm is applied to 
a 3 DoF helicopter test bed to reveal the advantages of the 
nonlinear reference model. 

Keywords—MRAC, SDRE, Nonlinear Systems, Real Time 
Control, 3 DoF Helicopter 

I. INTRODUCTION

Model Reference Adaptive Controller (MRAC) method is 
one of the effective control approaches used for 
unknown/uncertain plant dynamics [6]. The main idea in the 
MRAC is that response of a model (which is considered to be 
stable) is considered and the response of an unknown/uncertain 
plant is forced to that of the reference model by means of an 
adaptation mechanism. The MRAC design scheme for Linear 
Time Invariant (LTI) systems is well documented in [1-3]. The 
method has also been applied to robotics systems in [4], to 
autopilot control systems in [5], to fault control systems in [6] 
and to helicopter systems in [7]. The limitations of the MRAC 
method, specifically due to the LTI reference and nonlinear plant 
dynamics, are also reported in [8, 9, 10]. 

State Dependent Riccati Equation (SDRE) based control 
approaches, on the other hand, become a preferred alternative for 
the control of nonlinear dynamical systems due to its similarity 
structure to the LTI control techniques [11]. However, the SDRE 
approach has some limitations since the model of the dynamical 

system should be known exactly in order to design the SDRE 
controller. With the exact model assumptions, the SDRE 
techniques are applied to military and space technology systems 
in [12], to robotics systems in [13], biological systems in [14] 
and helicopter systems in [15,16]. 

MRAC approach has also been combined with the SDRE 
techniques to extend the advantages of both methods. For 
instance, SDRE based MRAC method is developed in [17, 18] 
and extended to personalized drug administration in [19], and to 
helicopter systems in [20]. 

In this paper, SDRE based MRAC is studied for an 
experimental setup of a 3 DoF helicopter. The SDRE approach 
is used both in the stabilization of the nonlinear reference model 
and generation of the new adaptation mechanism. First, the 
reference model is chosen to be nonlinear which is a 
mathematical model of the helicopter obtained through system 
identification. The nonlinear reference model is then stabilized 
via the SDRE control as the MRAC needs stable reference 
dynamics to be followed. Later, a new adaptation rule is 
formulated such that the response of the nonlinear reference 
model is tracked by the unknown plant dynamics. The new 
adaptive control is applied to the helicopter experimental setup 
and the results are presented. In order to show the effectiveness 
of the proposed SDRE based MRAC approach, the classical 
MRAC approach with LTI reference model is also tested in the 
same experimental setup. It is aperient that SDRE methodology 
requires heavy computational loads due to the solution of Riccati 
Equations at each sampling time. The proposed SDRE based 
MRAC method is experimented with different sampling periods 
starting from 50 Hz to 150 Hz. Therefore, the effect of sampling 
periods on the system response and control inputs is also 
determined. 

The structure of the paper is organized as follows. The SDRE 
based MRAC method is reviewed in Section II with linear and 
nonlinear reference models. In section III, 3 DoF Helicopter 
dynamics is given. The SDRE based MRAC methods (with 
linear and nonlinear reference models) are applied to the 
experimental 3 DoF Helicopter system in section IV. 
Conclusions and discussions are given in Section V. 
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II. SDRE BASED MRAC METHOD 
Due to its robustness property, MRAC approach is 

considered as a powerful way of controller design for unknown 
plant dynamics. The theory and design principles of the MRAC 
method are well documented in the literature (see [1-3], [18-21] 
and the references therein). In the following sub-sections, the 
MRAC design using LTI reference model is reviewed and then 
it is extended to nonlinear reference model by integrating the 
SDRE methodology. 

A. MRAC with LTI Reference Model: a Brief Review 
The MRAC design methodology uses a stable reference 

dynamics, whose responses are targeted such that the response 
of an unknown plant is forced to the response of the reference 
model through a designed adaptive control mechanism. For this, 
consider the following LTI reference model dynamics, 

�̇� = 𝐴 𝑥 + 𝐵 𝑢                                                        (1) 

where the system matrices are 𝐴 𝜖 𝑅 × , 𝐵 𝜖 𝑅 ×  and 
{𝐴 , 𝐵 } pair is assumed to be controllable. The controller input 
is a stabilizing one, such as 𝑢 = −𝐾  𝑥 . 

Consider now the following plant dynamics, which is also 
assumed to be an LTI system described by 

�̇� = 𝐴𝑥 + 𝐵𝑢                                                                    (2) 

where 𝐴𝜖 𝑅 × , 𝐵𝜖 𝑅 ×  are constant matrices. {𝐴, 𝐵} pair is 
also assumed to be controllable, having possibly unknown or 
uncertain elements. The control input vector, 𝑢 𝜖 𝑅  is designed 
such that the plant states, 𝑥, track states of the reference model 
𝑥 , as close as possible, i.e., the error (𝑒 = 𝑥 − 𝑥 ) tends to 
zero. The so-called MRAC law is then formulated by (see [1-3] 
and [18-21] for more details) 

𝑢 = 𝑀𝑢 − 𝐿𝑥                                                                      (3) 

where 𝑀𝜖 𝑅 ×  and 𝐿 𝜖 𝑅 ×  are matrices to be adjusted for 
the control of unknown plant dynamics. With the control input, 
the plant dynamics become 

�̇� = 𝐴𝑥 + 𝐵𝑀𝑢 − 𝐵𝐿𝑥                                                       (4) 

If the following algebraic equations are both satisfied 

𝐴 − 𝐵𝐿∗ = 𝐴  ,    𝐵𝑀∗ = 𝐵                                               (5) 

then, perfect tracking may be achieved. It is known that if the 
columns of matrices 𝐴 − 𝐴  and 𝐵  are linear combinations of 
the columns of matrix 𝐵  and the columns of 𝐵  and 𝐵  are 
linearly independent, then desired controller parameters 𝐿∗ and 
𝑀∗ may be determined as follows (for details, see [1]) 

𝐿∗ = (𝐵 𝐵) 𝐵 (𝐴 − 𝐴 ) = (𝐵 𝐵) 𝐵 (𝐴 − 𝐴 ) 

𝑀∗ = (𝐵 𝐵) 𝐵 𝐵 = (𝐵 𝐵) 𝐵  𝐵                              (6) 

Since the plant matrices 𝐴 and 𝐵 are not known exactly, 𝐿 
and 𝑀 matrices may be adjusted for the MRAC of the unknown 

plant dynamics by applying an adaptation law. The adaptation 
law is derived by using the Lyapunov stability theory. For this 
purpose, consider the following Lyapunov equation 

𝑃𝐴 + 𝐴 𝑃 = −𝑄                                                          (7) 

The solution of the Lyapunov equation for a symmetric 
positive definite 𝑃 matrix is used for the adaptation of control 
matrices as follows 

�̇� = −Γ 𝐵 𝑃𝑒𝑢  , �̇� = −Γ 𝐵 𝑃𝑒𝑥                                   (8) 

where Γ  and Γ  are called adaptation rates which are 
symmetric positive definite matrices (see [2], for more details). 

B. MRAC with Nonlinear Reference Model; SDRE Approach 
The MRAC methodology developed for LTI systems is 

extended to nonlinear systems in this sub-section. Consider now 
a nonlinear reference model given by 

�̇� = 𝐴 (𝑥 )𝑥 + 𝐵 (𝑥 )𝑢                                      (9) 

where 𝐴 (𝑥 )𝜖 𝑅 ×  and 𝐵 (𝑥 )𝜖 𝑅 ×  are State Dependent 
Coefficient (SDC) matrices of the reference model. Assume that 
{𝐴 (𝑥 ), 𝐵 (𝑥 )}  pair is pointwise controllable for ∀𝑥 . 
Then a stabilizing controller for the reference nonlinear system 
may be designed as follows 

𝑢 (𝑥 ) = −𝐾 (𝑥 )𝑥                                                  (10) 

where 𝐾 (𝑥 )  is the state dependent feedback gain matrix 
which may be determined by using the SDRE approach. 
Therefore, the following SDRE is solved; 

𝑃 (𝑥 )𝐴 (𝑥 ) + 𝐴 (𝑥 )𝑃 (𝑥 ) −
𝑃 (𝑥 )𝐵 (𝑥 )𝑅 (𝑥 )𝐵 (𝑥 )𝑃 (𝑥 ) + 𝑄 (𝑥 ) = 0 (11) 

whose solution for 𝑃 (𝑥 )  is used to compute the state 
dependent feedback gain matrix; 

𝐾 (𝑥 ) = 𝑅 (𝑥 )𝐵 (𝑥 )𝑃 (𝑥 )                                   (12) 

The details of the SDRE design approach are given in [10]. 

The plant dynamics is also nonlinear which is given by 

�̇� = 𝐴(𝑥)𝑥 + 𝐵(𝑥)𝑢                                                        (13) 

where 𝐴(𝑥)𝜖 𝑅 ×  and 𝐵(𝑥)𝜖 𝑅 ×  are SDC matrices of the 
plant dynamics. It is assumed that {𝐴(𝑥), 𝐵(𝑥)} pair is pointwise 
controllable for ∀𝑥. 

The MRAC of the unknown nonlinear plant dynamics 
defined by (13) is formulated as follows; 

𝑢 = 𝑀(𝑥)𝑢 − 𝐿(𝑥)𝑥                                                     (14) 

where 𝑀(𝑥)and 𝐿(𝑥)  are state dependent parameter matrices 
which are adjusted by the following adaptation rules; 
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�̇�(𝑥) = −Γ 𝐵 (𝑥 )𝑃(𝑥 )𝑒(𝑥 , 𝑥)𝑢 (𝑥 )               (15) 

and 

�̇�(𝑥) = −Γ 𝐵 (𝑥 )𝑃(𝑥 )𝑒(𝑥 , 𝑥)𝑥                            (16) 

The 𝑃(𝑥 ) is the symmetric positive definite matrix, which 
is obtained from the Lyapunov equation, 𝑃(𝑥 )𝐴 (𝑥 ) +
𝐴 (𝑥 )𝑃(𝑥 ) = −𝑄(𝑥 )  and the error term is defined by 
(𝑥 , 𝑥) = 𝑥 − 𝑥 . The MRAC structure for the nonlinear 
system is similar to the MRAC with LTI systems. For the MRAC 
with nonlinear reference model, the state dependent 𝐵 (𝑥 ) 
and 𝑃(𝑥 )  matrices are evaluated at each state vector, 𝑥 . 
Therefore, the adaptation mechanism with 𝑀(𝑥)  and 𝐿(𝑥) 
matrices contain implicit “adaptations” due to the changes of 
𝐵 (𝑥 ) and 𝑃(𝑥 ) matrices at each step of the evaluation. The 
derivations of the new adaptation rules defined in (15) and (16) 
are given in [15-20]. 

The main objective of the proposed method is to adapt the 
SDRE controller designed for a known nonlinear reference 
model to an unknown given nonlinear plant dynamics. In the 
next section, the proposed SDRE based MRAC is applied to a 
nonlinear physical system, which is a 3 DoF helicopter setup 
used to test the capabilities of proposed controller. 

III. 3 DOF HELICOPTER DYNAMICS AND SDRE BASED  
MRAC CONTROLLER DESIGN 

Quanser Inc.’s commercial setup which is called “3 DoF 
helicopter” is used in this study. In the setup, the tandem rotor 
helicopter model dynamics are imitated with the help of two 
independent DC motors. Three independent angles are 
respectively defined which are elevation “𝜃”, pitch “ 𝜙” and 
travel “𝜓” axes. The independent motors are named as "back" 
and "front" motors as depicted in Fig. 1. The motors are used to 
control the behavior of the tandem helicopter by generating 
necessary force with propellers to drive the helicopter around 
the three axes. The tandem helicopter setup is an under-actuated 
system having two control inputs. As in the case of controller 
design in [14], a simplified nonlinear model of the 3 DOF 
helicopter is used. The equations are given as follows (see [24]) 

 
�̈� = −𝑑 �̇� − 𝑑 sin(𝜃) + 𝑑 𝜏 cos(𝜙)         (17) 
�̈� = −𝑏 �̇� − 𝑏 sin(𝜙) − 𝑏 𝜏       (18) 
�̈� = −𝑎 �̇� − 𝑎 (𝛼𝜏 + 1) sin(𝜙)      (19) 
�̇� = −𝑐 𝜏 + 𝑐        (20) 

�̇� = −𝑒 𝜏 + 𝑒        (21) 
 
where, 
 
𝜃       : Elevation angular position 
𝜙      : Pitch angular position 
𝜓      : Travel angular position 
�̇�      : Elevation angular rate 
�̇�      : Pitch angular rate 
�̇�      : Travel angular rate 
𝜏   : Cyclic thrust 
𝜏  : Collective thrust 

 

 

Fig. 1. 3 DoF Helicopter Test Bed [22, 23]. 

First three “second order differential equations” represent the 
Euler dynamics of the rotations and the other two shows the 
force generated according to motor voltages. Parameters of the 
equations may be obtained by using parameter identification 
methods. For this purpose, parameter identification software, 
such as CIFER [20], could be utilized. The parameters of the 
system obtained by CIFER toolbox are given in Table I. 

 

TABLE I. PARAMETERS OF THE 3 DOF HELICOPTER 

Parameters 𝑎  𝑎  𝑏  𝑏  𝑏  𝑐  𝑐  
Value 0.2517 0.2105 0.3290 1.5664 16.2 7.32 1 

Parameters 𝑑  𝑑  𝑑  𝑒  𝑒  𝛼  
Value 0.1011 0.504 1.34 6.16 1 4  

 
The equations of motion for the 3 DoF helicopter test bed can 

be represented in the state-space from by defining the following 
state vector, 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑥
𝑥
𝑥
𝑥
𝑥
𝑥
𝑥
𝑥 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

𝜃
𝜙
𝜓
�̇�
�̇�
�̇�

𝜏
𝜏 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

          (22) 

The two control inputs are the voltages to the front and back 
motors, which are given in the following control input vector, 

 
𝑢
𝑢 =

𝑉
𝑉          (23) 

The state-space model is then defined as follows, 
 
�̇� = 𝑥          (24) 
�̇� = 𝑥          (25) 
�̇� = 𝑥          (26) 
�̇� = −𝑑 𝑥 − 𝑑 𝑠𝑖𝑛(𝑥 ) + 𝑑 𝑥 𝑐𝑜𝑠(𝑥 )     (27) 
�̇� = −𝑏 (𝑥 ) − 𝑏 𝑠𝑖𝑛(𝑥 ) − 𝑏 𝑥       (28) 
�̇� = −𝑎 𝑥 − 𝑎 (𝛼𝑥 + 1) 𝑠𝑖𝑛(𝑥 )      (29) 
�̇� = −𝑐 𝑥 + 0.5𝑐 𝑢 − 0.5𝑐 𝑢       (30) 
�̇� = −𝑒 𝑥 + 0.5𝑒 𝑢 + 0.5𝑒 𝑢       (31) 
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Note that the equations (24)-(31) are in the form of equation 
�̇� = 𝑓(𝑥) + 𝐵(𝑥)𝑢(𝑡). The system can be defined in the form 
of equation (11) with the proper SDC matrices where the SDC 
matrices are 

 
𝐴(𝑥) = 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 0

0
0

−𝑑 𝐹(𝑥)
0
0
0
0

0
0
0
0

−𝑏 𝐸(𝑥)
−𝑎 (𝛼𝑥 + 1)𝐸(𝑥)

0
0

0
0
0
0
0
0
0
0

1
0
0

−𝑑
0
0
0
0

0
1
0
0

−𝑏
0
0
0

0
0
1
0
0

−𝑎
0
0

0
0
0
0

−𝑏
0

−𝑐
0

0
0
0

𝑑 cos(𝑥 )
0
0
0

−𝑒 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

𝐵(𝑥) =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

   0
   0
   0
   0
   0
   0

−0.5𝑐
     0.5𝑒

0
0
0
0
0
0

0.5𝑐
0.5𝑒 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 
where 
 

𝐸(𝑥) = 𝑠𝑖𝑛 (𝑥 )/𝑥  and 𝐹(𝑥) = 𝑠𝑖𝑛 (𝑥 )/𝑥         (32) 
 
It can be computational verified that the pair {𝐴(𝑥), 𝐵(𝑥)} is 

pointwise controllable in the range of working envelope. 
Another system is chosen as a linear reference model with the 
same 3 DoF Helicopter setup to compare the plant response for 
linear and nonlinear reference models. For this purpose, the 
linear model of 3 DoF Helicopter is derived and the parameters 
of the linear model are obtained by using CIFER system 
identification method. The linearized system matrices are given 
below: 

 

𝐴 =

⎣
⎢
⎢
⎢
⎢
⎡

0
0
0

−0.5544
0
0
0
0

0
0
0
0

1.422
−0.1671

0
0

0
0
0
0
0
0
0
0

1
0
0

−0.1008
0
0
0
0

0
1
0
0

0.326
0
0
0

0
0
1
0
0

−0.2517
0
0

0
0
0
0

−16.2
0

−7.32
0

0
0
0

1.34
0
0
0

−6.16⎦
⎥
⎥
⎥
⎥
⎤

 

𝐵 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

   0
   0
   0
   0
   0
   0

−0.475
    0.7

0
0
0
0
0
0

0.475
0.7 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

3.1. SDRE Based MRAC Controller Design 
 
In this study, the proposed controller is designed for a set of 

step commands. The step commands are given in the elevation 
and travel axes with different amplitudes. Due to the under-
actuation, the pitch axes is left free but kept bounded. In order to 
perform reference step tracking, the SDC parameterized system 
is augmented, similar to the study in [15] as follows: 

 

𝐴(𝑥) =    𝐴(𝑥) 0
−𝐶 0

     𝐵(𝑥) = 𝐵(𝑥)
0

 

where 
 

𝐶 = 1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0

  

 
which yields the following Reference Model dynamics 
 
�̇� = 𝐴 (𝑥 )𝑥 + 𝐵 (𝑥 )𝑢           (33) 
 
Then, the error dynamics is 𝑒(𝑥 , 𝑥) = 𝑥 − 𝑥  and the 

adaptive control gain is 
 
�̇�(𝑥) = −Γ 𝐵 (𝑥 )𝑃(𝑥 )𝑒(𝑥 , 𝑥)𝑥                            (34) 
 
Finally, the MRAC for the unknown 3 DoF Helicopter will 

be as follows; 

𝑢 = −𝐿(𝑥)𝑥                                                                     (35) 

In the next section, the SDRE based MRAC controller, 
which is designed for the 3 DoF helicopter, is applied to the test 
bed with linear and nonlinear reference models. 

IV. EXPERIMENTAL RESULTS 
The proposed SDRE based MRAC approach is implemented 

on the 3 DoF Helicopter test bed. For experimental studies with 
linear and nonlinear reference models, the following parameters 
are selected; 

𝑄 (𝑥 ) = 𝑑𝑖𝑎𝑔[ 40  5  5  1  10  15  1  1  4  2 ] 

𝑅 (𝑥 ) = 𝑑𝑖𝑎𝑔[ 1  1 ] 

𝑄 = 𝑑𝑖𝑎𝑔[ 100  0.1  100  1  1  1  1  1  1  1 ] 
For the real time implementations, the weighting matrices 

are selected to be constant matrices. However, it should be noted 
that these matrices could also be selected as state dependent. 
𝑄 (𝑥 ) and 𝑅 (𝑥 ) matrices are used in the SDRE controller 
design for the stabilization of the nonlinear reference model to 
obtain desired system responses. 𝑄  matrix, on the other hand, 
is used in the Lyapunov equation to obtain the 𝑃(𝑥 ) matrix. 
The adaptation rate for the adaptive controller design is selected 
as Γ = 10 . 

 
Fig.2. Elevation axis of the Helicopter with Linear and Nonlinear 

Reference Models at 50 Hz sampling period. 

In order to test the performance of the controller, sequential 
step commands are given for the elevation and travel axes, 
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individually. The proposed SDRE based MRAC controller is 
implemented on the helicopter test bed for three different 
working conditions in order to assess effectiveness of the 
nonlinear controller. 

 
Fig.3. Travel axis of the Helicopter with Linear and Nonlinear Reference 

Models at 50 Hz sampling period. 

Figures 2-10 show the time response of the helicopters, with 
linear and nonlinear reference models, for a set of elevation and 
travel step commands and controller inputs. The controllers are 
implemented on the test bed in three different sampling periods, 
which are 50, 100 and 150 Hz. 

 
Fig.4. Controller inputs of the Helicopter with Linear and Nonlinear 

Reference Models at 50 Hz sampling period. 

 
Fig.5. Elevation axis of the Helicopter with Linear and Nonlinear 

Reference Models at 100 Hz sampling period 

It is shown that MRAC controllers with linear and nonlinear 
reference models are both able to track the output of the 
reference model and converges to the desired states 

asymptotically (Figures 2 and 3, 5 and 6 and 8 and 9). However, 
the responses of the helicopter with nonlinear reference model 
has smaller overshoots than the one with linear reference model. 
The effect of working frequencies on the proposed controller is 
also studied. Lower sampling periods provide a reduction for 
computational efforts. However, the lower sampling periods 
may result in higher control input requirements, or even 
instability (Figures 4, 7 and 10). This is mainly because of the 
well-known property of local stability of the SDRE controller 
techniques [11]. 

 
Fig.6. Travel axis of the Helicopter with Linear and Nonlinear Reference 

Models at 100 Hz sampling period 

 
Fig.7. Controller inputs of the Helicopter with Linear and Nonlinear 

Reference Models at 100 Hz sampling period 

V. CONCLUSIONS 
In this paper, real time implementation of the SDRE based 

MRAC for nonlinear systems proposed in [19] has been 
performed by using a 3 DoF nonlinear helicopter test bed. The 
responses and controller inputs of the SDRE based MRAC (with 
nonlinear reference model) are compared with the linear 
reference model on the same test bed for three different sampling 
periods. It is seen that the SDRE based MRAC with nonlinear 
reference model improves the system response in the time 
domain compared to the adaptive controller using the linear 
reference model. The experimental study shows that the 
proposed MRAC algorithm, which has a systematic procedure 
for the controller design, can be used for the adaptive control of 
nonlinear systems in the real-time applications. 
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Fig.8. Elevation axis of the Helicopter with Linear and Nonlinear 

Reference Models at 150 Hz sampling period 

 
Fig.9. Travel axis of the Helicopter with Linear and Nonlinear Reference 

Models at 150 Hz sampling period 

 
Fig.10. Controller inputs of the Helicopter with Linear and Nonlinear 

Reference Models at 150 Hz sampling period 
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Abstract—This paper presents the control design approach

based on Robust Generalized Dynamic Inversion (RGDI) for the

Twin Rotor Multi-input-multi-output System (TRMS). In RGDI

control, constraint dynamics is formulated in the particular part,

by prescribing the linear time varying constraint differential

equation based on the attitude deviation function. The constraint

dynamics encapsulates the control objectives and is inverted by

using Moore-Penrose Generalized Inverse (MPGI) to generate

the required control deflections for stable attitude tracking. The

involved null control vector in the auxiliary part, is constructed

by designing a proportionality gain matrix, which guarantees

asymptotic stability of the body rate dynamics. The singularity

problem due to non-square inversion is avoided by implementing

dynamic scaling factor. To provide robustness, Sliding Mode term

is integrated with GDI to make it RGDI, that will guarantee semi-

global practically stable attitude tracking. Numerical simulations

are conducted on TRMS simulator to demonstrate the perfor-

mance of RGDI control under nominal and perturbed flight

conditions.

Index Terms—generalized dynamic inversion, robust control,

sliding mode control, twin rotor system, Lyapunov stability

I. INTRODUCTION

The design of control systems for the helicopter like Un-
manned Aerial Vehicles (UAVs) is realized as a challenging
and difficult engineering problem due to its highly nonlinear
behaviour, coupled dynamics and sensitivity to aerodynamic
perturbations. These UAVs are capable of executing different
tasks such as hovering, vertical take-off and landing. Their
ability to operate in narrow environments, allow these vehicles
to extensively utilized in indoor and outdoor environments for
several civil and military applications [1], [2].

The Twin-Rotor Multi-input multi-output System (TRMS)
that resembles like helicopter, has gained much importance
in research community by serving as an effective tool for
conducting real-time experiments and providing actual envi-
ronment for the UAV’s. The control of TRMS has gained
interest to develop the efficient control systems, to address
the system’s nonlinearities and uncertainties and to meet the
ongoing demand for more elegance and sophistication in their
applications.

Over the years, various linear and nonlinear control ap-
proaches were proposed and developed for TRMS. In [3], a
novel form of linear Proportional Integration Derivative control

is designed. However, the performance of linear control system
might be degrade due to the presence of system nonlinearities
and coupled dynamics. To cope with this, several nonlinear
control methods are proposed such as sliding mode control [4],
fuzzy control [5], model predictive control [6], backstepping
control [7], etc.

Among these nonlinear approaches, Nonlinear Dynamic
Inversion (NDI) is an interesting feedback linearization control
method, that has been implemented for the control of TRMS
[8]. In NDI control approach, the system nonlinearities has
been cancelled by means of feedback which allows to incorpo-
rate well established linear control techniques. However stan-
dard NDI has several limitations such as useful nonlinearity
cancellations, large control efforts and numerical singularity
configurations of square matrix inversion.

Generalized Dynamic Inversion (GDI) being the counterpart
of NDI, solves the inverse dynamics problem by using non-
square inversion [9]–[12]. This methodology is of left inver-
sion type, in which dynamic constraints are defined in the
form of linear time differential equations, which encapsulates
the control objectives and are inverted using Moore-Penrose
Generalized Inverse (MPGI) based on Greville method [13],
to realize the control law. Hence this approach will mitigate
the complexity involved in inverting the equations of motion
and evade blind cancellation of useful nonlinearities.

GDI control is comprised of two orthogonally comple-
ment control spaces, i.e. the particular part, that enforces
the constraint dynamics and the other is null control vector,
which provides an additional degree of design freedom. The
noninterference of two cooperating controllers is the major
attribute associated with GDI control. This control method
has applied for several aerospace engineering and robotics
applications see, [14]–[18].

In this paper Robust Generalized Dynamic Inversion
(RGDI) control is proposed for the control of TRMS. In the
particular part of RGDI control, linear time varying constraint
differential equation is constructed based on the attitude de-
viation function, that encapsulates the control objectives. The
control law is realized by inverting the constraint dynamics
using MPGI, to guarantee stable attitude tracking. The sin-
gularity problem is addressed by adding a dynamic scaling
factor in the definition of MPGI. To guarantee asymptotic
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stability of the angular body rate dynamics, a null control
vector is designed by defining a proportionality gain matrix
with the help of control Lyapunov function. In RGDI control,
an additional SMC term is integrated, that will provide robust-
ness against modelling uncertainties, parametric variations and
tracking performance deterioration due to generalized scaling.
The designed RGDI control will guarantee uniform ultimately
bounded attitude trajectory tracking errors and semi-global
practically stable attitude tracking. Numerical simulations are
conducted on the developed TRMS simulator to demonstrate
the tracking performance of RGDI control in the presence of
parametric uncertainties and external disturbances.

The remaining parts of the paper are organized as follows.
The modelling of TRMS is presented in section II. The
formulation of constraint dynamics and control law realization
of the particular part of RGDI is discussed in section III. The
singularity issue is addressed in section IV. The design of
null control vector for stabilizing the body rate dynamics is
explained in section V. The inclusion of robust term based
on the concept of SMC is presented in section VI, whereas
its stability analysis is discussed in section VII. Finally,
simulation results and conclusion are presented in section VIII
and IX respectively.

II. TRMS MODELING

The TRMS that resembles helicopters, which was manu-
factured by the Feedback Instruments Ltd. [19] as shown in
Fig. 1, is emerging as a popular research test-bed for control
engineers, for conducting real-time experiments. It contains
two rotors perpendicular to each other and are driven by the
DC motors. The two rotors are attached together by a beam
pivoted on its base, which rotates freely in pitching and yawing
plane. A strong cross coupling between the main rotor and
the tail rotor, resulting in highly nonlinear coupled dynamical
system. The dynamic modeling of vertical (pitching) plane of
TRMS is given by the Newton’s equations of motion as

↵̇v = ⌦v (1)

˙

⌦v =

(lm + kg⌦h)Fv(!v)� k
⌦v⌦v + g{(Am �Bm) cos(↵v)

�Cm sin(↵v)}
Jv

(2)
where the angular position is denoted by ↵, ⌦ is the angular
velocity, and ! represents the rotational speed of the rotors.

TABLE I: TRMS parameters

Parameters Value Parameters Value

lm(m) 0.246 lt(m) 0.282
k⌦v (Nms/rd) 0.55 k⌦h

(Nms/rd) 0.1
kg 0.02 k3 0.4e�1

Am(kgm) 0.0947 Bm(kgm) 0.1105
Cm(kgm) 0.0117 Dm(kgm2) 0.0499
Em(kgm2) 0.0016 Fm(kgm2) 0.0062
Jv(kgm2) 0.0569 Jh(kgm2) 0.0454

k1 2.84e�5 k2 0.36e�4

The variables lm, k
⌦v , kg , Am, Bm and Cm are the positive

constants, and the symbol Jv represents the moment of inertia
along the vertical axis given by, [20]

Jv = ⌃

8

i=1

Ji (3)

The first term in (2) represents the torque generated by the
main motor’s propulsive force, the second term shows the
torque due to friction force, where as the torque due to
gravitational force is expressed by the third term. Similarly
the dynamic model of the horizontal (yawing) plane is given
by

↵̇h = ⌦h (4)

˙

⌦h =

lt cos(↵v)Fh(!h)� k
⌦h⌦h � k

3

↵h

Jh
(5)

where lt, k⌦h and k
3

are the positive constants and the term
Jh denotes the moment of inertia along the horizontal axis
given as, [20]

Jh = Dm cos

2

(↵v) + Em sin

2

(↵v) + Fm (6)

where Dm, Em and Fm are the positive constants. The
first term in (5) refers to the torque produced by the tail’s
rotor propulsive force, the second term represents the torque
developed due to the frictional force, where as the third term
refers to the torque induced by the flat cable force. The
aerodynamic forces Fv(!v) and Fh(!h) produces by the main
and tail rotors are defined as

Fv(!v) =

(
k
1

|!v|!v, if !v � 0

k
1

|!v|!v, if !v < 0

(7)

Fh(!h) =

(
k
2

|!h|!h, if !h � 0

k
2

|!h|!h, if !h < 0

(8)

The subscript h and v represents the variables associated with
horizontal and vertical channels respectively. The numerical
values of the TRMS parameters are listed in Table I.

III. DESIGN OF PARTICULAR PART OF RGDI CONTROL

To construct the time varying constraint dynamics, the
equations of motion of the TRMS given by (1), (2), (4) and
(5) are written compactly as

˙

xa = xr (9)

˙

xr = Ar(xr, t) +BrF (10)
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in which xa = [↵v ↵h]
T , xr = [⌦v ⌦h]

T , F =

[Fv(!v) Fh(!h)]
T , where as Ar(xr, t) and Br refers to

Ar =

"�k⌦v⌦v+g{(A�B) cos(↵v)�C sin(↵v)}
Jv�k⌦h
⌦h�k3↵h

Jh

#
(11)

Br =

"
(lm+kg⌦h)

Jv
lt cos(↵v)

Jh

#
(12)

The attitude state deviation function in terms of Euclidean
weighted error norm is defined as

⇣ = keak2w = a
1

(↵v � ↵vd)
2

+ a
2

(↵h � ↵hd)
2

= a
1

e2↵v
+ a

2

e2↵h
= e

T
aD(a

1

, a
2

)ea (13)

where a
1

and a
2

are the positive scalar constants, and the term
D(a

1

, a
2

) represents the diagonal matrix with a
1

and a
2

are its
diagonal elements. The linear time varying constraint differ-
ential equation is constructed based on the attitude deviation
function given by (13). The order of the differential equation is
same as the relative degree of the deviation function, resulting
in

¨⇣ + c
1

(t) ˙⇣ + c
2

(t)⇣ = 0 (14)

where c
1

and c
2

are selected in a way to ensure the uniform
asymptotic stability of the constraint dynamics [21]. The time
derivatives of constraint dynamics are computed as

˙⇣ = 2e

T
aD(a

1

, a
2

)

˙

ea (15)
¨⇣ = 2e

T
aD(a

1

, a
2

){Ar+BrF� ¨↵d}+2

˙

e

T
aD(a

1

, a
2

)

˙

ea (16)

where ¨↵d = [↵̈vd ↵̈hd]
T . By placing the time derivatives in

(14), the differential equation of the constraint dynamics has
been transformed into the algebraic form, resulting in

A(xa,xr, t)F = B(xa,xr, t) (17)

where the controls coefficient row vector function A : Rn ⇥
[t
0

,1) ! R1⇥2 is given by

A(xa,xr, t) = 2e

T
aD(a

1

, a
2

)Br, (18)

and the controls load scalar function B(xa,xr, t) 2 R is given
as

B = �2

˙

e

T
aD(a

1

, a
2

)

˙

ea � 2c
1

e

T
aD(a

1

, a
2

)

˙

ea

�c
2

e

T
aD(a

1

, a
2

)ea � 2e

T
aD(a

1

, a
2

)Ar

+2e

T
aD(a

1

, a
2

)

¨↵d} (19)

Equation (17) is an under-determined algebraic system having
infinite number of solutions. These solutions are parameterized
by employing the Greville method [22], which implies

F = A+

(xa,xr, t)B(xa,xr, t) +P(xa,xr, t)Y (20)

where A+ is the MPGI, given by

A+

= AT
(xa,xr, t)

�
A(xa,xr, t)AT

(xa,xr, t)
 �1 (21)

the null control vector is denoted by Y 2 R2, and P represents
the null projection matrix defined as

P(xa,xr, t) = I

2⇥2

�A+

(xa,xr, t)A(xa,xr, t) (22)

IV. SINGULARITY AVOIDANCE

During generalized inversion, singularity occurs when the
inverted matrix tends to change its rank, which creates discon-
tinuity in the MPGI matrix function. Due to this discontinuity,
the elements of the MPGI matrix goes unbounded. To address
the singularity, the asymptotically stable first order dynamic
scaling factor is augmented in the expression of MPGI [23],
expressed as

⌫̇(t) = �⌫(t) +
�

kea(t)k2
, ⌫(0) > 0 (23)

where the forcing term � is a positive real valued constant.
The updated form of Dynamically Scaled Generalized Inverse
(DSGI) of A is given by the following continuous function

A⇤
(xa,xr, ⌫, t) = AT

(xa,xr, t)
�
A(xa,xr, t)

AT
(xa,xr, t) + ⌫(t)

 �1 (24)

which results in the modified form of control expression given
as

F

⇤
= A⇤

(xa,xr, ⌫, t)B(xa,xr, t) +P(xa,xr, t)Y (25)

By implementing DSGI, the closed-loop dynamics given by
(10) is redefined as

˙

xr = Ar(xr, t) +Br{A⇤
(xa,xr, ⌫, t)B(xa,xr, t)

+P(xa,xr, t)Y} (26)

The detailed proof of the elements of A⇤
(xa,xr, ⌫, t) are

always bounded for all t � 0 is found in [24], [25].

V. DESIGN OF NULL CONTROL VECTOR FOR RATE
STABILIZATION

For providing asymptotic stability to the angular body
rate dynamics, the null control vector Y is constructed by
designing a gain matrix with the aid of control Lyapunov
function, resulting in

PY = �
�
¯

PBr

��1

�
¯

P�r + 0.5Qer

�
(27)

where er = [(⌦v � ⌦vd) (⌦h � ⌦hd)]
T . By placing the

expression of null control vector Y in (25), the control law
takes the following form

F

⇤
= A⇤

(xa,xr, ⌫, t)B(xa,xr, t)

�
�
¯

PBr

��1

�
¯

P�r + 0.5Qer

�
(28)

Theorem 5.1: The control expression given by (28) guaran-
tees the global asymptotic stability of the angular body rate
dynamics.

Proof: The null control vector Y is designed to be a linear
function of body rate error vector, defined as

Y = Ker = K(xr � xrd) (29)

The error dynamics is obtained by subtracting ˙

xr from ˙

xrd(t),
which implies

ėr = Ar (xr, t)�Ar (xrd, t) +Br{A⇤
(xa,xr, ⌫, t)

B(xa,xr, t) +P(xa,xr, t)Ker}
�Br{A⇤

(xa,xrd, t)B(xa,xrd, t)} (30)
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In compact form, the error dynamics given by (30) is written
as

˙

er = �r (xa,xr,xrd) +BrP(xa,xr, t)Ker (31)

Now consider the radially unbounded positive definite Lya-
punov function

V (xa,xr, t) = er
T
¯

Per (32)

where ¯

P 2 R2⇥2 is symmetric positive definite matrix. The
time derivative of the Lyapunov function V is evaluated as

˙V = er
T
(2

¯

P�r + 2

¯

PBrPKer) (33)

The negative definiteness of the Lyapunov function, i.e.,
˙V <0 8 er 6= 0, must be satisfied to guarantee asymptotic

stability. This can be achieved by the existence of symmetric
positive definite matrix Q 2 R2⇥2 such that

˙V = �er
T
Qer < 0 (34)

Equating (33) with (34), yields
�
2

¯

P�r + 2

¯

PBrPKer +Qer

�
= 0 (35)

The value of the projected gain PKer = PY is solved for
from (35) as

PY = �
�
¯

PBr

��1

�
¯

P�r + 0.5Qer

�
(36)

The null control vector given by (36) guarantees the asymp-
totic stability of the angular body rate dynamics.

VI. INCLUSION OF ROBUST TERM

The RGDI control law is constructed by the augmentation
of SMC term with conventional GDI, resulting in

F

⇤
= A⇤B +PY � CA⇤ s

ksk (37)

where C is the gain to enforce sliding and s is the sliding
surface defined as

s = ˙⇣ + c
1

(t)⇣ + c
2

(t)

Z
⇣dt (38)

The time derivative of the sliding surface s is given as

ṡ = ¨⇣ + c
1

(t) ˙⇣ + c
2

(t)⇣ (39)

Notice that the finite time convergence of s to zero implies
asymptotic realization of the constraint dynamics given by (14)
and its algebraic form given by (17). The expression given by
(39) is therefore expressed as

ṡ = A(xa,xr, t)F
⇤ �B(xa,xr, t) (40)

VII. STABILITY ANALYSIS OF RGDI CONTROL

To prove the asymptotic convergence of attitude errors, the
value of F⇤ given by (37) is placed in (40), which yields

ṡ = A
�
A⇤B +PY � CA⇤ s

ksk
 
�B (41)

Furthermore, by placing the expression of the null projection
matrix P given by (22), and employing the property of pseudo
inverse, i.e. AA+

= 1, for all A(xa,xr, t) 6= 0

1⇥2

, the
expression of ṡ given by (41) summarized as

ṡ = {⇢A(xa,xr, ⌫, t)� 1}B � C⇢A(xa,xr, ⌫, t)
s

ksk (42)

where ⇢A = A(xa,xr, t)A⇤
(xa,xr, ⌫, t). Nonetheless, the

identity AA+

= 1 does not hold true for ⇢A. Neverthe-
less, because ⌫ 2 (0,1), it follows from the definition of
A⇤

(xa,xr, ⌫, t) given by (24) that

0 < ⇢A(xa,xr, ⌫, t) < 1 (43)

for all A(xa,xr, t) 6= 0

1⇥2

and that

lim

t!1
⇢A(xa,xr, ⌫, t) = 0 , lim

t!1
A(xa,xr, t) = 0

1⇥2

(44)

The following positive definite radially unbounded candi-
date Lyapunov function

Vs =
1

2

s2

will be enforced to design the sliding gain C. The time
derivative of the Lyapunov function Vs is evaluated as

˙Vs = sṡ = s{⇢A � 1}B � Cs⇢A
s

ksk (45)

Therefore, a function C(xa,xr, ⌫, t) that affirms

C(xa,xr, ⌫, t) >
⇢A � 1

⇢A
|B| (46)

would guarantee the negative definiteness of ˙Vs, which will
assure the finite time stability of s = 0, follows from Lya-
punov’s direct method [26]. This will also guarantee the finite
time stability of ea = 0

2⇥1

as obvious from the definition
of s given by (38). Hence, it follows from the definition of
A(xa,xr, t) given by (21) along with the condition given
by (44) that ⇢A(xa,xr, ⌫, t) must also converge to zero.
Therefore,

lim

ea!02⇥1

⇢A(xa,xr, ⌫, t)� 1

⇢A(xa,xr, ⌫, t)
= �1 (47)

which requires the function C(xa,xr, ⌫, t) to reach infinite
values as ea vanishes in order to guarantee ˙Vs < 0 and s = 0.
Therefore it is not possible to guarantee the finite time closed-
loop stability of sliding mode dynamics given by (42), however
it is feasible to achieve the semi-global practical stability of
the sliding mode dynamics via SMC gain design.

Theorem 7.1: There exists a real number C⇤ > 0 for
every real number ⇢⇤A 2 (0, 1) which ensures the negative
definiteness of ˙Vs along the solution trajectories of the sliding
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mode dynamics given by (42) for all ⇢A(xa,xr, ⌫, t) > ⇢⇤A
and C > C⇤.

Proof: Let ⇢⇤A be a prescribed constant real scalar in
the range of ⇢A(xa,xr, ⌫, t), i.e., ⇢⇤A 2 (0, 1). Also, define
¯C(xa,xr, t) as

¯C(xa,xr, t) = �⇢⇤A � 1

⇢⇤A
|B(xa,xr, t)| (48)

It follows that ¯C(xa,xr, t) > C(xa,xr, ⌫, t) whenever
⇢A(xa,xr, ⌫, t) > ⇢⇤A. Accordingly, let D be a neighborhood
of (ea, er) = (0

2

,0
2

), and choose a sliding gain constant C⇤

such that
C⇤ > maxD ¯C(xa,xr, t) (49)

Then the negative definiteness of ˙Vs < 0 holds true along
any closed loop trajectory that originates within D whenever
⇢A(xa,xr, ⌫, t) � ⇢⇤A and C > C⇤. The existence of a
finite number C⇤ is guaranteed for any domain D because
B(xa,xr, t) is globally bounded by virtue of implementing
the DSGI A⇤ given by (24), which result in globally bounded
ea trajectories.

Remark 1: It follows from Theorem 7.1, that the magnitude
of the positive sliding mode gain constant C can always
be increased such that an arbitrarily small positive bound
⇢⇤A is achieved with guaranteeing the condition ˙Vs < 0

to hold over D whenever ⇢A(xa,xr, ⌫, t) < ⇢⇤A. Since the
attitude error state trajectory ea must enter the domain defined
by ⇢A(xa,xr, ⌫, t) < ⇢⇤A in finite time and remain within
that domain, it follows that driving ⇢⇤A arbitrarily closer to
zero implies driving ea arbitrarily closer to zero and making
it uniformly ultimately bounded, i.e., making ea = 0

2⇥1

practically stable. Moreover, because D can be arbitrarily
enlarged by increasing C⇤, then this practical stability is semi-
global.

VIII. SIMULATION RESULTS

To analysis the tracking performance of the designed RGDI
control method, numerical simulations are conducted for two
different scenarios on the TRMS simulator.

A. Step Profile Tracking

In this plot, the TRMS is commanded to follow the angular
step profiles, i.e. ↵vd = 40

� and ↵hd = 15

� along the
vertical and the horizontal axes respectively. Simulation results
shown by Figs. 2a and 2b, demonstrate the attitude tracking
performance of RGDI control system. The angular body rates
are illustrated in Fig. 2c, where as the corresponding rotor
angular speeds are shown in Fig. 2d.

B. Robust Analysis

In this scenario, the TRMS is commanded to follow the
sinusoidal profile along the pitching axis given by ↵vd =

10 sin 2⇡ft, while maintaining the yawing motion at ↵hd =

20

�, in the presence of measurement noise and parametric
uncertainties, to examine the robustness characteristics. The
gaussian white noise with variance of ±5

� is added to the
vertical and the horizontal channels as shown in Fig. 3a. The
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Fig. 3: Robust attitude tracking performance

parametric variations of 10% in the numerical values of TRMS
parameters are also considered. The attitude tracking perfor-
mance along the vertical and the horizontal planes are shown
in Figs. 3b and 3c respectively, which exhibits the smooth
tracking performance under perturbed flight environment. The
corresponding angular body rates are shown in Fig. 3d.

IX. CONCLUSION

In this paper, RGDI control has been developed and im-
plemented for the highly nonlinear and cross-coupled TRMS.
In RGDI control, dynamic constraint is successfully designed
based on the attitude errors from the reference attitude trajec-
tories, guaranteeing stable attitude tracking. The null control is
designed in the auxiliary part, which provides global asymp-
totic stability to the angular body rate dynamics. The singular-
ity problem is addressed by implementing a dynamic scaling
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factor in the expression of MPGI. An additional term based
on SMC is augmented with GDI to provide robustness, while
guaranteeing semi global practically stable attitude tracking.
Numerical simulations are carried out on two DOFs TRMS
simulator, which successfully demonstrate the efficiency and
robustness attributes of the RGDI control law, by exhibiting
fast error convergence and accurate tracking performance in
the presence of measurement noise and parametric uncertain-
ties.
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Abstract— In recent decades, one of the challenging problems 
is path planning for autonomous vehicle in dynamic environments 
with along moving obstacles. The main aim of these researches is 
to reduce congestion, accidents and improve safety. We propose a 
path planning algorithm using model predictive controller (MPC) 
which automatically decides about the mode of maneuvers such as 
lane keeping, lane changing, lane merging and intersection 
crossing. For ensuring safety, we have additionally used two 
different potential field functions for road and obstacles where the 
road potential field keeps the vehicle for going out of the road 
boundary and the obstacle potential field keep the vehicle away 
from obstacles. We have tested the proposed path planning 
algorithm on the different scenarios. The obtained results 
represent that the proposed method is effective and have making 
reasonable decision for different maneuvers while it ensures the 
safety of autonomous vehicle. 

Keywords— Path Planning, Autonomous Vehicles, Model 
Predictive Control, Sequential Quadratic Programming, Artificial 
Potential Field. 

I. INTRODUCTION

Nowadays, the autonomous vehicle has been becoming an 
important research in vehicle engineering. In autonomous 
vehicle or intelligent unmanned vehicle, the safety of vehicle is 
a critical factor. The development of autonomous vehicle 
technology has a significant effect on reducing traffic, accidents 
and relieving the stress of motorists. The automobile 
manufacturers such as Tesla Motors and several internet 
companies have decided to develop fully autonomous vehicles 
in order to avoid collides in the roads, but these vehicles are very 
complex systems and include sensing systems [1], path planning 
systems, trajectory tracking systems and suspension systems [2], 
[3]. Although, there are many researches on the path planning 
and tracking to avoid collision for unmanned vehicle and other 
robots, it is not easy to utilize these approaches directly to avoid 
collision scenarios. Because, these vehicles are only able to 
move in its stable limitations and handling capability in a 
constrained environment. Therefore, to solve collision 
avoidance problem in the road, it is necessary to consider the 
other moving vehicles that have their own motion properties. 

Early researches on the path planning for autonomous 
vehicle date back to the 1980s that focus on the computation of 
optimal time and collision-free path from a given point to 

another. Many approaches are presented for path planning that 
can be categorized in two classifications: conventional and 
heuristic approaches. Conventional approaches are referred to 
common methods such as sampling based algorithms and grid-
based methods. The sampling based algorithms such as rapidly 
exploring random trees algorithm and its variants, perform by 
sampling of configuration to connect the initial configuration 
with the target [4]. Grid-based algorithms have mapped free 
space to set of cells and then try to solve a problem of graph 
search. The major shortcoming of the classic approaches is that 
they do not consider the dynamics of the vehicle. In contrast, the 
controller approaches such as Model Predictive Control (MPC) 
consider the model of system to predict the evaluation of system 
states and has been widely used in a variety of systems [5]. Due 
to its capabilities to overcome physical constraints, MPC has 
been used to path planning and tracking for the autonomous 
vehicle. MPC based approaches are a problem of optimization 
and solve it for finding an optimal open-loop control sequence 
which minimizes the objective function by satisfying all the state 
and input constraints.  

In [6], an adaptive and predictive controller is presented for 
autonomous vehicle that improve the lateral stability and 
tracking performance of the vehicle in the road. To enhance the 
accuracy of prediction, they used a data-driven model of the 
steering system that the parameters are identified online by a 
recursive least squares algorithm. First, the proposed model is 
evaluated by a test signal sequence to the steering actuator of our 
test vehicle and then the performance of the proposed approach 
is compared with a conventional model through simulations. 
The results of simulation demonstrate that the proposed method 
is simple and effective in handling the modeling mismatch and 
the performance of control is improved for various road 
conditions.  

The reminder of paper is organized as follows. In section II, 
the structure of an autonomous vehicle system and its equations, 
the proposed potential field functions for road and obstacles and 
also model predictive controller for path planning is formulated. 
The results of proposed path planning for several scenarios are 
evaluated and discussed in section III. Finally, section IV 
concludes the paper. 
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II. PROBLEM STATEMENT  

In this section, we describe the used vehicle model for 
simulation and control design. The main aim of this paper is 
driving to a given destination with regulated speed while the 
vehicle avoids the collision with obstacle or surrounding 
vehicles and presents a comfortable driving experience.  

As mentioned above, the methods based on mathematical 
optimization are interesting in current years. For considering 
dynamics of vehicle and safety constraints, these methods offer 
a symmetric and precise method and consequently generate the 
control optimal inputs. A mathematical optimization method is 
either in open-loop form if the environment is fully pre-
identified or in closed-loop form if the environment is 
unidentified therefore, a feedback controller is used to identify it 
[7-8]. Model Predictive Control (MPC) is one of the 
mathematical optimization methods that is used for online path 
planning in most researches. 

A. The model of the vehicle   

To model the autonomous vehicle, a bicycle model is used. 
In this model, the two front wheels of the vehicle are lumped 
into a unique wheel in the center of front axle and the two rear 
wheels are located in the center of rear axle. The kinematic 
model is used for modeling the ego vehicle and obstacle or 
surrounding vehicles. Meanwhile, the vehicle model is 
illustrated on Figure 1. The equations of motion of the bicycle 
model are as follows: 

𝑚𝑚��̇�𝑣𝑥𝑥 − 𝑣𝑣𝑦𝑦𝑟𝑟� = 𝐹𝐹𝑥𝑥�́�𝑇                               (1) 

𝑚𝑚��̇�𝑣𝑦𝑦 + 𝑣𝑣𝑥𝑥𝑟𝑟� = 𝐹𝐹𝑦𝑦𝑓𝑓 + 𝐹𝐹𝑦𝑦�́�𝑟                         (2) 

𝐼𝐼𝑧𝑧�̇�𝑟 = 𝑙𝑙𝑓𝑓𝐹𝐹𝑦𝑦𝑓𝑓 − 𝑙𝑙𝑟𝑟𝐹𝐹𝑦𝑦�́�𝑟                     (3) 

 �̇�𝜃 = 𝑟𝑟        (4) 

Ẋ = vxcosθ-vysinθ                        (5) 

�̇�𝑌 = 𝑣𝑣𝑦𝑦𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 + 𝑣𝑣𝑥𝑥𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃                         (6) 

 
 
 
 

 
 
 
 
 
 

 

Fig. 1. The model of bicycle vehicle. 

where m is the mass of vehicle. vx, vy and r are longitudinal 
velocity, lateral velocity and yaw rate of the vehicle in its center 
of gravity, respectively. X and Y are the longitudinal and lateral 
positions and  𝜃𝜃 is heading angle of the vehicle. Iz is the vehicle 

momentum of inertia around its vertical axis. 𝐹𝐹𝑥𝑥�́�𝑇 is the total 

longitudinal force of tire. Also,  𝐹𝐹𝑦𝑦𝑓𝑓 and 𝐹𝐹𝑦𝑦𝑟𝑟are the total lateral 

forces of the front and rear tires. A linear model of tire is used 
for the lateral forces of tire when the vehicle has a front steering 
system [9]. 

𝐹𝐹𝑦𝑦𝑓𝑓 = 𝑐𝑐𝑓𝑓𝛼𝛼𝑓𝑓 = 𝑐𝑐𝑓𝑓(𝛿𝛿 − 𝑣𝑣𝑦𝑦+𝑙𝑙𝑓𝑓𝑟𝑟
𝑣𝑣𝑥𝑥

)                     (7) 

𝐹𝐹𝑦𝑦𝑟𝑟 = 𝑐𝑐𝑟𝑟𝛼𝛼𝑟𝑟 = 𝑐𝑐𝑟𝑟(−𝑣𝑣𝑦𝑦+𝑙𝑙𝑟𝑟𝑟𝑟
𝑣𝑣𝑥𝑥

)                      (8) 

where 𝛼𝛼𝑓𝑓 and 𝛼𝛼𝑟𝑟 are the sideslip angles of the front and rear 

tires and 𝛿𝛿 is the angle of steering. Also, 𝑐𝑐𝑓𝑓 and 𝑐𝑐𝑓𝑓 show the 

cornering stiffness values of the front and rear tires. These values 
are calculated similar to [9]. 

By linearizing equations 1-8, the linear dynamics of vehicle 
can be calculated as follows: 

�̇�𝑥 = 𝐴𝐴𝑥𝑥 + 𝐵𝐵𝑢𝑢𝑐𝑐                      (9) 

𝑥𝑥 = [𝑋𝑋  𝑣𝑣𝑥𝑥   𝑌𝑌  𝑣𝑣𝑦𝑦  𝜃𝜃  𝑟𝑟]𝑇𝑇                     (10) 

𝑢𝑢𝑐𝑐 = [𝐹𝐹𝑥𝑥𝑇𝑇     𝛿𝛿]𝑇𝑇                    (11) 

where x is the state vector, uc is the input vector, A is the 
state matrix, and B is the input matrix. To use as a model 
predictive controller, it is required that the model is discretized 
by zero order hold method. 

B. Potential Field Function (PF) 

The potential field method is based on attractive and 
repulsive functions that the attractive function causes vehicle to 
move towards the goal while repulsive function avoids from 
collision of the vehicle with obstacles. The goal potential field 
has a minimum value in the target position then it attracts the 
vehicle, the obstacle PF has a maximum value in the obstacle 
positions that repulses the vehicle from obstacle [10]. In this 
paper, the main aim is to navigate vehicle to the target position 
without any collision that is performed by tracking term of 
objective function controller. Therefore, we consider only 
repulsive function as PF. For this purpose, two different PF such 
as lane marker PF (𝑈𝑈𝑅𝑅) and obstacle PF (𝑈𝑈𝑂𝑂) are defined. The 
potential field is the sum of the PFs: 

𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜆𝜆𝑟𝑟𝑈𝑈𝑅𝑅 + 𝜆𝜆𝑡𝑡𝑈𝑈𝑂𝑂                       (12) 

where 𝜆𝜆𝑟𝑟 and 𝜆𝜆𝑡𝑡 are PF weights for road and obstacle. Also, 
the other functions for modeling of road regulation and obstacles 
can be used. 

1) Lane Marker PF 
Lane marker PF is used to prevent the vehicle from departing 

of the main road and driving too close to the borders that increase 
the risk of accident. Therefore, the lane marker should have a 
maximum value in the road boundaries. Additionally, the slope 
of arriving to this maximum value is maximum and provides a 
restoring force with maximum value. Meanwhile, a peak at the 
location of driving lane is operated to resist changing lanes. 

𝑙𝑙𝑓𝑓 

𝑙𝑙𝑟𝑟 

�⃗�𝑥 �⃗�𝑦 
𝛽𝛽 
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Therefore, the vehicle makes attempt to keep maintaining its 
current lane in order to prevent relevant cost. For this purpose, 
the PF is zero and locally symmetric in the center of lane which 
is the preferred position when the vehicle does not face traffic or 
obstacles. When changing lane is necessary, the vehicle is able 
to overcome this resistance. The PF used for lane marker (UR) 
is as follows: 

𝑈𝑈𝑅𝑅 = 𝐴𝐴𝑟𝑟(1 − 𝑒𝑒−𝑏𝑏𝑟𝑟(𝑌𝑌ℎ−𝑌𝑌𝑟𝑟))2 + 𝐴𝐴𝑟𝑟(1 − 𝑒𝑒𝑏𝑏𝑟𝑟(𝑌𝑌ℎ−𝑌𝑌𝑙𝑙))2  (13) 

where Ar is the depth of road PF and is equal to 0.5, br is 
controlling parameter for road PF width and is equal to 1. Yh is 
lateral position of ego vehicle from CoG in local road frame and 
Yr, Yl are lateral positions in right and left of the center of 
straight road, respectively. Figure 2(a) shows the 3D plot of the 
total PF on the straight road.  

(a) 

 

(b) 

 

Fig. 2. (a). The road potential field function, (b) The obstacle potential field 
function 

2) Obstacle PF 
The structure of obstacle PF (UO) is more complex and 

important than the structure of the road PF. According to the 
obstacle PF, the lane change maneuver is performed if the 
obstacle or surrounding vehicle is approaching the ego vehicle. 
This is based on the structure and protocol of highway-driving. 
Also, the vehicle could change to the left side to overtake slower 
preceding vehicles. To achieve this, obstacle PF is modeled as 
function of the measured position of the obstacle vehicle, the 
relative and absolute velocity of ego and obstacle vehicles and 
the road curvature. The position of obstacle PF is obtained by 
the available sensor measurements of obstacle. The longitudinal 
and lateral distances, given by xO and yO, between the obstacle 
and ego vehicle are the gained information and do not include 
the heading angle of the obstacle vehicle. 

The shape of obstacle vehicle is considered rectangular 
because it provides a better approximation of the outline of an 
obstacle. Also, in order to avoid slope discontinuities in PF, the 
continuous functions are required to represent the obstacle value 
such as hyperbolic function. This function is used as the distance 
between the ego and obstacle vehicles that generates the desired 
potential field. When the distance between the ego vehicle and 
obstacle is too small, the change rate of function strictly 
increases and therefore its value achieves to infinity that 
prevents the collision of ego vehicle with obstacle. The used 
pointwise repulsive potential function is as follows: 

𝑈𝑈𝑡𝑡 = 1
(𝑥𝑥−𝑥𝑥𝑂𝑂)2+(𝑦𝑦−𝑦𝑦𝑂𝑂)2+𝜀𝜀

                              (14) 

where (x, y) is the current location of the vehicle and (xO, 
yO) is the location of the obstacle. 𝜀𝜀 is a small and positive value 
which is used for preventing singularity. The formulation is 
logical and provides the ideal response for the given limitations 
of computational complexity, besides it will avoid actual 
obstacle and keep a specific distance from obstacle. 

If the ego and obstacle are closing together in each direction, 
the approaching velocity is equal to the difference of velocity 
between them and the otherwise is set to zero. The potential field 
of obstacle is located in (x, y) = (0,0) that is shown in Figure 
2(b).  

3) MPC Formulation 
The model predictive controller is a combination of optimal 

and adaptive controllers. The method uses a model based on 
controller that is involved in the optimization step of the 
predicted states of the model for generating the optimal control 
input. The model predictive controller is able to adjust itself to 
change conditions, for this reason, it is similar to adaptive 
controller. At each control interval, it handles input and output 
constraints to solve optimization problem. According to these 
properties, MPC is a suitable candidate for path planning and 
tracking based on potential field. 

A model predictive controller is presented based on dynamic 
model of vehicle, potential field and road regulations. By using 
these objectives, an optimization problem of conflicting 
demands can be defined. The model predictive controller 
predicts the response of ego vehicle on a horizon that named the 
prediction horizon (N) and optimizes the dynamics of vehicle, 
obstacle avoidance, road regulation and command following 
based on this value. The desired lane and speed are predefined. 
Therefore, the desired lateral position (the center of the desired 
lane) and longitudinal velocity are the outputs of system that 
should be tracked: 

𝑦𝑦 = [𝑌𝑌   𝑣𝑣𝑥𝑥]𝑇𝑇         (15) 

𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑 = [𝑌𝑌𝑑𝑑𝑑𝑑𝑑𝑑    𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑]𝑇𝑇                   (16) 

𝑌𝑌𝑑𝑑𝑑𝑑𝑑𝑑 = �𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑 −
1
2
� 𝐿𝐿𝑤𝑤 + ∆𝑌𝑌𝑅𝑅              (17) 

 where y is the output matrix tracking, ydes is the desired 
lateral position, 𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑 is the desired speed, ldes is the index 

number of the desired lane from the right, Lw is the lane width 
and ∆𝑌𝑌𝑅𝑅 is the lateral offset of road compared to a straight road. 
The nonlinear optimization problem for the path planning can be 
formulated as follows: 

𝑚𝑚𝑠𝑠𝑠𝑠
𝑢𝑢𝑐𝑐 , 𝜀𝜀 ∑ ‖𝑦𝑦(𝑘𝑘 + 𝑠𝑠|𝑘𝑘) − 𝑄𝑄𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑(𝑘𝑘 + 𝑠𝑠|𝑘𝑘)‖2 + ‖𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 −𝑁𝑁

𝑖𝑖=1

1|𝑘𝑘) − 𝑅𝑅𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 2|𝑘𝑘)‖2 + ‖𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘)‖2 +
𝑈𝑈𝑅𝑅(𝑘𝑘 + 𝑠𝑠|𝑘𝑘) + 𝑈𝑈𝑂𝑂(𝑘𝑘 + 𝑠𝑠|𝑘𝑘) + ‖𝜀𝜀𝑘𝑘‖2           (18) 

s.t.    𝑥𝑥(𝑘𝑘 + 𝑠𝑠|𝑘𝑘) = 𝐴𝐴𝑥𝑥(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘) + 𝐵𝐵𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘) (19) 

         𝑦𝑦(𝑘𝑘 + 𝑠𝑠|𝑘𝑘) = 𝐶𝐶𝑥𝑥(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘) + 𝐷𝐷𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘) (20) 
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        𝑣𝑣𝑥𝑥𝑚𝑚𝑖𝑖𝑚𝑚 < 𝑣𝑣𝑥𝑥 < 𝑣𝑣𝑥𝑥𝑚𝑚𝑚𝑚𝑥𝑥                         (21) 

        �
𝐹𝐹𝑥𝑥𝑇𝑇

𝐹𝐹𝑥𝑥𝑇𝑇−𝑚𝑚𝑚𝑚𝑥𝑥
�
2

+ �
𝐹𝐹𝑦𝑦𝑓𝑓,𝑟𝑟

𝐹𝐹𝑦𝑦𝑓𝑓,𝑟𝑟−𝑚𝑚𝑚𝑚𝑥𝑥
�
2

< 1               (22) 

         𝜀𝜀𝑘𝑘 ≥ 0                               (23) 

         𝜀𝜀𝑘𝑘+1 = 𝜀𝜀𝑘𝑘      𝑁𝑁𝑟𝑟𝑑𝑑 + 1,         𝑐𝑐1 = 1,2, … ,𝑁𝑁/𝑁𝑁𝑟𝑟𝑑𝑑         (24) 

         𝑢𝑢𝑐𝑐−𝑚𝑚𝑖𝑖𝑚𝑚 < 𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘) < 𝑢𝑢𝑐𝑐−𝑚𝑚𝑚𝑚𝑥𝑥         (25) 

 ∆𝑢𝑢𝑐𝑐−𝑚𝑚𝑖𝑖𝑚𝑚 < 𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘) − 𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 2|𝑘𝑘) <
∆𝑢𝑢𝑐𝑐−𝑚𝑚𝑚𝑚𝑥𝑥           (26) 

        𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠|𝑘𝑘) = 𝑢𝑢𝑐𝑐(𝑘𝑘 + 𝑠𝑠 − 1|𝑘𝑘),      𝑘𝑘 > 𝑁𝑁𝑐𝑐 ,      𝑘𝑘 ≠
𝑐𝑐2𝑁𝑁𝑟𝑟𝑐𝑐 + 𝑁𝑁𝑐𝑐,              𝑐𝑐2 = 1,2, … , (𝑁𝑁 −𝑁𝑁𝑐𝑐)/𝑁𝑁𝑟𝑟𝑐𝑐                 (27) 

where (k+i|k) index indicate the values at future time k+i  and 
predicted at current time k. 𝜀𝜀𝑘𝑘 is the vector of slack variables at 
k time. The objective function consists of the quadric term of 
tracking, changes in inputs, inputs, potential field functions and 
slack variables. This variable allows some violation and makes 
a penalty term in the objective which can be used to penalize the 
violation. Q and R are the tuning matrices of the controller. The 
predicted states are obtained by (19). A, B are discrete state and 
input matrices that is resulted by discretizing (9). The tracking 
output is calculated by (20) and C, D are output and feedforward 
matrices. The speed constraint and constraint of octagon 
approximation are applied as soft constraints represented in (21), 
(22) equations, respectively. These constraints are considered 
due to some road regulations on the limit of minimum and 
maximum speed and the longitudinal and lateral forces of tire 
that cannot exceed the friction ellipse. By reducing the number 
of slack variable and control inputs in (24) and (27), the cost of 
computation can be reduced. The vector of slack variable 
changes in every Nrs prediction steps, and after the first Nc 
prediction steps, the inputs of control change in every Nrc steps. 
The inputs of control and their changes are constrained in (25) 
and (26) for satisfying the limitations of actuator, where uc-min 
and uc-max are the matrices of lower and upper bounds of 
control input, and ∆𝑢𝑢𝑐𝑐−𝑚𝑚𝑖𝑖𝑚𝑚  and ∆𝑢𝑢𝑐𝑐−𝑚𝑚𝑚𝑚𝑥𝑥  are the matrices of 
lower and upper bound of the control inputs changes. 

The given potential field is a non-convex and nonlinear 
function, for this reason, the optimization problem is non-
convex and nonlinear and its solution is expensive. Thus, to 
reduce the computational time, the problem is converted into a 
quadratic and convex problem. For this purpose, PFs are first 
approximated by convex functions. Then, the resulted convex 
function is approximated by a quadratic function through the 
second order Taylor series. The obtained function is close 
convex quadratic approximation of the original function around 
the nominal point. The obtained gradient is equal to the gradient 
of original function and also Hessian matrix of approximated 
function is the closest positive definite matrix to the Hessian 
matrix of original function in term of Frobenius norm. Although 
the quadric approximation of the PFs increases the calculation 
time, the added time is negligible compared to the time needed 
for solving a nonlinear optimization problem [11].  

Using these PFs, the problem of optimal control is a convex 
quadratic optimization problem. This problem is similar to a 
nonlinear problem solved by Sequential Quadratic 
Programming (SQP) in one sequence. An upper bound for the 
optimization error of each sequence of SQP is derived by 
Bogges et al. [12], where this error is difference between the 
sequence result and local minimum of the nonlinear problem in 
the neighborhood of the initial value of problem. According to 
this upper bound, if the initial value of problem is closer to 
minimum, the error of optimization will be smaller and the 
predicted position of vehicle is equal to the position of vehicle 
at minimum point as well. Moreover, in the case of Hessian 
matrix the closer calculated ones of PFs to their values at the 
minimum will reduce the optimization error. So, a PF with a 
smaller convex quadratic approximation error and a smaller 
variation of Hessian matrix in the neighborhood of the 
problem’s initial value result in a smaller optimization error. 

III. SIMULATION AND RESULTS 

A. Scenarios 

Path planning and control designing are the most challenging 
tasks in autonomous vehicles. Path planning in dynamic or 
structured environments such as road includes global and local 
path planning in which a global path planning is used along with 
a local path planning. A global path planning is a slow and 
deliberative process which is used for long distance paths for 
reaching the target. While a local path planning is a faster 
process and is used for short distance paths and deals with tasks 
such as vehicle stability, obstacle avoidance, comfortable and 
safety. This planner is more reactive and runs in real time.  

Driving in structured road can be simplified into two basic 
maneuvers of vehicle, namely lane keeping and lane changing. 
The main aim of lane keeping is to follow vehicle and stay in its 
current position by continuously adjusting its orientation and 
distance to the lane center. Lane changing is the most common 
maneuver which vehicle changes its current lane to overtaking, 
obstacle avoidance and road departure. According to road, given 
lane and obstacles on the road, the maneuver might be different. 
These are the several samples of maneuvers that happen on the 
road. In below, to evaluate the performance of autonomous 
vehicle, several scenarios are presented: 

• Lane keeping on the straight and curved road 

• Keeping a desired distance from the vehicle in front of 
the ego vehicle  

• Lane changing with moving obstacle on the curved road 

B. Simulation 

In this section, the performance of the proposed MPC is 
evaluated on the autonomous vehicle according to road 
regulation, obstacle avoidance and maneuverability. The MPC 
formulation is solved by the fmincon solver Sequential 
Quadratic Programming (SQP) via the YALMIP toolbox in 
MATLAB/Simulink. The parameters of controller for a dry road 
are presented in Table 1. The speed of vehicle is 100 km/h and 
the controller time step is 80 ms. 
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Fig. 3. The path planning in straight road with keeping lane. 

TABLE I.  THE CONTROLLER PARAMETERS 

Parameter Value Unit Parameter Value Unit 
m 1625 kg 𝑭𝑭𝒙𝒙𝑻𝑻−𝒎𝒎𝒎𝒎𝒙𝒙 24800 N 
Iz 2865.6 kg.m2 𝑭𝑭𝒚𝒚𝒇𝒇−𝒎𝒎𝒎𝒎𝒙𝒙 10400 N 
lf 1.108 m 𝑭𝑭𝒚𝒚𝒓𝒓−𝒎𝒎𝒎𝒎𝒙𝒙 10600 N 
lr 1.502 m N 20 - 

𝑪𝑪𝜶𝜶𝒇𝒇 98389 Nm/rad Nc 5 - 

𝑪𝑪𝜶𝜶𝒓𝒓 198142 Nm/rad Nrc 5 - 

∆𝑿𝑿𝟎𝟎 1 m Nrs 10 - 

amax 9 m/s2 umin -[24800  0.2] - 
an 1 m/s2 umax [13000  0.2] - 
T0 0.25 s ∆𝒖𝒖𝒎𝒎𝒎𝒎𝒎𝒎 -[1600   0.02] - 

𝝁𝝁 0.9 - ∆𝒖𝒖𝒎𝒎𝒎𝒎𝒙𝒙 [1600   0.02] - 
Lw 3.5 m    

 

First scenario that is shown in Figure 3 is related to a path 
planned in a normal highway. The road geometry is 
approximated using a 4th order polynomial based on offline lane 
marking and mapped waypoints. It is one-way road with two 
lanes. The ego vehicle is exhibited by dashed rectangle and is 
moving on the lane 1, the surrounding or obstacle vehicle is 
shown as empty rectangle and is moving on the other lane. Each 
of rectangles is used to demonstrate the position of ego and 
surrounding vehicles or obstacles. The crux of this scenario is 
lane keeping on the straight road.  

 

 

 

 

 

 

 

Fig. 4. The path planning in curved road with keeping lane. 

 

 

 

 

 

 

Fig. 5. Path planning in straight road with changing abruptly lane of obstacle. 

 

The future trajectories of the ego and obstacle vehicle are 
represented as a sequence of rectangles. The desired speed of the 
ego vehicle is higher than obstacle vehicle in the other lane. 
When the road is also curved, which is demonstrated in Figure 
4, the ego vehicle tries to keep its lane. In these two scenarios, 
the obstacle vehicle is moving on the side of ego vehicle and the 
potential field of obstacles keeps the ego vehicle away from the 
other lane.  

In the second scenario, the ego vehicle starts on the lane 1 
and it is commanded that it should keep its lane. In lane 2, there 
is a moving obstacle vehicle with the same longitudinal position 
and speed as the ego vehicle. It carelessly changes its lane from 
the center of lane 2 towards lane 1 with a constant lateral velocity 
in the specific time interval. The main goal of this scenario is to 
keep an enough distance from the vehicle in front of the ego 
vehicle until avoiding possible collisions. The result of 
simulation is shown in Figure 5. Due to the obstacle potential 
field, the ego vehicle reduces its speed to make enough space to 
obstacle and moves to right in order to keep its lateral distance 
from obstacle and avoid collision. The road potential field 
guides the vehicle towards the center of lane and keeps the 
vehicle in the intended lane. The moving obstacle is on the 
middle lane marker and the vehicle has made a longitudinal 
distance around 8 meters to have a safe distance with the 
obstacle. Due to the potential field of right road and after making 
an enough longitudinal distance to the obstacle, the vehicle goes 
back towards the center of lane. 
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Fig. 6. Changing lane the vehicle in curved road. 

 

 

 

 

 

 

 

Fig. 7. Longitudinal force command for above scenario. 

In the third scenario, while there are moving obstacles on the 
lane 2, the vehicle is changing its lane. The result of simulation 
is represented in the Figure 6. Since there is a moving obstacle 
on the side of vehicle, the ego vehicle cannot immediately 
proceed to change its lane; and the given obstacle potential field 
keeps the ego away from lane 2. The ego vehicle reduces its 
speed then approaches to the middle lane and waits to pass the 
obstacle from its side. When there is enough distance between 
the obstacles in its front and behind, the vehicle moves to the 
lane 2 by adjusting its speed while it keeps its distance between 
the obstacles. The changes of speed and lateral movements of 
the vehicle are based on the intended potential field functions 
which keep the vehicle away from the obstacles and road. Also, 
the longitudinal force command can be seen in Figure 7.  

 

IV. CONCLUSION 

In this paper, we propose a path planning based on model 
predictive controller for autonomous vehicles in the dynamic 
environments. To avoid collision and ensure the safety of the 
vehicle, we propose two different potential field functions for 
the road and the obstacles or surrounding vehicles. The model 
predictive controller framework is selected to formulate the 
problem of path planning as a quadratic objective function. This 
function has obtained by the easy integration of the vehicle 
dynamics and constraints of system into the MPC optimization 
that is used to determine lane keeping and lane changing 
maneuvers. To evaluate different scenarios, the several 
simulations are conducted. The results illustrate that the 

proposed path planning algorithm is effective to generate safe 
and comfortable path for autonomous vehicles. 
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Abstract— Unstable processes are frequently encountered in 
industrial applications. Proportional-Integral-Derivative (PID) 
controllers are the most widespread used controllers for 
controlling unstable processes. However, it has been shown that 
PID controllers perform unsatisfactorily for controlling unstable 
processes. Therefore, this study reports on the use of I-PD 
controllers for improving closed loop performances of unstable 
processes. Optimal and analytical tuning rules have been derived 
to calculate tuning parameters of the I-PD controller. Simulation 
results, giving comparisons of some existing PID and I-PD design 
methods to control open loop unstable processes, have been 
supplied to illustrate superior closed loop performance of the 
proposed optimal and analytical I-PD design approach. 

Keywords— PID; I-PD; Unstable process, Time delay, 
Integral performance indices 

I. INTRODUCTION

Despite significant development in control engineering 
technology, Proportional-Integral-Derivative (PID) controllers 
still continue to be used extensively in industrial applications. 
The reason behind the success of PID controllers is to have a 
simple structure and to perform satisfactorily and robustly in 
many control applications. Therefore, researchers are still 
working on PID controller design. An excellent collection on 
the PID controller design methods can be found in [1], [2]. 

Different design approaches can be found in the literature 
for tuning PID controllers, e.g. phase and gain margin based 
design methods [3], [4], internal model based design methods 
[5], [6], direct synthesis method [7], [8] and pole placement 
based design methods [9], [10].  Another most accepted PID 
design approach is the optimization technique [11], [12]. 
While using optimization technique, direct optimization is one 
the approach. However this has little use, since the design has 
to be performed each time as the plant transfer function 
changes. Another approach is to assume a plant transfer 
function model and perform the optimization on this model to 
obtain analytical tuning rules. Zhuang and Atherton [13] 
obtained tuning rules for a PID controller by minimizing time 
moment weighted integral performance criterion, assuming a 
stable first order plus dead time plant transfer function. Visioli 
[14] carried out similar calculations based on integral
performance indexes in order to achieve optimal PID controller

parameters for processes with an integrator and an unstable 
plant transfer function. Kaya  [15] obtained optimum PI and 
PID controller settings for a stable first order dead time delay 
and second order plus dead time delay, where the controllers 
are used in the Smith predictor structure. Ali and Majhi [16] 
gave tuning formulas for PI/PID controllers for pure integrating 
plus dead time, integrating plus first order plus dead time and 
double integrating plus dead time processes. Recently, Kaya 
and Cengiz [17], [18] presented optimum analytical PI/PID 
tuning rules for controlling stable and  integrating processes 
with time delay plus inverse response. 

All of the above studies using optimization technique give 
analytical tuning rules for conventional PI/PID controllers 
based on integral performance criteria. However, due to 
structural limitations of PID controllers, unsatisfactory closed 
loop performances for open loop unstable processes, 
integrating processes and processes having poorly located 
complex poles are obtained [19]. Therefore, in order to 
improve closed loop performance of the above cited processes, 
alternate controller structures have been proposed. For 
example, Park et al. [20] suggested a PID-P controller to 
achieve better performances for unstable processes. PI-PD 
controllers have been shown to be resulting in quite 
satisfactory closed loop performances for unstable processes 
[21], [22], integrating processes [22], [23] and processes 
having poorly located complex poles [24] in different control 
structures. The trouble with PI-PD controllers is that they have 
difficulty in design because they have four parameters to be 
adjusted.  

Recently, I-PD controller has been attracting the interest of 
researchers for gaining good closed loop responses [25]. I-PD 
controller has a similar structure to a PI-PD controller, and 
performs comparable to a PI-PD controller though it has one 
less tuning parameter.  Therefore, this paper reports on 
providing optimal and analytical tuning rules to design an I-
PD controller for controlling unstable processes with time 
delay, by minimizing the error signal using time moment 
weighted integral performance criteria. An unstable first order 
plus dead time model is assumed to model open loop unstable 
processes. Simple and analytical expressions, which yield 
optimum I-PD tuning parameters in the sense of ISTE and 
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IST2E (time moment weighted criteria of the integral of 
squared error) have been derived. Simulation results have been 
provided in order to illustrate the use of the proposed I-PD 
controller design approach. 

 
The rest of paper is organized as follows: In section 2, a 

brief review of integral performance criteria is given as it has 
been used to obtain optimal I-PD tuning rules. Optimal tuning 
rules for an I-PD controller to tune unstable processes plus 
dead time are given in Section 3. Simulation examples are 
provided in Section 4, followed by conclusions given in 
section 5. 

II. INTEGRAL PERFORMANCE CRITERIA 

This study uses time moment weighted integral 
performance criteria to obtain optimum analytical tuning rules 
for controlling open loop unstable processes. Time domain 
Integral of Squared Error (ISE) criterion is given by 

                                      2
0

0

( ) .J e t dt
f

 ³                                   (1) 

The s-domain evaluation of ISE criterion can be performed 
by the following: 

                            0
0

1 ( ) ( )
2

J E s E s ds
jS

f

 �³                            (2) 

In (2), ( )E s  is the error signal which is assumed to be 
given by ( ) ( ) / ( )E s A s B s . Numerator ( )A s  and 
denominator ( )B s  of the error function ( )E s  are polynomials 
with real coefficients given by 
    
 1

0 1 1(s) ...m m
m mA a s a s a s a�
� � � � �  

     
 1

1 1B(s) ...m
m mb s b s b�
� � � �  

Integral given in (2), can effectively be calculated by 
Aström’s recursive algorithm [26]. Aström’s recursive 
algorithm can also be used to evaluate time moment weighted 
version of the ISE criterion given by 

                                  2

0

[ ( )]n
nJ t e t dt

f

 ³                                  (3) 

since { ( )} ( ) /L tf t dF s ds � . Here, L  denotes the Laplace 
transform and { ( )} ( )L f t F s . Depending on the value of n  
in (3), the integral is called ISE criterion for 0n  , ISTE 
criterion for 1n  and IST2E criterion for 2n  . The closed 
loop system’s response to a step input change, ( )r t , and a 
disturbance, ( )d t , becomes better as n  increases. For ISE 
criterion, that is 0n  , closed loop system exhibits oscillatory 
responses with large overshoots. Thus, I-PD tuning rules will 
be provided only for ISTE and IST2E criteria. 

III. OPTIMUM I-PD CONTROLLER DESIGN 

The I-PD controller structure is illustrated in Fig. 1. In the 
figure, ( )G s  is the transfer function of the open loop unstable 
process.  1( )cG s  and 2 ( )cG s  are I and PD controller transfer 
functions, respectively. 

Unstable process is assumed to be modeled by unstable first 
order plus dead time transfer function (UFOPDT):  

                                   ( ) .
( 1)

sKeG s
Ts

T�

 
�

                                    (4) 

 

 
 

 

 

 

 

 

Fig. 1. I-PD Control Structure. 

 

Controllers 1( )cG s  and 2 ( )cG s  are assumed to have the 
following ideal transfer functions, respectively. 

                                      1(s)
c

c
i

K
G

T s
                                       (5) 

                                2( ) (1 )c c dG s K T s �                              (6) 
 

The error function of the control system given in Fig. 1 is 
given by 

                      
1 2

( )( )
1 ( )[ ( ) ( )]c c

R sE s
G s G s G s

 
� �

                     (7) 

 
Using sT T  normalization in (4), (5) and (6), and 

substituting obtained results for ( )G s , 1( )cG s  and 2 ( )cG s  into 
(7) repeated optimizations were carried out for different values 
of normalized dead time /n TT T . It must be noted that a 
unity step input was assumed in (7) for performing 
optimization. Relations between the normalized dead time, 

/n TT T , and cKK , /iT T  and /dT T  for ISTE and IST2E 
criteria are demonstrated in Fig. 2, Fig. 3 and Fig. 4. In the 
figures, asterisks correspond to values obtained from the 
optimizations and solid lines correspond to values achieved 
from curve fitting formulae for  cKK  and /iT T  and /dT T . It 
is clear from the figures that quite satisfactory fittings have 
been obtained. For the ISTE criterion, following tuning rules 
were found: 

Gc2(s) 

- 

c(t) + r(t) 
d 

Gc1(s) G(s) + 
- 

+ 
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2

2 3

212.4 71.55( ) 24.76( )

0.0009459 148.8( ) 34.42( ) ( )
c

T TKK

T T T

T T

T T T

� �
 
 ½� � �® ¾
¯ ¿

          (8)    

2 3 4

2 3 4

12.94 685.8( ) 837.1( ) 312.3( ) 75.49( )

262.8 440.3( ) 721.7( ) 220.1( ) ( )

iT
T

T T T T

T T T T

T T T T

T T T T

 

� � � � �

� � � �

          (9) 

2

3

0.0002104 0.4259( ) 0.05089( )

0.01274( )

dT
T T T

T

T T

T

 � � �

�
         (10) 

 
For the IST2E criterion, performing the same procedure, 

following tuning rules were obtained: 

   
2

2 3

16860 7052( ) 8378( )

96.07 11390( ) 11800( ) ( )
c

T TKK

T T T

T T

T T T

� �
 
 ½� � �® ¾
¯ ¿

            (11) 

2 3 4

2 3 4

92.28 2308( ) 1440( ) 2761( ) 609.7( )

569.6 1492( ) 2219( ) 678.6( ) ( )

iT
T

T T T T

T T T T

T T T T

T T T T

 

� � � � �

� � � �

            (12) 

 
2 3

4

0.0005576 0.3743( ) 0.07467( ) 0.03146( )

0.01017( )

dT
T T T T

T

T T T

T

 � � �

�
   (13) 

Consequently, if the UFOPDT process transfer function 
model given by (4) is identified, then optimum I-PD controller 
tuning parameters for the ISTE and IST2E criteria can, 
respectively, be calculated from (8)-(10) and (11)-(13). 

  

 

Fig. 2. cKK values for range of 0.1 1.5nTd d  

 

Fig. 3. /iT T  values for range of 0.1 1.5nTd d  

 

Fig.  4. /dT T  values for range of 0.1 1.5nTd d  

IV. SIMULATION EXAMPLES 

Is section provides simulation examples to demonstrate the 
use of the proposed I-PD controller design method. In all 
examples, comparisons are performed with the design 
methods Visioli [14] and Park et al. [20]. Visioli [14] supplies 
optimum tuning rules for PID controllers to control integrating 
and unstable processes. He gives optimum tuning rules based 
on ISE, ITSE and ISTE criteria. Here, their tuning rules based 
on ISTE will be used for comparison for a fair result. Park et 
al. [20] recommends a PID-P controller for the control of 
unstable processes. For higher order unstable process transfer 
functions, relay feedback identification method given in [27] 
has been used to find unstable first order plus dead time 
(UFOPDT) plant transfer function, which is required for the 
proposed I-PD controller design and for the PID design 
method of Visioli [14]. PID-P design method of Park et al. 
[20] needs the UFOPDT model as well. For their design, the 
UFOPDT model provided by them has been used. 
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4.1 Example 1: A plant transfer function of 
2( ) 4 / (4 1)sG s e s� � , which matches the UFOPDT model 

exactly, is considered. This process transfer function was 
studied by Park et al. [20]. The UFOPDT model was identified 
exactly using relay feedback identification method of Kaya and 
Atherton [27]. Equations (8)-(10) and (11)-(13) for the ISTE 
and IST2E criteria, respectively, were used to calculate 
optimum I-PD controller tuning parameters. For the ISTE 
criterion, I-PD controller settings were found to be 

0.693pK  , 6.961iT   and 0.895dT  . For the IST2E 
criterion, I-PD controller settings were evaluated as 

0.650pK  , 8.182iT   and 0.812dT  . Design method of 
Visioli [14] has PID tuning parameters of 0.652pK  , 

8.261iT   and 0.967dT  . PID-P design method of Park et al. 
[20] has tuning parameters of 0.068pK  , 1.885iT  , 

4.296dT  , 0.350fK  . Fig. 5 shows closed loop responses 
to a unit step input change and a disturbance with magnitude of 
-0.1 injected into the system at 50t   s for all design methods. 
It is seen from the figure that the proposed I-PD controllers 
results in a much superior set point tracking than PID design 
method of Visioli [14] and PID-P design method of Park et al. 
[20]. IST2E based I-PD controller gives slightly smoother 
responses than ISTE based I-PD controller. Comparing 
disturbance rejection capabilities, PID design method of Visioli 
[14] yields a similar performance with the proposed I-PD 
controller. On the other hand, PID-P design method of Park et 
al. [20] gives large overshoots to reject the disturbance. 
Control signals for all design methods are depicted in Fig. 6. 
Note that PID design method of Visioli [14] results in large 
initial control efforts. 
 
4.2 Example 2: Let us consider 1.2( ) / (1.5s 1)sG s e� �  in this 
example. Since this process transfer function matches exactly 
with the UFOPDT model, relay feedback identification method 
of Kaya  and Atherton [27], again, produces exact UFOPDT 
model parameters. Equations (8)-(10) and (11)-(13) were used 
to calculate I-PD controller tuning parameters as 1.754pK  , 

6.764iT  , 0.551dT   and  1.662pK  , 8.340iT   and 
0.504dT   for ISTE and IST2E criteria, respectively. PID 

design method of Visioli [14] has tuning parameters of 
1.669pK  , 5.269iT   and 0.609dT  . PID-P design method 

of Park et al. [20] has tuning parameters of 0.0672pK  , 
1.402iT  , 4.800dT  , 1.118fK  . Closed loop responses to 

a unit step input and a disturbance with magnitude of -0.1 
entering the system at 70t   s are demonstrated in Fig. 7 for 
all design methods. PID design method of Visioli [14] gives 
almost an unacceptable large overshoot to a step input. PID-P 
design method of Park et al. [20] gives an oscillatory response 
with large overshoots to both the step input and disturbance. 
On the other hand, proposed I-PD controller results in a much 
superior response for both set point tracking and disturbance 
rejection. Control signals for all design methods are depicted in 

Fig. 8. Smallest control efforts are achieved with proposed I-
PD controllers. Again, note the large initial control magnitudes 
of design method of Visioli [14]. 
 

 
Fig. 5. Step input and disturbance responses for example 1 

 
Fig. 6. Control signals for example 1 
 
 

 
Fig. 7. Step input and disturbance responses for example 2 
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Fig. 8. Control signals for example 2 
 
4.3 Example 3: A plant transfer function having one stable 
pole and one unstable pole studied by Park et al. [20], 

0.5( ) / (0.5 1)(2s 1)sG s e s� � � , is considered in this example. 
Park et al. [20] identified the UFOPDT model as 

1.067( ) / (2.347 1)sG s e s� �  and proposed PID-P controller 
settings of  0.561pK  , 1.165iT  , 1.478dT  , 

1.687fK  For the proposed  design method, relay feedback 
identification method of Kaya and Atherton [27] were used to 
determine UFOPDT model to be 0.918( ) / (2.696 1)sG s e s� � . 
Equations (8)-(10) and (11)-(13) were used to calculate I-PD 
controller tuning parameters for the ISTE and IST2E criteria as 

4.081pK  , 2.631iT  , 0.406dT   and 3.781pK  , 
3.065iT  , 0.367dT  , respectively. For the design method 

of Visioli [14], UFOPDT model found from relay feedback 
identification method of Kaya and Atherton [27] were used. 
Hence, PID tuning parameters for the design method of Visioli 
[14] have been calculated to be 3.752pK  , 3.613iT   and 

0.426dT  . Closed loop responses to a unit step input and a 
disturbance with magnitude of -0.5 entering the system at 
25t   s are demonstrated in Fig. 7 for all design methods. 

Control signals for all design methods are depicted in Fig. 8. 
Comments made for examples 1 and 2 are valid for this 
example as well. 

V. CONCLUSIONS 
The paper provided optimum and analytical tuning formulas 
for I-PD controllers to control unstable processes with dead 
time. Time weighted integral performance criteria, namely 
ISTE and IST2E, were used to achieve I-PD tuning rules. 
Several simulation examples have been provided to show the 
value of the proposed I-PD design method. Simulations have 
shown that obtained tuning rules result in quite satisfactory 
closed loop responses when compared to an existing optimum 
PID design method and a PID-P design method, which are 
also suggested for controlling unstable processes with time 
delay. 

 

 
Fig. 9. Step input and disturbance responses for example 3 
 
 

 
Fig. 10. Control signals for example 3 
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Abstract—This paper presents two backstepping control design
for Unmanned Aerial Vehicle (UAV) attitude tracking subject
to uncertainties and external disturbances. We first propose an
extension to attitude tracking control design using quaternion
based backstepping procedure from attitude stabilization. Next,
we develop an original integral backstepping control law for
UAV attitude tracking. The proposed control includes an integral
term that improves tracking performances and provides better
disturbance rejection. The obtained control law contains a
proportional, a derivative and an integral terms so that it is a
PID like nonlinear controller. Both quaternion based controllers
allow passing through singularities usually caused by Euler angles
representation. Global asymptotic stability of the closed loop
system is proved for both controllers via systematic constructive
Lyapunov functions. Simulations results with Matlab-Simulink
for stabilization, tracking, robustness tests and singularities
avoidance are given for each controller. Finally, experimental
results are validated in real-time on the Quanser 3 degree of
freedom (DOF) Hover test bench and show the efficiency of
the integral backstepping controller and the quaternion superior
performances.

Index Terms—UAV, quaternions, integral backstepping con-
troller design, attitude tracking, disturbance, experimental vali-
dation.

I. INTRODUCTION

Unmanned Aerial Vehicle (UAV) is a vehicle remotely
controlled for a manual or an autonomous flight. Drones were
firstly used in military field. Then, they were integrated in civil
domain to make our life easier and help us in several fields
such as fertility of agricultural fields, forest fires detection,
photography, etc.
Quickly, they became a topical research subject interesting
a large community. Many works in advanced elaboration
controller laws or other areas of research to improve their
behavior and to extract the maximum performances from their
use have been presented.
Generally, Euler angles based models with physical signifi-
cance are used in the study of UAV’s [1]. However, these
models present geometric singularities when passing through
±⇡

2 or ±⇡. To solve this problem, quaternion complex repre-
sentation based models are considered. Particularly, quaternion
attitude representation does not suffer from singularities and
leads to a simple form for control design [2].
From control point of view, many design were provided like
LQR and PID for linear control [3] and sliding mode [4],
backstepping [5] for nonlinear control. The latter provides

a systematic method for control design. It combines the
notion of Lyapunov control function with a recursive design
procedure. This overcomes the dimension barrier and leverages
design flexibility to solve control problems for higher order
systems, in low triangular form.
In [1], the authors give a backstepping controller for attitude
stabilization of a quadrotor using Euler angles under some
assumptions on angle variations to avoid singularities. The au-
thors in [6] relax these assumptions and propose a quaternion
based PD2 controller for attitude stabilization. Different other
controllers design based upon quaternion model that show
good results were presented. First, [7] presents a backstepping-
based controller with input saturation, applicable for the hover
flight of an unmanned aerial vehicle (UAV). A dynamic model
for a generic UAV is introduced that is valid for quasi-
stationary conditions, with quaternion formulation of the kine-
matic equations. Based on this model, a backstepping design
formulation is deduced for UAV hover control, and its global
asymptotic stability is demonstrated. Then, in [8], a nonlinear
adaptive controller for the quadrotor helicopter is proposed
using backstepping technique mixed with neural networks.
The backstepping strategy is used to achieve good tracking of
desired translation positions and yaw angle while maintaining
the stability of pitch and roll angles simultaneously. Online
adaptation of neural networks and some parameters is used to
compensate some unmodeled dynamics.
Finally, [9] provides a controller that combines the attractive
features of H1 optimal controller and the advantages of the
backstepping technique leading to a control law which avoids
winding phenomena.
In this work, we propose to improve the PD2 controller given
in [6] by adding an integral term to deal with disturbances
leading to a better disturbance rejection and accurate tracking.
We first extend the attitude stabilization results to the tracking
and then we design a new PID like robust controller with
constructive Lyapunov function. The global asymptotic sta-
bility is by the same way demonstrated. Good performances
in term of stabilization, tracking and robustness are obtained,
shown first in simulation and then confirmed by experimental
validation on the Quanser 3-DOF Hover test bench, a platform
dedicated to real-time control law implementation used by
many laboratories.
This paper is organized as follow: in section two, we model
the UAV with quaternions by considering only the attitude
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subsystem. In the third section, we synthesize two back-
stepping controllers: classical backstepping (CB) and Integral
Backstepping (IB) and we give the stability proof of the
associated closed loop systems. In section four, we present the
simulation results and process to the experimental validation
on the Quanser 3-DOF test bench for both controllers. We
finish our work by conclusions in the last section.

II. SYSTEM MODELING

Basically, UAV needs to make a rotational movement along
each axis (X, Y and Z) respectively called roll with an angle
of �, pitch ✓ and Yaw  before moving in space fig 1.
The quadrotor orientation is described by the rotational matrix

Fig. 1. Quadrotor coordinates system

R given by [2]:

R =

2

4
c c✓ s�s✓c � s c� c�s✓c + s s�

s c✓ s�s✓s + c c✓ c�s✓s � s�c 

�s✓ s�c✓ c�c✓

3

5 (1)

Where c := cos, and s := sin.
However, achieved researches based on Euler angles like
[1] and [10] suffer from gimbal lock problematic which in
this case results in a singular configuration for roll and pitch
angles of ±⇡

2 and a yaw angle of ±⇡.
This problem can be overcome by using a quaternion model
which is based upon the fact that any rotation of a rigid body
can be described by a single rotation about a fixed axis [11].

Quaternion is an hyper-complex number of dimension 4.
It is composed of a scalar and an imaginary unit vector
represented by :

q = q0 + q

vec

= q0 + q1i+ q2j + q3k

and satisfies the property :

|| q ||= q

2
0 + q

2
1 + q

2
2 + q

2
3 = 1 (2)

The quaternions describing the deviation R are given by [11]:

q

vec

= k̄sin(
↵

2
) ; q0 = cos(

↵

2
) (3)

and are subject to the constraint :

q

T

vec

q

vec

+ q

2
0 = 1 (4)

↵ is the equivalent rotation angle around the unit vector k̄.
Moreover, the Euler angles are supposed between ±⇡, hence

| q0 | 1 (5)

The deviation matrix R(q) is then defined by [2] :

R(q) = (q20 � q

T

vec

q

vec

)I3⇥3 + 2(q
vec

q

T

vec

� q0[S(qvec)]) (6)

where :
I3⇥3=diag(1,1,1) is the identity matrix.
S(q

vec

) is a skew-symmetric matrix given by :

S(q
vec

) =

2

4
0 �q3 q2

q3 0 �q1

�q2 q1 0

3

5

The attitude control objective is attained when R=I3⇥3 [2],
that is from (3) and (4) :

q

vec

= 0 and q0= 1

The quaternion differential equation is then defined by :
8
><

>:

q̇0 = �1
2
q

T

vec

⌦

q̇

vec

=
1
2
(q0I3⇥3 + S(q

vec

))⌦
(7)

where ⌦ is the angular velocity ⌦ =
⇥
�̇, ✓̇,  ̇

⇤
T

The rotational motion equation obtained from Euler Newton
formalism is given by :

J⌦̇ = �⌦ ^ J⌦+ u+ d (8)

where ^ denotes the vector cross-product, J is the system
inertia matrix supposed diagonal because of platform symme-
try assumption; J = diag(J

xx

, J
yy

, J
zz

). u = (u
�

, u
✓

, u
 

) is
the attitude control input that represents the torques generated
by the motors. d is the disturbance term, supposed subject to
slow variation and differentiable.

III. BACKSTEPPING CONTROLLER DESIGN

A. Classical Backstepping Synthesis for Attitude Tracking

Backstepping is a systematic and recursive method of non-
linear control laws synthesis for low triangular form systems
that uses Lyapunov stability principle.
At each stage of process, a virtual command is generated to
ensure system convergence to its equilibrium state. This can be
achieved from Lyapunov functions which ensure step by step
stabilization of each synthesis step. The process terminates
when the final external control is reached.
Firstly, let us consider the non perturbed system (d=0) where
we define the quaternion error in multiplicative form [12] as:

q

e

= (q
e0, qevec)

q

e

= q

⇤ ^ q

vec

(9)

With : q

⇤ = (q0,�q

vec

) the conjugate unit of quaternion.
(9) can be detailed as :

q

e

=


q0dq0 + q

T

vecd

q

vec

q0dqvec � q0qvecd � S(q
vecd

)q
vec

�
(10)

q0d and q

vecd

are the desired quaternions.

Next, we proceed to the controller synthesis :
Step 1 :
We consider the following Lyapunov function :

V1 =
1
2
(qT

evec

q

evec

+ (q
e0 � 1)2) (11)

0  q

e0  1, hence V1 > 0
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According to (4), the Lyapunov function (11) becomes :

V1 = (1� q

e0) > 0 yielding to V̇1 = �q̇

e0 = 1
2q

T

evec

⌦ (12)

We define the velocity error as :

⌦̃ = ⌦� ⌦̄ (13)

Where ⌦̄ is a virtual input. Then (12) becomes :

V̇1 =
1
2
q

T

evec

(⌦̃+ ⌦̄) (14)

In order to have V̇1 derivative < 0, we can take the virtual input as:

⌦̄ = �K1qevec (15)

K1 is a symmetric positive definite (3⇥3) gain matrix.
V̇1 becomes :

V̇1 = �1
2
q

T

evec

K1qevec +
1
2
q

T

evec

⌦̃ (16)

The first term is negative while the sign of the second is not
defined. In order to force this term to be negative and to introduce
the real input, we modify the Lyapunov function in the second step
of the backstepping procedure.

Step 2
The augmented Lyapunov function is defined as :

V2 = V1 +
1
2
⌦̃T

J⌦̃ (17)

Its derivative corresponds to :

V̇2 = V̇1 + ⌦̃T

J

˙̃⌦

V̇2 = �1
2
q

T

evec

K1qevec +
1
2
q

T

evec

⌦̃+ ⌦̃T (J⌦̇� J

˙̄⌦)

V̇2 = �1
2
q

T

evec

K1qevec + ⌦̃T (�⌦ ^ J⌦+ u� J

˙̄⌦+
1
2
q

evec

)

(18)
To ensure system asymptotic stability, we can choose the control

law as follow :

u = ⌦ ^ J⌦+ J

˙̄⌦� 1
2
q

evec

�K2⌦̃ (19)

K2 is also a symmetric positive definite (3⇥3) gain matrix.
Using (19), we obtain :

V̇2 = �1
2
q

T

evec

K1qevec � ⌦̃T

K2⌦̃ (20)

We conclude that :

lim
t!1

⌦̃(t) = lim
t!1

q

evec

(t) = 0 (21)

this implies from (15) and (13) that :

lim
t!1

⌦(t) = lim
t!1

⌦̄ = 0 (22)

Then, from (4) we deduce that :

lim
t!1

q

e0(t) = ±1 (23)

Hence, the equilibrium point is globally asymptotically stable.

B. Integral Backstepping Synthesis for Attitude Tracking

To obtain better performances for the system subject to external
disturbances supposed bounded with slow variation, we synthesize in
the sequel, a robust backstepping control law.
Let us define the same Lyapunov function like in (11) as follow:

V3 =
1
2
q

T

evec

q

evec

+
1
2
(q

e0 � 1)2 (24)

From (4), V3 > 0 and V̇3 = 1
2q

T

evec

⌦ (25)
The angular velocity error is defined as before :

⌦̃ = ⌦� ⌦̄ (26)

The Lyapunov derivative becomes :

V̇3 =
1
2
q

T

evec

(⌦̃+ ⌦̄) (27)

and the virtual input is taken as :

⌦̄ = �K3qevec (28)

So (27) becomes :

V̇3 = �1
2
q

T

evec

K3qevec +
1
2
q

T

evec

⌦̃ (29)

To deal with the second term, we propose in step 2 the following
Lyapunov function with disturbance error d̃ term.
Step 2

V4 = V3 +
1
2
⌦̃T

J⌦̃+
1
2
d̃

T

d̃ (30)

where d̃ = d � d̄ is the difference between the disturbance and a
virtual input d̄.
The derivative of (30) yields to :

V̇4 = V̇3 + ⌦̃T

J

˙̃⌦+ d̃

T

˙̃
d (31)

From (8) and (26), we have :

J

˙̃⌦ = J⌦̇� J

˙̄⌦ = �⌦ ^ J⌦+ u+ d� J

˙̄⌦ (32)

By replacing (30) and (32) in (31) and since q

T

evec

⌦̃ = ⌦̃T

q

evec

,
we get:

V̇4 =� 1
2
q

T

evec

K3qevec + ⌦̃T [�⌦ ^ J⌦+ u+
1
2
q

evec

+ d̄� J

˙̄⌦] + d̃

T [⌦̃+ ˙̃
d]

(33)

Under the assumption that d is differentiable and slowly varying :
ḋ ! 0 and

˙̃
d = � ˙̄

d. Then, (33) becomes :

V̇4 =� 1
2
q

T

evec

K3qevec + ⌦̃T [�⌦ ^ J⌦+ u+
1
2
q

evec

+ d̄� J

˙̄⌦] + d̃

T [⌦̃� ˙̄
d]

(34)

To cancel angular velocity error, we take :

˙̄
d = ⌦̃ =) d̄ =

Z
⌦̃ (35)

Finally, our control law is given by:

u = ⌦ ^ J⌦� 1
2
q

vec

�
Z

⌦̃+ J(�K3q̇vec)�K4⌦̃ (36)

K3 and K4 are symmetric positive definite (3⇥3) gain matrices.
By replacing (36) in (34), V̇4 becomes :

V̇4 = �1
2
q

T

evec

K3qevec � ⌦̃T

K4⌦̃ (37)

We conclude that :

lim
t!1

⌦(t) = 0, lim
t!1

q

evec(t) = 0 and lim
t!1

q

e0(t) = ±1 (38)

Hence, the equilibrium point is globally asymptotically stable.
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IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

Once modeling is done and controller is synthesized, it remains to
simulate system behavior in closed loop.
Figure 2 represents the control scheme of the quaternion based model
of the quadrotor attitude subsystem simulated with Matlab-Simulink.
The block references represents the setpoint for X

d

= (�
d

, ✓

d

and  
d

).
Then, we determine the quaternion error obtained by 9 using quater-
nions equivalent to the reference and its measured realized in the
Transformation block. This will allow us to synthesize our two
controllers CB and IB that will be injected into the system and finally
visualize the obtained responses.

Fig. 2. Attitude control scheme for CB and IB controllers

We apply the first control law (19) derived from classical backstep-
ping (CB), then the second control law (36) computed with integral
backstepping (IB).
In order to prepare the experimental validation, we used for both
simulations, the numerical values of the Quanser 3-DOF Hover
platform given in table I.

TABLE I
QUANSER 3-DOF HOVER PARAMETERS TABLE

Name Parameter Value Unit
total mass of vehicle m 2.85 kg

segment length l 0.1969 m
gravity g 9.81 m.s�2

inertia in the X axis I
xx

0.0552 kg.m2

inertia in the Y axis I
yy

0.0052 kg.m2

inertia in the Z axis I
zz

0.1104 kg.m2

Engine Inertia J
r

1.91⇥ 10�6 kg.m2

Constant Motor 0.0036 ms
lift coefficient b 1.14⇥ 10�7 N.sec2

coefficient of drag dr 2.98⇥ 10�6 N.m.sec2

Simulation results and discussions are presented in the sequel.
Simulation results show the comparison between the two con-

trollers. CB responses with gains equal to K1=diag(19,17,15) and
K2=diag(30,30,30) are represented by the red lines while the IB
with K1=(18,12,12) and K2=(80,80,80) by the black ones. Reference
setpoints are given in radian but considered in degrees in discussions.
In fig 3, we give angles=(�, ✓,  )

desired

= (70,-20,30) degrees (�).
Both closed loop systems stabilize quickly nonetheless, the IB settling
time is better than the CB one.
Then, in fig 4 we give a set of � = ✓ = 90� and  = 180� to show
both tracking performances and singularity tests. Responses follow
very well their setpoints. We note that the IB tracking trajectories
are more accurate than those of the CB while both controllers allow
passing through Euler model singularities.
In fig 5, disturbances in step form are given at 10 sec, they are not
completely rejected with the CB controller, while the IB controller
rejects them and the responses almost coincide with references.

Fig. 3. Euler angles stabilization responses for CB and IB controllers

Fig. 4. Euler angles attitude tracking responses for CB and IB controllers

Fig. 5. Euler angles robustness test responses for CB and IB controllers

So, even though that both controllers give relatively good per-
formances, the proposed IB controller improves weakness of the
CB and gives better performances in disturbance rejection, tracking
trajectories and faster stabilization.

B. Experimental Validation

In this section, we would like to validate these controllers ex-
perimentally. For that, we use a Quanser 3-DOF Hover test bench.
This system consists of a frame with four propellers. The frame is
mounted on three degrees of freedom from pivot joint that allows
body to rotate around the axes of roll, pitch and yaw. Each propeller
generates a lift force used to control the pitch and roll angles. Total
torque generated by propeller motors causes the body to move around
yaw axis. The set of propellers in system are contra-rotating such that
the total torque in the system is balanced when the four propellers
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thrust are approximately equal. Axis angles are all measured using
high resolution encoders. Encoder and motor signals are transmitted
through a slip ring mechanism, which allows the yaw axis to rotate
continuously.
The schematic diagram of the experimental setup is simply shown in
fig 6. The roll, the pitch and the yaw angles are measured by encoders
and used with a given references to synthesize the backstepping
controller which is sent to data-acquisition board by a computer
equipped with a Matlab-Simulink-based platform that allows an easy
implementation of the control algorithm with real-time adjustments
of the control parameters. Then, this board transfer commands to the
power amplifier which determines the voltage needed to run motors
of the 3-DOF Hover system.

In the experiment, we tried to apply controllers on the quadrotor
to see stabilization and tracking responses of vehicle. We also add a
disturbance to see robustness and behavior of the bench.
As for the moment, we have no systematic method to obtain the
optimal gains, we used the trial and error one to get the best
performances.

Fig. 6. Real-time experimental setup diagram

Under neglected gyroscopic effects, bearing friction and atmo-
spheric disturbances on propellers, the equations of motions can be
derived according to the forces and torques acting on system from
motors [13]:

J

xx

�̈ = u

�

(39)
J

yy

✓̈ = u

✓

J

zz

 ̈ = u

 

Which can be simplified by the following equations :

�̈ =
bl

J

xx

(V
right

� V

left

) (40)

✓̈ =
bl

J

yy

(V
front

� V

back

)

 ̈ =
d

r

J

zz

(�V

front

� V

back

+ V

right

+ V

left

)

where b, d
r

and l are defined in table 1. V
right

, V
left

, V
front

and
V

back

are respectively the voltage of the four motors.
(40) refers to Quanser 3-DOF Hover test bench used for experimental
validation. The model is simplified so that all neglected effects are
regrouped in d in (8).

Classical Backstepping Controller Validation

The following responses are obtained for the optimal gains values:
K1=diag(9, 15, 12) and K2=diag(25, 25, 25).

Fig. 7. 3-DOF Hover angles responses for stabilization tests with CB
controller

Fig. 8. 3-DOF Hover angles responses for tracking tests with CB controller

Fig. 9. 3-DOF Hover angles responses for robustness tests with CB controller

We give in fig 7 initial angles = (17, 9, 18)�, we clearly see
that the quadrotor stabilizes around the origin. Then, we define a
desired trajectory angles = (±25,±25,±180)� to test tracking and
singularity around yaw axis because there is a physical constraint that
prevents us from testing it for roll and pitch axis. Responses track tra-
jectories very well and reach the yaw reference about ±180�. Hence,
the quaternion representation solves the Euler singularity problem.
To test the robustness of the CB controller, we define reference
angles = (±10,±10,±10)� and apply manual disturbances for
different time intervals at (12, 19, 26) sec, to see the system behavior.
The system is sensitive to the disturbance around the roll and pitch
axis but is able to reject those of the yaw axis.
Consequently, we can say that the CB controller works well for
stabilization and tracking but is sensitive to disturbances.
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Integral Backstepping Controller Validation
The control scheme is the same as we used in the synthesis of the CB
controller in fig 6 and responses below are obtained for the optimal
gains values: K3 = diag(15, 18, 12) and K4 = diag(35, 35, 35).

Fig. 10. 3-DOF Hover angles responses for stabilization tests with IB
controller

Fig. 11. 3-DOF Hover angles responses for tracking tests with IB controller

Fig. 12. 3-DOF Hover angles responses for robustness tests with IB controller

We give initial angles = (17, 9, 18)�, the quadrotor stabilizes
around the origin fig 10. Then, we define a tracking trajectory
angles = (±25,±25,±180)� to test singularity too. Responses
follow trajectory very well even around ±180� for the yaw axis, fig
11. That is, the synthesized IB controller gives good performances
for trajectories tracking. For the robustness tests, we define reference
angles = (±10,±10,±10)� and give disturbances to see responses.
The IB controller reacts, improves responses and gives better distur-
bance rejection than the first controller.

TABLE II
CONTROLLERS PERFORMANCES COMPARISON

Experience CB IB
Stabilization 90% 90%

Tracking 95% 98%
Disturbance rejection 92% 97%

To highlight our contribution, statistical controller performances are
provided in table II. For stabilization case, the results are similar
while for tracking and disturbance rejection, the IB controller gives
better responses.
Furthermore, we noted from experimental results that the IB voltage
signals are less than those of the CB. This is important for vehicle
autonomy and components lifetime.

CONCLUSION

We proposed through this study an extension to backstepping
control design for attitude tracking of a quatrotor in presence of
disturbances. We considered a quaternion representation to avoid
singularity problem. Next, we developed an original control law
based on integral backstepping procedure where an integral term was
introduced. The proposed control law improved performances in term
of stabilization, tracking and disturbance rejection. Lyapunov function
constructed systematically proved the asymptotic stability of both
controllers. Obtained results showed good functioning on simulation
and experimental validation on the Quanser 3-DOF Hover as well.
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Abstract— This paper considers an backstepping algorithm
and neuro-fuzzy for designing the control for a class of nonlinear 
continuous uncertain processes with disturbances that can be 
converted to a parametric semi-strict feedback form. 
Backstepping is a novel nonlinear control technique based on the 
Lyapunov design approach, used when higher derivatives of 
parameter estimation appear. The fuzzy-neural network and 
especially Self Tuning Fuzzy Inference System (STFIS) systems 
are used to approximate nonlinearities and backstepping 
technique is employed to construct controllers. The proposed 
STFIS_Back controllers guarantee that the tracking error 
converges to a small neighborhood of the origin. The simulation 
results illustrate the effectiveness of the proposed results. 

Keywords—backstepping; neuro-flou; self tuning fyzzy
inference system; nonlinear;inverted pendulum. 

I. INTRODUCTION 

The systems are made more complicated due to the 
technology development. Due to modeling nonlinear systems, 
an uncertainty term appears. Many conditions caused the 
uncertainty like the parameter variation, neglected term. 

To solve the tracking trajectory problem, many controllers 
are designed to uncertain nonlinear systems like sliding mode 
controller, backstepping controller, and PID controller [1]. 

The backstepping procedure is a systematic design 
technique for globally stable and asymptotically adaptive 
tracking controllers for a class of nonlinear systems. Adaptive 

backstepping algorithms have been applied to systems which 
can be transformed into a triangular form, in particular, the 
parametric pure feedback (PPF) form and the parametric strict 
feedback (PSF) form. This method has been studied widely in 
recent years .When plants include uncertainty with lack of 
information about the bounds of unknown parameters, adaptive 
control is more convenient; whilst, if some information about 
the uncertainty, e.g. bounds, is available, robust control is 
usually employed [2]. 

The construction of the lyapunov function is complicated. 
The backstepping is a recursive method to build a lyapunov 
function. 

The robust control proposed needs knowledge of the 
mathematical model of the plant, which decreases the 
performance in some applications where the mathematical 
modelling of the system is very hard and the system, has a 
large range of parameter variation together with unexpected 
and sudden external disturbances . To avoid these problems, 
we need a controller, generally called ‘intelligent’ controller. 
These types of controllers mainly work on the principles of 
fuzzy-logic, neural network, etc. The idea of combining these 
intelligent control structures with backstepping approach 
attracted many researches. Recently, active research has been 
carried out in neuro-fuzzy control. It has been proven that 
neuro-fuzzy can approximate any nonlinear function to any 
desired accuracy because of the universal approximation 
theorem. The stability and control performance will be 
deteriorated by the effect of the approximation error, therefore, 
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a neuro-fuzzy control system has been proposed to incorporate 
with the expert information systematically and the stability can 
be guaranteed by theoretical analysis [3]. 

The combination of the two control principles, called 
backstepping control with neuro-fuzzy, provides an alternative 
to design a robust controller for nonlinear systems with 
uncertainty. The work presented in this article relates to the 
implementation of backstepping control with neuro-fuzzy and 
specially STFIS for the physical system: ‘inverted pendulum’. 

The remainder of this paper is organized as follows: in 
Section 2 backstepping control is described, in Section 3 
backstepping control with neuro-fuzzy control is presented, in 
Section 4, the proposed controller is used to control an inverted 
pendulum and finally, a conclusion in Section 5 is given. 

II. NEURO-FUZZY 

Neural networks and fuzzy systems can be combined to 
join its advantages and to cure its individual illness. Neural 
networks introduce its computational characteristics of learning 
in the fuzzy systems and receive from them the interpretation 
and clarity of systems representation. Thus, the disadvantages 
of the fuzzy systems are compensated by the capacities of the 
neural networks. These techniques are complementary, which 
justifies its use together. 

In general, all the combinations of techniques based on 
neural networks and fuzzy logic can be called neuro-fuzzy 
systems. The different combinations of these techniques can be 
divided, in accordance with [4], in the following classes: 

Cooperative Neuro-Fuzzy System: In the cooperative 
systems there is a pre-processing phase where the neural 
networks mechanisms of learning determine some sub-blocks 
of the fuzzy system. For instance, the fuzzy sets and/or fuzzy 
rules (fuzzy associative memories [5] or the use of clustering 
algorithms to determine the rules and fuzzy sets position [6]. 
After the fuzzy sub-blocks are calculated the neural network 
learning methods are taken away, executing only the fuzzy 
system. 

Concurrent Neuro-Fuzzy System: In the concurrent systems 
the neural network and the fuzzy system work continuously 
together. In general, the neural networks pre-processes the 
inputs (or pos-processes the outputs) of the fuzzy system. 

Hybrid Neuro-Fuzzy System: In this category, a neural 
network is used to learn some parameters of the fuzzy system 
(parameters of the fuzzy sets, fuzzy rules and weights of the 
rules) of a fuzzy system in an iterative way. The majority of the 
researchers uses the neuro-fuzzy term to refer only hybrid 
neuro-fuzzy system. 

A. Self tuning Fuzzy Inference System (STFIS) 

The formal analogy between a fuzzy inference system and a 
multilayer neural network associated with optimization 
algorithms is used from the retro-propagation gradient 
algorithm which has winded up in what is called a STFIS 
network. 

The method provides a complete structural system with 
fuzzy inference for zero order Takagi-Sugeno. The architecture 
of a neuro-fuzzy Controller is shown in Fig 1; this fuzzy 
inference system (FIS) is a network consisting of four layers:  

Layer 1: it receives inputs.  

Layer 2: calculates the membership degrees of these inputs 
to their fuzzy subset. The weights of the network between the 
first layer and this layer correspond to the parameters defining 
the membership functions. 

Layer 3: calculates the values of truth. The weights between 
two hidden layers define the AND operator chosen. In fact, it is 
enough to choose an operator called a T-norm, min is most 
optimistic of the T-norms [7]. 

Layer 4: The fourth layer is the output layer. The weight 

iw
of the network between the third and fourth layer 

corresponds to the parties’ conclusion of the rules. 

 

 
 
 
 
 
 
 

Fig. 1. Self Tuning Fuzzy Inference System 

 

B. Architecture and learning Algorithm Architecture 

In this work, we propose to generate the fuzzy control rules 
by an optimization method, which is done entirely on-line. 
Jordan [8] proposes the distal control method, which is used 
under the name of JEAN (Jordan Method Extended for 
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Adaptive Neuro-control). This architecture in Fig.2 needs the 
use of two STFIS networks: 

1. A first network to identify the system (Model). 

2. A second network to control the system (Controller). 

    For the control of the inverted pendulum, we have used 
the architecture known as the” mini -JEAN” as illustrated in 
the Figure 2.b. This architecture doesn’t require an emulator 
net-work. It uses only one network as a controller, the learning 
of which is done directly by the back propagation of the output 
error [9]. 

 

 
Fig. 2. JEAN learning architecture (a) control architecture mini-JEAN (b). 

Compared to the architecture JEAN, some equivalent 
performances are obtained for the mean error in generalization. 
On the other hand, the computing time favors clearly mini-
JEAN. Optimization of adjustable parameter is accomplished 
with a version of the classic gradient retro-propagation 
algorithm adapted to net structure of Fig.1. The aim is to 
minimize cost function E: 

2

2
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�
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Where  H  is the difference between set point process 
output. The basic equations of the algorithm are: 
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Where  

)(twn
ij  :

thi  parameter between i  of layer n and 
stj  unit 

of layer n-1. 

��������K ����learning gain.�

 t     :  training iteration. 

b     : moment parameter.  

n
iG    : error term( 

thi  neuron of layer n). 

1�n
jD : output of 

stj  unit of layer n-1. 

The quality of solution obtained using this algorithm 
depends on input learning signals, algorithm control parameters 
and learning duration (number of iterations). 

C. Algorithm Modification Weight Regression 

 

The procedure is entirely done on -line on the engine. The 

table of rules (weights iw ) can be initially empty or filled with 

an a priori knowledge. The engine acquires by its systems 
output measures, calculates the error to back-propagated, and 
updates the triggered rules on-line. The weights of the table of 
decision are then adjusted locally and progressively. The cost 
function is given by [10]: 

��� ¦� 2
iwEJ O
��������������������������������������������������������

������

 Where E is the classic quadratic error, w are the parameters 

(weights) to optimize parameters and O is a constant that 
controls the growth parameters. The second term in J is known 
as weight decay and used usually in the context of 
classification problems. This technique has been analyzed in 
the framework of leaning theory and it was shown that is a very 
simple manner to implement a regularization method in a 
neural network in order to optimize the compromise between 
the learning error and the generalization error. Thanks to the 
classic back-propagation algorithm, the parameters are modify 
as: 
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This algorithm easily includes the effect of the second term 

of the cost function J and by taking OKE 2  (regression 
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  Since a fuzzy inference system is concerned, we adapt this 

formula by multiplying E  by the firing term of the rule, 

namely
ii DD ¦/ ,

iD  is the truth value of the premise part of 

the triggered rule. 

If we limit the optimization only on the conclusions 

parameters 
4
1 jw   then we will get 

¦���'�� ' 34
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Where: 

1y : effective output value. 

y  : desired output. 

 

III. BACKSTEPPING WITH NEURO-FUZZY CONTROLLER 

This section shows how to develop a backstepping control 
with neuro-fuzzy for approximate nonlinear function. 

A.  Backstepping algorithm 

The backstepping aims is to use the state as a virtual drive. 
However the system is then divided into a set of subsystems 
united descending order. The control law appears at the last 
step of the backstepping algorithm. At intermediate stages, the 
instability of the nonlinear system is processed and the order of 
the system increased from stage to another. Global stability is 
guaranteed, it ensures the continuation and regulation of 
nonlinear system [1].  

Design of control system 

Consider a SISO control system as follow: 

    

����

Backstepping technique consists of a step-by-step 
construction of a new system with states 

riii xxe �  where rix is the desired value for state ix .  

x Step 1 

 Define the error variable: 
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Considering the subsystems (16) is stable and the lyapunov 
function: 
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The lyapunov function 1V derivative is: 
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With 1k is a positive constant 
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For  0 <2V�   we select the control: 
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With  2k  is a positive constant. 

B. STFIS based beckstepping control 

The function of STFIS system in this control structure is to 

approximate an unknown nonlinear function  f  and  g . 

Assume f , g   unknown, so the control law can be given: 

1
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1STFIS is the approximate 
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1

xg
 ; 

 2STFIS is the approximate ).(xf  

 

IV. SIMULATION RESULTS 

In this section we apply the theoretical results presented in 
the preceding section to an inverted pendulum stabilization 
problem. The stabilization problem is to design a controller to 
keep the pendulum in its unstable equilibrium point in the 
presence of disturbances. Because of its dynamically rich 
structure, inverted pendulum system is widely used in the 
literature to check validity of control strategies [11].   

The dynamic equation of inverted pendulum can be given 
below [12] 
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Where 
1x  is angular position, 

2x  is the velocity of the pole 

respectively, 3x  is the position of the cart and 4x
 is the 

velocity of the cart, g = 9.8
2/ sm ,  cm  is the mass of cart and 

cm
=1kg, m is the mass of pole and kgm 1.0 , here 

ml 5.0  is half lengthen of pole, u is control input, 

0.1sin(t))(  td is external disturbance. This inverted 

pendulum dynamic model is constructed using MATLAB 
Simulink software. 

 

In this work, we first applied STFIS on inverted pendulum 
and then we used in the control law proposed. 

A Fuzzy controller based on an on-line optimization of a 
zero order Takagi-Sugeno inference system is successfully 
applied. It is used to minimize the cost function that is made up 
of a quadratic error term. We use the architecture know as 
(mini-JEAN) in Fig.2. 

For the 1STFIS and 2STFIS  networks parameters, there 

were five memberships functions of type sigmoid and 
gaussians in Fig. 3 and 0001.0 E , 3.0 K and 9.0 b . 

The Membership functions are normalized and shared in 
five subsets for all displacement. The linguistic labels are 
defined as follows: NB: Negative Big, NS: Negative Small, Z 
approximately Zero, PS: positive Small and PB:  Positive Big.  
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Fig. 3. Memberships function. 

simulated with STFIS based backstepping control method 
that proposed in this paper, the position tracking for sine 
function as shown in Fig.4, we can see the tracking precision 
is high, the error as shown in Fig.5. 

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

Times(s)

P
o
s
i
t
i
o
n
 
t
r
a
c
k
i
n
g

 

 
desired trajictory

output inverted pendulem

 
Fig. 4.   Trajectory designed and Trajectory tracking of inverted pendulum 
with STFIS controller for angle. 
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Fig. 5. Tracking errors for inverted pendulum. 

Based on the results, the control parameters 
are 1001  k , 2002  k . 
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Fig. 6. The parameters (weights) 
1STFIS  and

2STFIS   . 

Fig.6 represents the convergence of the parameters 
(weights) of the last layer. 

The STFIS controller presents very interesting tracking 
features and is able to respond to different dynamic 
conditions. 

On the basis of the mathematical models of single inverted 
pendulum, STFIS_Back controller can be applied into linear 
or nonlinear system successfully.  

Form the simulations, it is seen clearly that the proposed 
controllers can trace the reference signal quite well. 

V. CONCLUSION 

In this paper, we have presented a backstepping algorithms 
scheme for strict-feedback nonlinear systems using neuro-
fuzzy. The work investigates the application of a fuzzy-neural 
network to nonlinear control problems for which the structure 
of the nonlinearity is unknown. 

It has been proved in simulation results that the designed 
control scheme can guarantee that tracking error between the 
system output and the reference signal converges to a small 
neighborhood around zero, though the nonlinear system 
functions, the external disturbances and the information about 
the faults are all unknown. 
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Abstract—In this study, a discrete-time backstepping control
is proposed for n-dof nonlinear mechanical systems via discrete-
time partial feedback linearization and a novel discrete-time
coordinate transformation. Firstly, the discrete-time model of
the considered class of system is obtained using Forward Euler
approximation. Then, a partial feedback controller is established
in the discrete-time setting. Afterwards, a novel coordinate
transformation that enables the discrete-time backstepping con-
troller construction is proposed for the considered partially
linearized systems. After applying the coordinate transformation,
the discrete-time backstepping controller design is performed.
The Lyapunov stability of the closed-loop system is shown. The
proposed method is tested on the cart-pendulum system by
simulations.

Keywords—Underactuated Systems, Backstepping, Discrete-time
Control, Nonlinear Control

I. INTRODUCTION

In recent years, control systems design of nonlinear under-
actuated mechanical systems captured considerable attention
in the literature, since many systems in numerous real world
applications can be represented as underactuated mechanical
systems such as aircrafts, underwater vehicles, mobile robots,
spacecraft, helicopters, unmanned vehicle, overhead cranes. If
one system has lesser actuators than configuration variables,
it is called as underactuated system. This constraint in the
actuators of the system bring about difficulties in the control
design. Therefore, there is not a systematic theoretical analysis
and a general control design for all underactuated systems.
Hence, when the researchers deal with the underactuated
systems, they consider the specific features of the systems and
derive specific solutions.

For control of the underactuated systems several control
methods have been presented during the last decades such as
the backstepping control [1],[2],[3],[4], passivity based control
[5],[6], adaptive control [7], sliding mode control [8], integral
backstepping sliding mode control [9], adaptive fuzzy sliding
mode control [10], forwarding control [11], switching control
[12].The backstepping control is the one that comes into
prominence within the mentioned control procedures since
many underactuated systems can be transformed into strict
feedback form utilizing some tools such as partial feedback
linearization [13] and state transformation [14]. Note that, the

backstepping method for the underactuated systems in the strict
feedback form has systematic recursive design steps.

In order to solve different problems, in control of the under-
actuated systems, the backstepping control method combined
with other control methods in the literature such as adaptive
backstepping control [15], robust backstepping control [16],
sliding mode backstepping control [17]. On the other hand, the
backstepping control is tested on many different systems such
as airship [18] , underwater vehicle [19], helicopter [20], ship
[21], the furuta pendulum [22], double inverted pendulum [23].
Finally, note that, there are a few discrete-time backstepping
control studies in the literature [24], [25].

Underactuated nonlinear mechanical systems are normally
not in the strict-feedback form that backstepping design can be
applied on it. In the continuous-time domain, some coordinate
transformations are used to facilitate backstepping design for
underactuated nonlinear mechanical systems. To best of the
authors’ knowledge, there isn’t any study on discrete-time
backstepping control for underactuated nonlinear systems. In
this study, a discrete-time backstepping control is proposed
for n-dof mechanical systems. In order to enable discrete-time
backstepping design firstly a discrete-time partial feedback
linearization controller is established than a novel discrete-
time coordinate transformation is proposed for the obtained
partially linearized systems. After applying the coordinate
transformation, backstepping controller design is performed.
The Lyapunov stability of the closed-loop system is shown.

The rest of the paper is organized as follows. In sec-
tion II, some preliminaries on continuous-time Euler-Lagrange
modelling of n-dof mechanical systems are given. In section
III, firstly, state-space equations, namely first-order dynamic
equations are established in the block form, afterwards using
Forward-Euler method, the dynamics of the considered class
of systems are discretized. Finally, a discrete-time partial
feedback control rule is given. In section IV, a coordinate
transformation is proposed for the partially linearized dynam-
ics to facilitate backstepping design and then back stepping
controller construction is performed in discrete-time setting
and Lyapunov stability of the closed-loop is shown. In section
V, the proposed method applied on a card-pendulum system
and results of the simulations of its performance test is given.

978-1-5386-7641-7/18/ $31.00 c⃝2018 IEEE
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II. PRELIMINARIES

In order to obtain the differential equations that define
dynamical behaviour of n-degree of freedom (DOF) nonlinear
mechanical systems Euler-Lagrange method is used based on
the Lagrangian which is defined as,

L = K(q, q̇)− V (q) =
1

2
q̇TM(q)q̇ − V (q) (1)

where q = (q1, q2, ..., qn) ∈ Q denotes configuration coor-
dinates vector, K(q, q̇) and V (q) are the kinetic energy and
the potential energy, respectively. M(q) ∈ Rn×n is positive-
definite symmetric inertia matrix. The dynamic equations of
mechanical via the Euler-Lagrange method is given as

d

dt

∂L
∂q̇i

− ∂L
∂qi

= τi, i = {1, 2, 3, ..., n} (2)

and utilizing (2), in the general form, dynamical equations of
the mechanical systems can be described as

M(q)q̈ + C(q, q̇)q̇ +G(q) = F τ (3)

where C(q, q̇) ∈ Rn×n denotes the centripetal and Coriolis
forces, G(q) denotes the gravitational forces, τ ∈ Rn is the
external force vector, and F ∈ Rn×m(m ≤ n) represents
input matrix. If m = rank(F ) < n, the system given by
equation (3) is called as a under-actuated system, namely F can
be partitioned as F = (0, Im×m)T . In this case, the mechanical
systems are partitioned into two subsystems: underactuated
subsystem and actuated subsystem. Dynamic equations of the
underactuated mechanical systems can be written as

d

dt

∂L
∂q̇1

− ∂L
∂q1

= 0 (4)

d

dt

∂L
∂q̇2

− ∂L
∂q2

= τ (5)

As a result, the mechanical system (3) becomes
!
m11 m12

m21 m22

" !
q̈1
q̈2

"
+

!
c11 c12
c21 c22

" !
q̇1
q̇2

"
+

!
g1
g2

"
=

!
0
τ

"
(6)

and can be rewritten as

m11(q)q̈1 +m12(q)q̈2 + h1(q, q̇) = 0 (7)
m21(q)q̈1 +m22(q)q̈2 + h2(q, q̇) = τ (8)

where h1(q, q̇) and h2(q, q̇) contain the Coriolis, centrifugal
and gravity terms.

III. DISCRETE-TIME STATE-SPACE EQUATIONS AND
PARTIAL FEEDBACK LINEARIZATION

If the definitions x1 = q1, x2 = q̇1, x3 = q2, x4 = q̇2 are
made for the non-linear mechanical system (7)-(8) in the block
form, the corresponding first order differential equations can
be obtained as

ẋ1 = x2 (9)
m11(x1, x3)ẋ2 +m12(x1, x3)ẋ4 + h1(x1, x3) = 0 (10)
ẋ3 = x4 (11)

m21(x1, x3)ẋ2 +m22(x1, x3)ẋ4 + h2(x1, x3) = τ (12)

In order to obtain the discretized system model, forward Euler
method is used, namely

ẋi
∼=

xi(k + 1)− xi(k)

T
, i = 1, 2, 3, 4. (13)

Thus, the discretized model dynamics can be given as

x1(k + 1) = x1(k) + Tx2(k) (14)
x3(k + 1) = x3(k) + Tx4(k) (15)

m11(k)
x2(k + 1)− x2(k)

T
+m12(k)

x4(k + 1)− x4(k)

T
+ h1(x1(k), x3(k)) = 0 (16)

m21(k)
x2(k + 1)− x2(k)

T
+m22(k)

x4(k + 1)− x4(k)

T
+ h2(x1(k), x3(k)) = τ(k) (17)

where T is the sampling period used in the discretization and
k = 0, 1, 2, ... is the number of sampling instances. Note that,
arguments of m11, m12, m21, m22 are omitted for the sake of
readability.

After outlining the discretized model dynamics of the
nonlinear mechanical systems, the control rule for partial
feedback linearization of the nonlinear mechanical systems
will be formulated in the discrete-time setting. Considering the
equations (16) and (17) and the discrete-time partial feedback
linearizing controller can be given as

τ(k) = −m21(k)m
−1
11 (k)h1(x1(k), x3(k))

+
#
m22(k)−m21(k)m

−1
11 (k)m12(k)

$u(k)− x4(k)

T
+ h2(x1(k), x3(k)) (18)

and utilizing (18) equation, (14)-(17) equations can be rewrit-
ten as

x1(k + 1) = x1(k) + Tx2(k) (19)
x2(k + 1) = x2(k)−m−1

11 (k)m12(k)
#
u(k)− x4(k)

$

− Tm−1
11 (k)h1(x1(k), x3(k)) (20)

x3(k + 1) = x3(k) + Tx4(k) (21)
x4(k + 1) = u(k). (22)

Since the control signal is appeared in both the equations
(20) and (22) the obtained discrete-time system model is not
in the strict-feedback form. Therefore, the standard discrete-
time block backstepping control procedure can not be directly
applied. In the next section, we propose a coordinate transfor-
mation that enables the backstepping control design.

IV. DISCRETE-TIME BLOCK BACKSTEPPING CONTROL
CONSTRUCTION VIA COORDINATE TRANSFORMATION

In the literature on the continuous-time control, in order to
facilitate backstepping control design, coordinate transforma-
tions are utilized [1], [4], [27]. Being inspired by the study
[1] in continuous-time literature, a discrete-time coordinate
transformation can be given as

qr(k) =
m11(k − 2)x1(k)

T
+m12(k − 2)x4(k − 1)

+ Th1(k − 2) (23)
pr(k) = m11(k − 1)x2(k) +m12(k − 1)x4(k)

+ Th1(k − 1) (24)
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and corresponding dynamic equations can be obtained as

qr(k + 1) = m11(k − 1)m−1
11 (k − 2)

#
qr(k)−m12(k − 2)×

x4(k − 1)− Th1(k − 2)
$
+ pr(k) (25)

pr(k + 1) = m12(k)x4(k) +m11(k)m
−1
11 (k − 1)×#

pr(k)−m12(k − 1)x4(k)− Th1(k − 1)
$
. (26)

Note that, arguments of h1(x1(k − 1), x3(k − 1)), h1(x1(k −
2), x3(k−2)) are respectively simplified as h1(k−1), h1(k−2)
for the sake of readability. The underactuated system (14)-
(17) can be transformed with the coordinate transformation
(23)-(24) into a discrete-time nonlinear system in block strict
feedback form. The equations that are obtained with coordi-
nate transformation (25)-(26) and the equations (21)-(22) are
rewritten as follows:

qr(k + 1) = A(k − 2)
#
qr(k)−m12(k − 2)x4(k − 1)

− Th1(k − 2)
$
+ pr(k) (27)

pr(k + 1) =
#
m12(k)−A(k − 1)m12(k − 1)

$
x4(k) (28)

+A(k − 1)
#
pr(k)− Th1(k − 1)

$

x3(k + 1) = x3(k) + Tx4(k) (29)
x4(k + 1) = u(k) (30)

where A(k − 2) = m11(k − 1)m−1
11 (k − 2) and A(k − 1) =

m11(k)m
−1
11 (k − 1). Note that the discrete-time backstep-

ping control design can be accomplished using the equations
(27),(28) and (30) in three steps. For the beginning of the
backstepping controller design procedure, the error variables
are defined as

e1(k) = qr(k)− qrd(k) (31)
e2(k) = pr(k)− prd(k) (32)
e3(k) = x4(k)− x4d(k) (33)

where qrd(k), prd(k) and x4d denote respectively the desired
trajectories for qr(k), pr(k) and x4(k). Then, utilizing the
equations (27),(28) and (30),

e1(k + 1) = A(k − 2)
#
qr(k)−m12(k − 2)x4(k − 1)

− Th1(k − 2)
$
+ pr(k)− qrd(k + 1) (34)

e2(k + 1) =
#
m12(k)−A(k − 1)m12(k − 1)

$
x4(k)+

A(k − 1)
#
pr(k)− Th1(k − 1)

$
− prd(k + 1) (35)

e3(k + 1) = x4(k + 1)− x4d(k + 1)

= u(k)− x4d(k + 1) (36)

are obtained. Considering (27) virtual control input prd(k) is
selected as

prd(k) = −A(k − 2)
#
qr(k)−m12(k − 2)x4(k − 1)

− Th1(k − 2)
$
+ qrd(k + 1)− k1e1(k) (37)

where k1 is a constant. Then, equation (34) becomes

e1(k + 1) = −k1e1(k) + e2(k). (38)

Obtaining prd(k + 1) from the equation (37), equation (35)
can be rewritten as

e2(k + 1) =
#
m12(k)− 2A(k − 1)m12(k − 1)

$
x4(k)

+A(k − 1)
#
pr(k) + qr(k + 1)− 2Th1(k − 1)

$

− qrd(k + 2) + k1e1(k + 1) (39)

where expressions for qr(k+ 1), e1(k+1) in terms of values
in previous time instances can be obtained from equations (27)
and (38). Note that, the future values of reference trajectory
have been assumed to are known. Considering (39) virtual
control input x4d(k) is selected as

x4d(k) = [m12(k)− 2A(k − 1)m12(k − 1)]−1 {−A(k − 1)×#
pr(k) + qr(k + 1)− 2Th1(k − 1)

$
+ qrd(k + 2)

− k1e1(k + 1)− k2e2(k)} (40)

where k2 is a constant. Note also that, when the equations (27)
and (38) are used, the equation (39) becomes

e2(k + 1) =− k2e2(k) +
#
m12(k)− 2A(k − 1)×

m12(k − 1)
$
e3(k). (41)

Obtaining x4d(k + 1) from the equation (40), equation (36)
can be rewritten as

e3(k + 1) = u(k)− [m12(k + 1)− 2A(k)m12(k)]
−1 {

−A(k)
#
pr(k + 1) + qr(k + 2)− 2Th1(k)

$

+ qrd(k + 3)− k1e1(k + 2)− k2e2(k + 1)} (42)

Then, the control signal is given as

u(k) = [m12(k + 1)− 2A(k)m12(k)]
−1 {−A(k)×#

pr(k + 1) + qr(k + 2)− 2Th1(k)
$
+ qrd(k + 3)

− k1e1(k + 2)− k2e2(k + 1)}− k3e3(k) (43)

where k3 is a constant. Besides, utilizing the equations (27)
and (28)

qr(k + 2) = A(k − 1)A(k − 2)
#
qr(k)−m12(k − 2)×

x4(k − 1)− Th1(k − 2)
$
+
#
m12(k)− 2A(k − 1)×

m12(k − 1)
$
x4(k) + 2A(k − 1)

#
pr(k)− Th1(k − 1)

$
(44)

and utilizing the equations (38) and (41)

e1(k + 2) = k21e1(k)− (k1 + k2)e2(k) +
#
m12(k)

− 2A(k − 1)m12(k − 1)
$
e3(k) (45)

can be obtained. Utilizing (43), equation (36)

e3(k + 1) = −k3e3(k) (46)

is obtained. Here, k1, k2 and k3 are less than 1. The
overall controller can be obtained using the equations (18)
and (43). Now, in order to analyse the stability of the
error dynamics, consider the candidate Lyapunov function
V (k) = αeT1 (k)e1(k) + eT2 (k)e2(k) + βeT3 (k)e3(k) for the
e1(k), e2(k), e3(k) where α > 0 and β > 0. The difference of
V in between consecutive time instances is then obtained as

∆V (k) = V (k + 1)− V (k)

= αe1(k + 1)eT1 (k + 1) + e2(k + 1)eT2 (k + 1)

+ βe3(k + 1)eT3 (k + 1)− αe1(k)e
T
1 (k)− e2(k)e

T
2 (k)

− βe3(k)e
T
3 (k) (47)

and utilizing (38),(41) and (46), (47) equation is rearranged as

∆V (k) = V (k + 1)− V (k)

= (αk21 − α)eT1 (k)e1(k)− 2αk1e
T
1 (k)e2(k)

+ (α− 1 + k22)e
T
2 (k)e2(k)− 2k2e

T
2 (k)B(k − 1)e3(k)

+ eT3 (k)
%
BT (k − 1)B(k − 1) + βInk

2
3 − βIn

&
e3(k)

(48)
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where B(k−1) = m12(k)−2A(k−1)m12(k−1). By utilizing
Cauchy’s inequality

− 2αk1e
T
1 (k)e2(k) ≤

k21α
2eT1 (k)e1(k)

ϵ
+ ϵeT2 (k)e2(k) (49)

− 2k2e
T
2 (k)B(k − 1)e3(k) ≤

k22e
T
3 (k)B

T (k − 1)B(k − 1)e3(k)

ϵ
+ ϵeT2 (k)e2(k) (50)

can be written with ϵ > 0. Considering (49) and (50), following
inequality can be obtained.

∆V (k) ≤
#
αk21 − α+

k21α
2

ϵ

$
e1(k)e

T
1 (k)

+
#
α− 1 + k22 + 2ϵ

$
e2(k)e

T
2 (k)

+ eT3 (k)
#
BT (k − 1)B(k − 1) + βInk

2
3 − βIn

+
k22B

T (k − 1)B(k − 1)

ϵ

$
e3(k). (51)

Then, the stability conditions of the system are obtained as
follows

ϵ >
αk21

1− k21
(52)

ϵ <
1− α− k22

2
(53)

ϵ > σ̄{k22BT (k − 1)B(k − 1)×
[β(1− k23)In −BT (k − 1)B(k − 1)]−1} (54)

where σ̄(·) denotes the maximum singular value. There exist
a α,β that satisfy (52), (53) and (54). Hence, ∥ e1(k) ∥, ∥
e2(k) ∥, ∥ e3(k) ∥, ∀ k is bounded and moreover by Barbalat’s
lemma,

lim
k→∞

e1(k), e2(k), e3(k) = 0 (55)

is satisfied.

V. NUMERICAL EXAMPLE

In order to test viability of the proposed discrete-time
partial feedback linearization and coordinate transformation
for underactuated mechanical systems and the performance of
proposed discrete-time backstepping controller, the combined
method is applied to a cart-pole system, shown in Fig. 1, and
its success is demonstrated by simulation results.

The constituent parts of equation (6) for car-pole system
are as follows:

m11 = m1l
2

m12 = m21 = m1lcos(q1)

m22 = m1 +m2,

c11 = 0,

c12 = 0,

c21 = m1lq̇1sin(q1),

c22 = 0,

g1 = −m1glsin(q1),

g2 = 0

where q1, q2, l, m1,m2 denote the angles of the pole, position
of the cart, length of the pole, masses denote the pole and the
cart, respectively. Besides, g is the gravitational acceleration.

Fig. 1. A cart-pole system

The parameter values of the cart-pendulum m1 = 1.12 kg,
m2 = 0.11 kg, l1 = 0.1407 m are taken from [9], and g = 9.8
m/s2 .

In order to verify the validity of the proposed discrete-
time backstepping control design, numerical simulations are
implemented in MATLAB using ode45 solver with the sam-
pling period of 0.05 sn. The initial conditions are set as
[q1(0) q2(0)]T = [−pi/4 0]T and [q̇1(0) q̇2(0)]T =
[0 0]T . Our control objective is to stabilize the cart-pole
system in its’ upright position. Therefore, the desired reference
is selected as qrd = 0. Besides, the the discrete-time backstep-
ping controller gains are taken as k1 = k2 = k3 = 0.1.
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Fig. 2. Closed loop trajectories of pole angle and cart position

Numerical simulation results are given for the constant
reference. In Fig 2 shows the closed loop dynamics of the cart-
pole system: the angle of pendulum and the position of cart. It
is clear from this figure that the pole angle is stirred success-
fully to the reference point with the discrete-time backstepping
control via a novel discrete-time coordinate transformation. Fig
3 presents the trajectories of the transformed states. Besides,
Fig 4 and Fig 5 show respectively the error variables and the
control signal. As a summary, simulation results demonstrated
the achievement of the proposed discrete-time backstepping
controller in the cart-pole system.
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Fig. 3. Closed loop trajectories of the states obtained after coordinate
transformation
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Fig. 4. The error variables
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Fig. 5. The control signal

VI. CONCLUSIONS

In this study, a discrete-time backstepping control is pro-
posed for n-dof mechanical systems. At first, from continuous-
time Euler Lagrange models (second-order dynamic equations)
of the considered class of the systems, first-order dynamic
equations are obtained and discretized using forward Euler
method. Afterwards, in order to enable discrete-time back-
stepping design, considering obtained discrete-time dynamics a
discrete-time partial feedback linearization controller is estab-
lished and then a novel discrete-time coordinate transformation
is proposed for the obtained partially linearized dynamics. The
proposed method is tested by simulations on a card-pendulum
system. Simulation results show that backstepping controller
obtained with proposed coordinate transformation successfully
stabilize the system in upright position.
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Abstract—In this study, positioning control of the electro

hydraulic systems is considered. Backstepping control strategy is

designed by defining an auxiliary error signal. The performance

of the controller is investigated by conducting numerical simu-

lations. From the simulation results, it is seen that the control

objective achieved successfully. The performance is compared

with PI controller via a comparison criteria and it is seen that

the backstepping controller has better results in both error and

controller performance aspects.

Index Terms—Electro hydraulic systems, backstepping control,

position control.

I. INTRODUCTION

Electro hydraulic systems have small size-to-force ratio
and ability to apply large force and torque [1]. By virtue
to these characteristics electro hydraulic systems are used
in loading, positioning and shock absorbing applications in
different kind of industries from aerospace to construction
[2]. However, these systems have highly nonlinear dynamic
models [1]. These nonlinearity makes a challenging problem to
construct effective control systems. Even the nonlinear control
techniques can not be achieve satisfactory performance since
the nonlinearity of the system necessitates fine tuned controller
gains.
The studies on electro hydraulic systems generally focused on
position controlling and energy saving. Guo et al. presented a
coupled-disturbance-observer-based position tracking control
for a cascade electro-hydraulic system [3]. Yao and Bu used
a physical model based adaptive robust controller for the
coordinated motion control of a n degree-of-freedom hydraulic
arm driven by single-rod hydraulic actuators [4]. In [5],
controller was designed to get an excavator to follow typical
working motions of a skillful operator such as leveling and
truck loading. Tan et al. used sliding mode based controller
to track desired position for an electro-hydraulic single-rod
actuator of a projectile transfer arm. In this study, sliding
mode control is utilized to compensate the nonlinearity and
parameters uncertainty of electro-hydraulic system [6]. Yingjie
Yingjie presented a coordinate control method for the boom,
arm and bucket cylinders on a hydraulic excavator to perform
accurate and effective works [7]. In [8], a load-prediction
based method was proposed, in which the supply pressure is
varied to track the pressure required by any actuator branch,
to increase the energy efficiency. Guo et al. proposed a

parametric adaptive backstepping control method to improve
the dynamic behavior of EHS under parametric uncertain-
ties and unknown disturbance [9], [10]. In [11], H-infinite
positional feedback controller is developed to improve the
robust performance under structural and parametric uncertainty
disturbance in a electro-hydraulic servo system. Jianyong
et al. designed an adaptive nonlinear optimal compensation
controller with nonlinear parameter estimation to improve the
torque tracking performance of electro-hydraulic load simu-
lator [12]. Yao et al. developed a discontinuous projection-
based ARC controller for high-performance robust control of
electro hydraulic systems driven by single-rod actuators [1].
Kim et al. used nonlinear position tracking controller with a
disturbance observer to track the desired position for electro
hydraulic actuators [2]. Liu and Daley used optimal-tuning
PID control scheme for a rotary hydraulic test rig [13].
In this study, the position tracking of a 1-DOF electro hy-
draulic system was studied by using backstepping control
strategy. While designing the controller rule, the dynamic
model in [10] is used. Different from the controller in [10],
an auxiliary error signal is used in controller design. The
performance of the controller is investigated with simulation
studies. The performance of the controller is compared with
PI controller results which is usually utilized in the literature.
From the results, it is seen that the controller works well and
gives better results than the PI controller.

II. SYSTEM MODEL

The dynamic model of electro hydraulic system is given as
below [10];

mẋ2 + bx2 +Kx1 = Apx3 � FL

�1ẋ3 = Apx2 � Ctlx3 (1)
+�2(x3, x4)x4

Tsvẋ4 = �x4 +Ksvu

where �1 = Vt
4�e

and �2 = CdwKsvp
⇢

p
ps � sgn(x4)x3, x1 = y

and x2 = ẏ are output displacement and displacement velocity
of the hydraulic cylinder, respectively, x3 = pL = pa � pb is
load pressure, x4 = xv is the spool position of servo valve,
ps is the supply pressure of the pump, Cd is the discharge
coefficient, w is the area gradient of the servo valve spool, ⇢
is density of hydraulic oil, Ctl is the coefficient of the total
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leakage of the cylinder, �e is the effective bulk modulus, Ap =
Aa = Ab is annulus area of symmetrical cylinder chamber,
Vt is the half-volume of cylinder, m is the load mass, FL is
the external load on the EHA, u is control voltage of servo
valve, sgn() is the sign function, Ksv is the gain of the control
voltage u and Tsv is the response time constant of the servo
valve.

III. CONTROL DESIGN

The tracking error for the positions of the hydraulics are
defined as

e = x1d � x1 (2)

where the reference trajectory x1d 2 R and its first and second
derivatives are bounded. Auxiliary error term that is used to
facilitate the subsequent stability analysis is defined as

r = ė+ ↵e. (3)

By differentiating (3) and multiplying both side of equation
with m, the following equation is obtained,

mṙ = m[ẍ1d + ↵ė]�mẋ2

= W (x1, x2)�Apx3
(4)

where

W (x1, x2) = m[ẍ1d + ↵ė] +Kx1 + bx2 + FL. (5)

The auxiliary term Wd is defined as

Wd(x1d, ẋ1d) , W (x1, x2)

�����
x1 = x1d

x2 = x2d

. (6)

Eq. (4) can be rewritten as by adding and subtracting the term
Ap↵1

mṙ = X +Wd +Apz1 �Ap↵1 (7)

where
X , W �Wd. (8)

(8) can be bounded as kXk  n1 krk+ n2 kek, n1, n2 2 R+.
The system errors and control variables are defined as follows

z1 , x3 � ↵1 (9)

z2 , x4 � ↵2 (10)

↵1 , 1

Ap
(Wd + e+Krr) (11)

↵2 , 1
�2
[Apx2 + Ctlx3 +

�1

Ap
(Ẇd +Krẍ1d+

(1 +Kr↵)ė� Kr
m (Apx3 � FL�

Kx1 � bx2))�K1z1 +Apr]

(12)

By using (9)-(12), control rule is designed as follows

u = ku


1

Ksv
(x4 + Tsv↵̇2 �Kz2z2 � �2z1)

�
(13)

where ku is general control gain.

IV. STABILITY ANALYSIS

The stability analysis of the obtained closed-loop error
system was investigated by using Lyapunov based method.
The Lyapunov function candidate is selected as

V =
1

2
mr

2 +
1

2
e

2 +
1

2
�1z

2
1 + Tsvz

2
2 (14)

The time derivative of the Lyapunov function candidate can
be obtained as

V̇ = rmṙ + eė+ �1z1ż1 + Tsvz2ż2. (15)

By using (4) and time derivatives of (2), (9) and (10), (15)
can be rewritten as

V̇ = r(X �Krr)� ↵e

2 �K1z
2
1 �Kz2z

2
2

 �� k⇣k2 (16)

where � is some positive constant and

⇣ = [eT rT zT1 z
T
2 ]

T
. (17)

The expression in (16) guaranties the global asymptotic con-
vergence of tracking error and the boundedness of all signals.

V. SIMULATION RESULTS

The performance of the controller in (13) was evaluated
by conducting numerical simulations using Matlab Simulink
program. During the simulation the system model given in (2)
was used with system parameters in Table I. The gains were
selected as Kz2 = 1.1, K1 = 1, ↵ = 150, Kr = 115 and
Ku = 1e � 9 for backstepping controller and Kp = 1000,
Ki = 100 for PI controller. The controller gains for both
backstepping and PI controllers were chosen to give the best
performances. The initial values of all states were set to 0.
The desired trajectory was selected as x1d = 26.10�3 sin(2⇡t)
m. The tracking errors for Backstepping and PI controller
are given in Figures 1 and 3 while the control efforts are
given in Figures 2 and 4, respectively. From Figure 1, it
is seen that the control objective is achieved successfully.
To compare the performance of controllers, a comparison
criteria was defined. The definition of comparison criteria and
comparison results are given in Table II. From Table II, it is
seen that backstepping has better performance in both error
and controller performance aspects.

VI. CONCLUSIONS

In this study, the position tracking of a 1-DOF electro
hydraulic system by using backstepping control strategy was
presented. The controller was designed by defining an aux-
iliary error signal. The performance of the controller was
investigated by conducting simulation studies and compared
with PI controller results which is usually utilized in the
literature. From the results, it was seen that the controller
work well. To compare the performances of backstepping and
PI controller, a comparison criteria was defined. From the
criteria, it was seen that the backstepping controller has better
performance in both error and controller performance aspects.
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TABLE I
SYSTEM PARAMETERS

Parameter Value
Cd 0.62
ps 60 Bar
Vt 8.74e-5 m3

Ksv 5e-4 m/V
K 10 N/m
Ctl 2.5e-6 m3/(s.Bar)
w 0.024 m
Ap 4.91e-4 m2

�e 7000 Bar
Tsv 10e-3 s
b 50 N.s/m
⇢ 10 Kg/m3

FL 10.5 N

Fig. 1. Tracking performance of backstepping controller.
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Abstract—An adaptive block backstepping controller is pro-
posed to control the position of a quadrotor with uncertain
model parameters. The controller design procedure is provided
considering the stability of six blocks involving the states of the
model. In each step the stability of the concerned block is shown
by means of Lyapunov stability theorem. The viability and the
success of the proposed controller are tested through numerical
simulations.

I. INTRODUCTION

UNMANNED aerial vehicles (UAVs) have caught attention
in last few decades due to their wide range of usage and

advantageous features. One of the most popular UAV is the
Quadrotor having elegant capabilities such as vertical take-off
and landing (VTOL), agile motion and simple manufacturing
process [1]. The characteristic of VTOL also brings quadrotors
forward since it provides the ability of vertical movement,
stationary and low speed flight options [2]. Quadrotors are
capable to move horizontal, vertical and their combination
[3]. Quadrotors have many different application fields such
as search and rescue, mapping, surveillance, traffic monitoring
patrolling for forest fires, military and security reasons [1]–[3].

Due to high nonlinearity and complexity of the model, the
control problem of quadrotors have been taken into considera-
tion widely. Furthermore, the underactuation situation -defined
as having fewer control inputs than the degree of freedom- in
the dynamical model makes the control problem more difficult.
This control and stabilization problem can be considered as
the combination of position, attitude and altitude control. A
variety of linear and nonlinear control methods are suggested
in literature for these problems. After the linearization process
of the system around a certain equilibrium point, it can be
stabilized via linear controllers such as full state feedback [3],
double lead compensator [4], linear quadratic regulator [5]–
[7], PID controller [8]–[13], LQG controller [14]. In addition
to linear controllers, a model reference adaptive controller
(MRAC) is also proposed for the quadrotor whose model is
linearized considering hovering position [15]. However, the
dynamic model of the quadrotor helicopter is composed of
a combination of high-order nonlinear structure and system
states. Hence, the domain of attraction of the controllers
designed after the linearization process is very insufficient.
These controllers are mostly effective in the near of hovering
position [5] or in the case that quadrotor works with low
velocities [3].

Owing to the limited motion capability of linear controllers,
many kind of nonlinear methods are suggested for the control
of quadrotor helicopters. Backstepping controller [16]–[28] is
used extensively for the reason that it explicitly copes with
unmodeled state-dependent disturbances and forces without
need of any prior knowledge [21]. In [16] two controller loops,
which are position and attitude cycles respectively, are used.
Unlike block backstepping approach [17], this study is most
likely cascade controller. In [17] block backstepping method
is utilized and motor dynamics are also included. Stabilization
of the model and trajectory tracking are executed successfully.
Backstepping controller in [18] is mostly similar to [17] except
that seventh block of [17] is composed of angular velocities
of the motors whereas seventh block in [18] consists of forces
in the model.

In [19] five different control methods are tested and the best
results are obtained in case that backstepping controller is em-
ployed despite large disturbances and model uncertainties. In
[20] integral backstepping method is chosen to control altitude,
position and attitude of a quadrotor respectively. The controller
gives good results for eliminating external disturbances such as
sensor noise, yaw drift and unmodelled effects. In [21] another
form of backstepping method, which needs Lagrangian form
of dynamics instead of state space representation, is utilized.
In the meantime, two neural networks estimate aerodynamic
forces and aerodynamic moments. In [22] the quadrotor is con-
trolled via backstepping method in case of mass uncertainty in
the model. However the controller does not guarantee that the
adapted value will converge the actual parameter. Backstepping
and PID methods are compared in [23] on attitude control.
Even though both controllers execute attitude stabilization,
backstepping approach gives better results considering external
effects to the system.This divergence is more obvious in
position control in the event of outer effects. In [24] adaptive
integral backstepping control is used to control a quadrotor
in the environment that unknown external disturbances exist.
In [25] two control loops that are executed. In inner loop
backstepping method is used to control the attitude of the
quadrotor and in outer loop PD control is utilized to control
the position of the quadrotor. To execute PD controller in outer
loop, small angle assumption, which means that the quadrotor
is near the hover position, is made.

In [26] three quadrotors -one is leader, two of which
are followers- are controlled by backstepping-based formation
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method. Position and attitude control loops are executed. In
order to overcome underactuation problem, desired roll and
pitch angles are calculated in position control loop. In [27]
backstepping with input saturation method is used to control
the quadrotor. To avoid the singularities in Euler represantation
and prove the global stability, quaternion approach is utilized.
In [28] adaptive integral backstepping and PID methods are
used. However, the best results are obtained when a hybrid
approach, which is derived from both controllers, is utilized.
In [29] integral backstepping method is utilized to control
the quadrotor. Using backstepping control is advantageous to
eliminate the external disturbances and ground effects.

The main aim in this paper is to develop an adaptive con-
troller that satisfies special needs of quadrotor control such as
creating a operation zone in between −π/2 and π/2, handling
uncertainty in the model and making a helicopter robust against
them. The block backstepping approach [17], [18] is improved
by representing the system dynamics conveniently and adding
adaptation capability for all unknown model parameters. Thus,
adaptive block backstepping controller is generated to show
that a quadrotor is capable of flying in case of uncertain
parameters in the model dynamics.

II. DYNAMIC MODEL OF QUADROTOR

The quadrotor examined in this paper has four fixed
propellers placed perpendecularly. The motion control of a
quadrotor helicopter is performed by controlling the speed
of propellers that generate necessary thrusts. Dynamic model
ignoring gyroscopic effects and friction forces is given as
follows [1]

ẍ =
1

m
(cosφ sin θ cosψ + sinφ sinψ)u1 (1)

ÿ =
1

m
(cosφ sin θ sinψ − sinφ cosψ)u1 (2)

z̈ =
1

m
(cosφ cos θ)u1 − g (3)

φ̈ =
l

Ix
u2 (4)

θ̈ =
l

Iy
u3 (5)

ψ̈ =
1

Iz
u4 (6)

where [x, y, z]T represents the position of the quadrotor and
[φ, θ,ψ]T denotes the attitude states that are roll, pitch and yaw
angles respectively. m stands for the mass of the helicopter and
g is the gravitational acceleration. l stands for the length of
the arm, I = diag{Ix, Iy, Iz} denotes the inertia moments of
the axes. u1, u2, u3, u4 are the control inputs being composed
of the linear combination of propeller propulsive forces [1].

The main objective is to design a controller ensuring that
the quadrotor is able to track the desired trajectory in case of
unknown parameters on condition that the roll and pitch angles
are changing between −π/2 and π/2. For this purpose, states
of the quadrotor is separated into six blocks.

x1 =

!
x
y

"
, x2 =

!
ẋ
ẏ

"
, x3 =

!
φ
θ

"
,

x4 =

!
φ̇
θ̇

"
, x5 =

!
ψ
z

"
, x6 =

!
ψ̇
ż

"
.

(7)

The state space equations are obtained as described below

ẋ1 = x2 (8)

Θ2ẋ2 = g0(x5)l0(x3) (9)

ẋ3 = x4 (10)

M1ẋ4 = l1 (11)

ẋ5 = x6 (12)

M2ẋ6 = g2(x3)l2 +Θ4 (13)

where gi matrices (i = 0, 2) are

g0 =

!
sinψ cosψ

− cosψ sinψ

"
, g2 =

!
1 0
0 cosφ cos θ

"
, (14)

li (i = 0, 1, 2) vectors are

l0 =

!
sinφ

cosφ sin θ

"
u1 l1 =

!
u2

u3

"
, l2 =

!
u4

u1

"
, (15)

and Mi (i = 1, 2) matrices are

M1 =

! Ix
l 0
0 Iy

l

"
, M2 =

!
Iz 0
0 m

"
. (16)

Unknown parameters Θi(i = 1, . . . , 6), and corresponding
adaptation errors are defined as

Θ1 = m, Θ2 =

! Ix
l
Iy
l

"
, Θ3 =

!
Iz
m

"
, (17)

Θ4 =

!
0

−mg

"
, Θ5 =

1

m
, Θ6 = Θ2Θ5 (18)

Θ̃i = Θi − Θ̂i. (19)

III. CONTROLLER DESIGN

Using adaptive backstepping approach, control law is
formed in six steps:

Step 1: Tracking error for first block is defined in terms of
a virtual variable

z1 = x1d − x1. (20)

Time derivative of the tracking error for first block can be
obtained as

ż1 = ẋ1d − x2 ± v1 (21)

where v1 is a virtual control component and

z2 = v1 − x2. (22)

The time derivative of the nonnegative function given by

V1 =
1

2
zT1 z1 (23)

can be obtained as

V̇1 = zT1 (ẋ1d + z2 − v1). (24)
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Hence, choosing
v1 = ẋ1d +A1z1 (25)

where A1 is a positive definite 2× 2 matrix yields

V̇1 = −zT1 A1z1 + zT2 z1 (26)

that is negative definite in terms of z1 when z2 = 0.

Step 2: The dynamics of ż2 can be determined using (9)
and (22) as

Θ1ż2 = Θ1v̇1 − g0v2 + g0z3 (27)

with
z3 = v2 − l0. (28)

Another nonnegative function is given as follows

V2 =
1

2
zT1 z1 +

1

2
zT2 Θ1z2 +

1

2β
Θ̃2

1 (29)

where β is a positive constant. The time derivative of this
function can be organized as

V̇2 = −zT1 A1z1 + zT2 (z1 +Θ1v̇1 + g0z3 − g0v2). (30)

The virtual control and the adaptation rule can be chosen as

v2 = g−1

0 (z1 + Θ̂1v̇1 +A2z2), (31)

˙̂Θ1 = βzT2 v̇1, (32)

where A2 is a positive definite 2× 2 matrix and

v̇1 = ẍ1d +A1ż1,

ż1 = −A1z1 + z2

to obtain

V̇2 = −
2#

i=1

zTi Aizi + zT3 g0z2 (33)

that is negative definite with respect to z1 and z2 whenever z3
is zero.

Step 3: The dynamics of ż3 can be obtained as

ż3 = v̇2 +
∂l0
∂x3

(z4 − v3) (34)

where
z4 = v3 − x4. (35)

A nonnegative function is defined to design the controller
component

V3 = V2 +
1

2
zT3 z3 +

1

2δ
Θ̃2

5. (36)

where δ is a positive constant. The time derivative of this
function can be determined as 1

V̇3 = −
2#

i=1

zTi Aizi + zT3

$
gT0 z2 + g−1

0 (ϕ1 −Θ5ϕ2)

+
∂l0
∂x3

(z4 − v3)

%
+

1

δ
Θ̃5Θ̂5. (37)

1Hereafter, some controller terms are given in Appendix in order to increase
readability.

To provide that the V̇3 negative definite in terms of zi, i =
1, 2, 3 when z4 = 0, v3 should be

v3 =

$
∂l0
∂x3

%−1 &
gT0 z2 + g−1

0

&
ϕ1 − Θ̂5ϕ2

'
+A3z3

'
.

(38)

In addition, choosing the adaptation rule as

˙̂Θ5 = −δzT3

$
∂l0
∂x3

%−1

g−1

0 ϕ2, (39)

one can obtain V̇3 as

V̇3 = −
3#

i=1

zTi Aizi + zT4

$
∂l0
∂x3

%T

z3. (40)

Step 4: The dynamics of ż4 can be obtained as

M1ż4 = M1v̇3 − l1. (41)

Defining the nonnegative function V4 as

V4 = V3 +
1

2
zT4 M1z4 +

1

2
Θ̃T

2 Γ
−1Θ̃2 +

1

2
Θ̃T

6 Λ
−1Θ̃6 (42)

with Γ and Λ being positive definite 2 × 2 matrices, one can
obtain

V̇4 = −
3#

i=1

zTi Aizi + zT4

(
∂l0
∂x3

T

z3 + Y1Θ2 + Y2Θ6 − l1

)

− ˙̃ΘT
2 Γ

−1Θ̄2 −
˙̃ΘT
6 Λ

−1Θ̂6 (43)

where Y1 = diag{ϕ5} and Y2 = diag{ϕ6}. Choosing l1 and
the adaptation rules as

l1 =
∂l0
∂x3

T

z3 + Y1Θ̂2 + Y2Θ̂6 +A4z4, (44)

˙̂Θ2 = ΓY T
1 z4, (45)

˙̂Θ6 = ΛY T
2 z4, (46)

(43) turns out to be

V̇4 = −
4#

i=1

zTi Aizi (47)

that is a negative definite function of zi, i = 1, . . . , 4.

Step 5: Tracking error variable for x5 can be defined as

z5 = x5d − x5. (48)

Time derivative of the tracking error for the fifth block is
determined as

ż5 = ẋ5d + z6 − v5 (49)

where
z6 = v5 − x6 (50)

and v5 being the virtual control component. The time derivative
of the nonnegative function

V5 = V4 +
1

2
zT5 z5 (51)
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Fig. 1. Results for simulation #1: Change of position and attitude signals
(Reference signals are given in red)

can be obtained as

V̇5 = −
4#

i=1

zTi Aizi + zT5 (ẋ5d + z6 − v5) (52)

v5 is proposed as

v5 = ẋ5d +A5z5 (53)

where A5 is a positive definite 2 × 2 matrix. Hence, V̇5 can
be reorganized as

V̇5 = −
5#

i=1

zTi Aizi + zT6 z5. (54)

Notice that, V̇5 is nonpositive when z6 = 0 is provided.

Step 6: The dynamics of ż6 is composed as

M2ż6 = Y3Θ3 − g2l2 −Θ4. (55)

where Y3Θ3 = M2v̇5 A positive definite function is defined
as

V6 = V5 +
1

2
zT6 M2z6 +

1

2
Θ̃T

3 τ
−1Θ̃3 +

1

2
Θ̃T

4 κ
−1Θ̃4 (56)

in order to finalize the design procedure. Time derivative of
this function is

V̇6 = −
5#

i=1

zTi Aizi + zT6 (z5 + Y3Θ3 − g2l2 −Θ4)

− ˙̃ΘT
3 τ

−1Θ̂3 −
˙̃ΘT
4 κ

−1Θ̂4 (57)
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Fig. 2. Results for simulation #1: Change of control inputs

l2 and the adaptation rules are given as follows

l2 = g−1

2

&
z5 + Y3Θ̂3 +A6z6 − Θ̂4

'
(58)

˙̂Θ3 = τTY3z6 (59)

˙̂Θ4 = −κT z6 (60)

to obtain

V̇6 = −
6#

i=1

zTi Aizi. (61)

Note that, this result guarantees the stability of the equilibrium
point defined as zi = 0, i = 1 . . . 6. Moreover, limt→∞ zi =
0, i = 1, . . . 6 can be shown by means of LaSalle-Yoshizawa
theorem.

IV. SIMULATION RESULTS

Various simulation studies has been implemented using
Matlab in order to test the performance of the proposed
controller. The model parameters of the quadrotor utilized in
the simulations are given in Table 1. The step size of the solver
is set as 100 µs and the controller sampling time is adjusted
as 1ms in simulations. Two simulations are realized for two
distinct trajectories. The reference signals for x and y are taken
as a square wave and z is taken as a step signal in the first
simulation while the reference signals are sinusoidal for x and
y, and a step for z in the second simulation. The initial states
of the quadrotor are x3 = [π/6,π/6]T , x5 = [5,π/6]T and
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Fig. 3. Results for simulation #2: Change of position and attitude signals
(Reference signals are given in red)

x1 = x2 = x4 = x6 = [0, 0]T . The values of the gain matrices
are set as A1 = diag[1, 1]T , A2 = A3 = diag[0.5, 0.5]T ,
A4 = diag[30, 30]T , A5 = A6 = κ = δ = diag[0.1, 0.1]T ,
γ1 = 0.5, Γ = Λ = diag[2, 2]T and τ = [0.075, 0.015]T . Gain
values of the controller are tuned during the simulations. In
addition, the initial values of the adapted values are 90% of
the actual values of the uncertain parameters.

TABLE I. MODEL PARAMETERS

Parameter Value Unit
m 0.65 kg
g 9.81 m/s2

l 0.23 m
Ix 7.5.10−3 kg m2

Iy 7.5.10−3 kg m2

Iz 1.3.10−3 kg m2

The responses of the first simulation are given in Figures 1
and 2 depicting the changes of position and attitude and
controller inputs respectively. It can be concluded from the
results that the position and attitude values converge to the
reference trajectory values without steady-state error when the
proposed controller is implemented.

Figures 3 and 4 present the response for the second sim-
ulation with the proposed controller. The results for position
and attitude values are given in Figure 3 where the success on
trajectory tracking can be observed. z, φ and θ states exhibit
oscillatory behaviour while the responses of other states have
no oscillatory behaviours. Changes of the controller inputs are
given in Figure 4.
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Fig. 4. Results for simulation #2: Change of control inputs

The designed controller brings roll and pitch angles unde-
sired values in some gains due to the assumptions made in the
beginning of the designation of the controller, despite the fact
that the proposed controller has a correct theoretical basis. This
situation causes that the quadrotor moves in a undesired way.
In order to overcome this issue, the angles of the quadrotor
must be limited in between −π/2 and π/2 .

V. CONCLUSION

In this paper, adaptive block backstepping method is pre-
ferred due to handling capability of uncertain parameters in
the model. Block configuration of backstepping controller is
utilized so that rule of backstepping is not broken in the process
of generating control inputs. First control input, u1 and g0
matrix are assumed to be constant while taking derivatives.
The results show that the controller is able to handle parameter
uncertainty successfully.
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APPENDIX

Equations of some controller terms are given in this section
in order to increase readability.

The derivative of v2 can be obtained utilizing (21),(25),
(27), (28) and (31) as

v̇2 = g−1

0 (ϕ1 −Θ5ϕ2) (62)

where

ϕ1 =
&
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2
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Similarly, the derivative of v3 can be derived from (38) using
appropriate signals as

v̇3 = ϕ5 + ϕ6Θ5 (65)

where
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Abstract—Today, the widespread use of nonlinear loads has 
led to an increase in electric power quality problems. These 
problems are harmonic pollution and reactive power. 
Traditionally, harmonic compensation is carried out by passive 
filters, but such filters offer a one-dimensional solution. Passive 
filters have disadvantages such as fixed compensation 
characteristics and large sizes at large powers. For all these 
reasons, passive filters are insufficient to suppress harmonics. 
The emerging microprocessor and power electronics technologies 
allow the use of active power filters that can perform harmonic 
and reactive power compensation at the same time. In this study, 
simulation model of a shunt active power filter (SAPF), which 
can perform harmonic and reactive power compensation at the 
same time, is created using Matlab/Simulink package program. 
To control DC-link voltage of SAPF, type-2 fuzzy neural network 
controller (T2FNNC) is proposed.  SAPF with the proposed 
controller is compared with the PI controller under the same 
conditions. The performance of SAPF structure with the 
proposed controller has been examined with the simulations 
studies. 

Keywords—Shunt Active Power Filter; Type-2 Fuzzy Neural 
Network Controller; Power Quality; Harmonics 

I. INTRODUCTION 

In recent years, as a result of the rapid development of 
switching and capacitors in power electronic devices, the use of 
these devices in electrical devices and industrial field has 
become widespread. According to the operating principles of 
power electronic elements, currents drawn from the grid are not 
pure sinusoidal. The circuit elements that have no linear 
relationship between applied voltage and current are defined as 
nonlinear elements, and loads containing such elements are 
nonlinear loads. These loads draw non-sinusoidal currents from 
grid. Non-sinusoidal currents cause undesirable effects in 
electrical systems. Today, passive filters or active filters can be 
used to eliminate or reduce these effects. Passive filters are not 
very efficient in terms of performance and size. The active 

power filter (APF) can perform many features such as 
harmonic suppression, reactive power compensation and 
voltage regulation [1-5].  These filters can also provide 
adaptation to load change. These advantages of APFs have 
made them a more popular subject and have led to many 
studies for these filters. It is necessary to introduce some 
standards for harmonic distortions. According to IEEE 519 
standard, current harmonic distortion is 5% and voltage 
harmonic distortion is 3%. The basic operating principle of 
APF is to generate currents or voltages of the same amplitude 
and opposite phase to harmonics produced by nonlinear loads 
using power electronic elements and to give these currents or 
voltages to the system. Therefore, the harmonics generated by 
the power electronics devices are destroyed by using the 
elements of power electronics [5-9].  

In control of DC-link voltage of SAPF, traditional 
controllers such as PI and PID controller are preferred. But 
these controllers have some negative features. It is well-known 
that many intelligent controllers and control algorithms are 
widely used instead of these controllers [7-9]. 

 Type-1 fuzzy logic concept was originally presented by 
Zadeh in 1965 and operates on fuzzy sets [10]. In a system 
using a traditional set, the value of the input variable is 0 or 1. 
The membership degree in the set where the input variable is 
located has a value between 0 and 1. The boundaries of type-1 
fuzzy set are sharp values determined by the expert. Similarly, 
the membership degree of a variable belonging to one of these 
sets is also a sharp value. Therefore, conventional fuzzy sets 
cannot fully express high uncertainties. In addition, the 
determination of membership functions, set boundaries and 
rule bases lead to new uncertainties in the system. As a 
consequence, a new type of fuzzy sets which also models 
uncertainties, was introduced by Zadeh in 1975 [11]. While the 
membership degree of an input variable of type-1 fuzzy set is a 
sharp value, the membership degree of variable of type-2 fuzzy 
set is also fuzzy. Type-1 fuzzy sets have some limitations, such 
as expressing cluster uncertainties and non-linearities while 
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type-2 fuzzy sets are used to reduce the effects of these 
constraints [12-18].  

In this study, SAPF is modelled in Matlab/Simulink 
program and control of the modelled system is performed with 
type-2 fuzzy neural network controller (T2FNNC). In addition, 
the performance of the proposed controller in SAPF structure 
has been examined. 

II. EASE OF USE 
The instantaneous reactive power theory was first described 

by Akagi in 1983 [4]. This method is also known as the p-q 
theory. The p-q theory consists of an algebraic transformation 
in α-β-0 coordinates of three-phase currents and voltages in the 
a-b-c coordinates.  From these α-β components, active and 
reactive instantaneous power components can be calculated [4-
5]. 

~ 3
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is iL

if

R

L

 
Fig. 1 – Configuration of SAPF 

The instantaneous power method does not require the 
separately determination of each harmonic in the load current. 
This theory which uses the load current and the source voltage 
for the calculation is instantaneous and consists of calculation 
circuits that produce a compensation current that will 
complement the full sine-wave to the measured current. The 
main advantages of this theory are that it requires a small 
number of components and compensates for harmonic 
components [4-5]. In a three-phase balanced system, the grid 
voltage and αβ transformations are given in the following 
equations: 
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Where, Vsa, Vsb and Vsc are grid voltages. ia, ib and ic are grid 
currents. According to instantaneous power theory, the 
following equations can be obtained in matrix form as: 
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Current components in the αβ-axis can be written as: 
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The instantaneous real power (P) and imaginary power (Q) 
related with αβ-axis currents and voltages can be written as: 
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In this theory, P and Q can be selected independently and 
expressed as: 

  �p p p   (7) 

  �q q q   (8) 

Where, the mean value of the instantaneous real power and 
the instantaneous imaginary power are symbolized as p and 
q , respectively. The instantaneous compensating currents are 
expressed as follows:  
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The reference compensating current in the abc-axis can be 
obtained by means of the equations given above: 
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Where, * * *,  and fa fb fci i i are reference compensating current in 
the abc-axis.  

III. PREPARE YOUR PAPER BEFORE STYLING 
Fuzzy Logic Systems (FLSs) and Artificial Neural 

Networks (ANNs) have been widely used as intelligent 
methods. ANNs have advantages such as learning capability 
from input-output data, generalization capability, and FLSs 
have the advantages such as using expert knowledge and 
inferences capability. Fuzzy Neural Networks (FNNs) is 
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realized by using both methods in same architecture, FNNs 
have the advantage of ANNs, and FLSs. FLSs are designed by 
using two common techniques as type-1 FLS and type-2 FLS. 
Type-1 FLSs may not ensure the desired performance in 
systems with large amount of uncertainties [12-15]. In these 
cases, type-2 FLSs can replace for the type-1 FLSs. Type-2 
FLSs have been proposed in many areas, such as DC-DC 
converter control, controlling of mobile robots, and motor 
control [11-18]. Type-2 fuzzy neural network controller 
(T2FNNC) used in this paper has a structure with multiple-
input and single-output using type-2 Takagi-Sugeno-Kang 
(TSK) fuzzy rules. T2FNNC fuzzy rules used in this study are 
given in Eq.11. 
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}

 �¦
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In this equation; x1… xm are input variables, j1B is type-2 
membership functions for the jth rule belonging to ith input, 
ωij and bj are type-1 fuzzy parameters.  
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Fig. 2 – Gaussian type-2 fuzzy membership function 
 

As shown in Fig. 2, Gaussian type membership function is 
preferred in this study. The mathematical equation of Gaussian 
membership function is presented as: 
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Where; σ presents centre of Gaussian membership function 
and c presents width of Gaussian membership function. In this 
study, one of the σ or c are assumed to be uncertain. However, 
training rules are considered for both cases [18]. Structure of 
the T2FNNC used in this study is depicted in Fig. 3. The 
layer-1 of T2FNNC distributes inputs. Layer-2 presents 
linguistic term. In this layer, membership degrees are 
computed for each input signal. The product operation are 
performed in layer-3. Outputs of the linear functions are 
determined in layer-4.  The product of membership degrees is 
computed in layer-5. Layer-6 contains two summation blocks. 
The output of T2FNNC are computed in Layer-7.  

The learning rate is an important parameter for the back-
propagation algorithm to be able to approximate global 
minima. Learning rate with big value can bring out stability 
problem whereas its small value can cause to slow learning 
and local minimum problem [16-18]. As the learning rate is 
determined, adaptive methods can be used. The learning rate is 

usually chosen in the range [0, 1] and this value is chosen as 
0.05 in this study. 
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Fig. 3 – Internal structure of T2FNN  

IV. USING THE TEMPLATE 
In this study, simulation study is carried out to indicate 

performance of SAPF with proposed controller. The developed 
SAPF model consists of three-phase source, two-level inverter, 
nonlinear load, control and measuring units. The parameter 
values of SAPF and non-linear load are given in Table I. PI 
controller and T2FNNC are designed for DC bus voltage 
control of SAPF model and two tests are conducted for these 
two controllers under the same conditions. The gain parameters 
of PI controller are found as Kp=0.12, Ki= 4. Also, the 
Gaussian membership function is preferred for the controller 
structure proposed in this study. 

TABLE I.  ELECTRICAL PARAMETERS OF SAPF 

Parameters Values 
Grid Voltage (Vs) 60 V 

DC bus Capacitor (C) 1.2 mF 
Source impedance (Rs, Ls) 0.1 mΩ, 0.1 mH 
Filter impedance (Rf, Lf) 0.1 mΩ, 0.1 mH 
Diode rectifier load (R,L) 60 Ω, 20 mH 

Load (R, L) 180Ω, 10mH 
Sampling Time 5µs 
PI Controller Kp=0.12, Ki=4 

 
Test 1: This test is conducted to assess the performance of 

SAPF with proposed controller under the steady-state 
condition. The waveform related with this test are given in 
Fig. 4. Fig. 4 consists of three-phase grid currents, load 
currents, compansating currents and DC-bus voltage. To 
compensate the harmonics which produced by non-linear load, 
the switch is activated at t = 0.1 s. With compensation three-
phase grid currents have become sinusoidal. As can be seen in 
Fig. 4, the DC bus voltage is set to 220 V and the oscillation in 
DC bus is very low. Before compensation, the power factor of 
the system is measured to be approximately 0.78. Also, the 
total harmonic distortion of the grid current is 23%. After 
compensation, the power factors of SAPF with PI and 
T2FNNC are 0.99 and 0.995, respectively. THDs of both 
controllers are 1.5% and 1.39%.   
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Fig. 4.  Waveforms of SAPF for Test 1 a) T2FNNC b) PI Controller

 

124

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 
(a) 

 
(b) 

 
Fig. 5. Waveforms of SAPF for Test 2 a) T2FNNC b) PI Controller
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Test 2: This test is conducted to evaluate the behavior of 
SAPF with two controllers under the transient condition. 
Transient condition is created by load change. The 
waveform of three-phase grid currents, load currents and 
compensating currents and DC-bus voltage of SAPF in this 
test are given in Fig. 5. First, the system has a fixed load. 
Then load is changed at t=0.15 s. Finally, the load is 
removed from the system at t=0.35 s. Fig. 5 shows that the 
grid current has increased during the increase of the load 
current. When the load is removed from the system, the gird 
and load currents returns to their original value. It is 
observed from this test condition that DC-link voltages of 
SAPF with PI and proposed controllers are balanced to their 
reference value after 1.25 s and 1.8 s, respectively. As can 
be clearly observed in this test, the proposed controller 
based SAPF has better dynamic performance than PI 
controller. 

V. CONCLISIONS 
In recent years, many studies have been carried out to 

improve the dynamic performance of shunt active power 
filters. This paper presents the performance results of SAPF 
based on a novel controller. Type-2 fuzzy neural network 
controller, which has a superior structure against the 
uncertainties, has been proposed for controlling the DC bus 
voltage of SAPF. The main purpose of proposed controller is 
to improve the robustness of SAPF against to disturbances 
and uncertainties. Also, the performance of the proposed 
controller is compared to the PI controller. Two tests are 
conducted for both controller structures under the same 
conditions. The simulation study clearly demonstrate that the 
performance of the proposed controller based SAPF structure 
has been improved in transient and steady-state conditions. 
Moreover, the control of DC bus voltage of SAPF has been 
performed perfectly with proposed controller. The THD of 
the grid current is reduced and the energy quality of SAPF is 
improved. 
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Abstract—The main motivation of this work is the implementation 
of the capacities offered by the metaheuristics, in particular the 
BAT algorithm and the fuzzy logic in order to develop approaches 
for the design of simple, efficient and robust controls. This paper 
present method for designing Fuzzy PD controller using a new 
swarm intelligence algorithm, which is the Bat algorithm. The Bat 
algorithm is one of the most recent swarm intelligence based 
algorithms that simulates the intelligent hunting behavior of the 
bats found in nature. The main objective is to design the fuzzy rule 
base of fuzzy PD controller respecting the desired performance. To 
demonstrate the efficiency of the suggested approach, a control of 
a water bath temperature and magnetic ball suspension are 
selected. The optimization procedure produced fuzzy controllers 
with three rules having relatively good robustness properties. 

Keywords- Fuzzy controller, Bat algorithm, optimization, 
water bath temperature, Magnetic Ball Suspension 

I. INTRODUCTION 

A control law can be constructed from a system approach 
based on a linear or nonlinear mathematical model, when 
such a model is available. However, this is not always 
possible, indeed, there are situations where the mathematical 
model, for one reason or another, is not available. 
Conventional approaches are inadequate and fuzzy 
inference-based controllers and artificial neural networks are 
ideally suited for such situations. 

The first developments in fuzzy control have been 
initiated by Mamdani [1], [2]. The basic idea was to exploit 
the experience of human operators to build a command law. 
A fuzzy set of rules then reflects the behavior of operators in 
terms of control strategy. An anti-diagonal rule base, called 
Mac VicarWhelan can be used [3]. Numerous studies have 
made it possible to justify the writing of rules by analogy 
with the sliding regime [4] or by a qualitative analysis of the 
behavior in the phase plane [5]. These control structures are 
structural equivalents of classical controllers [6]. 

Because of their structure, Takagi Sugeno's fuzzy 
systems provide a simple analytical expression of the 
generated output according to the inputs considered. This 
property then makes it possible to exploit numerical 
optimization mechanisms for the synthesis of fuzzy 
controllers. Thus, Sugeno and Takagi [7] use least squares 

algorithms while Bersini [8] uses a gradient descent method 
to minimize a quadratic criterion. Subsequently, many 
studies have been published on the use of fuzzy TS 
controllers in the control of non-linear processes. 

Metaheuristics have been widely used for designing 
fuzzy controllers [9] - [13]. The vast majority metaheuristic 
algorithms have been derived from the behavior of biological 
systems and/or physical systems in nature. For example, 
particle swarm optimization is inspired by social behavior of 
animals moving in swarm [14], while simulated annealing is 
based on the annealing process of metals [15]. New 
algorithms are also emerging recently, including harmony 
search [16], the firefly algorithm [17], and the Bat algorithm 
(BA) [18], [19]. The BA technique is introduced by Yang in 
2010. It is based on the echolocation behavior of bats. The 
capability of echolocation of micro-bats is fascinating as 
these bats can find their prey and discriminate different types 
of insects even in complete darkness [20].  

Bat algorithm was successfully applied to a number of 
very different problems [21]-[24]. BA is simple to implement 
and produces good results [24]. 

In this paper, BAT algorithm will be used to design 
Takagi-Sugeno (TS) fuzzy PD controller by optimizing the 
centers of membership functions and the fuzzy rule base. The 
remaining of this paper is organized as follows: The structure 
of fuzzy controller to be optimized is described in the next 
section. After, the standard BA algorithm is presented in the 
section III. Section IV explained the method of designing the 
fuzzy controller by BA. The test of the effectiveness of the 
proposed method is made in section V. Finally, the paper is 
ended by a conclusion. 

II. FUZZY CONTROLLER STRUCTURE

This section describes the fuzzy controller (FC) to be 
designed in this study. The FC is of type Takagi–Sugeno 
zero order. The ���  rule, which is denoted as  ��  , is 
represented in the following form: 

��: ��	�(�)��	���	���	∆�(�)	��	��� 

�ℎ��	�(�)	��	��       (1)
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where � is the time step, �(�), ∆�(�)	are the input variables, 
�(�)	is the fuzzy controller output variable, ���  is a fuzzy 
set, and ��  is a crisp value. ��� is a fuzzy set which uses a 
triangular membership function defined by following 
equation: 

�(�) = max	(��� �� − �� − � ,
� − �
� − �� , 0)													(2) 

where �, �  and �  represent respectively the locations of 
starting point, peak point and the ending point, for a triangle 
shaped membership function. 

About the fuzzy rule base, the decision on the number of 
fuzzy rules is a very important issue because it plays a very 
important role in fuzzy control systems. Unfortunately, there 
is no systematic and effective procedure for selecting the 
number of the most appropriate rules, except for some 
proposals. A reasonable number of fuzzy rules, without 
losing too much information about the system to be 
controlled must be carefully obtained.  

For flexibility of the implementation of fuzzy controller, 
the universe of discourse of inputs and output is limited to a 
range of [-1, 1], determined by the normalization of inputs 
and output [25] [26]. To do this, the scale factors are used to 
have the desired dynamics. 

This paper proposes a fuzzy rule base composed of only 
three enabled rules, extracted from analysis expressed as 
follows: 

��	: ��	�(�)	��	�(−1, ��, ��)	���	∆�(�)	��	�	(−1, ��, ��)		 
						�ℎ��	�(�) = 	��. 
��	 : ��	�(�)	��	�(�1, �2, �3)	���	∆�(�)	��	�(�1, �2, �3)	 
					�ℎ��	�(�) = 	 ��. 
��	: ��	�(�)	��	�(��, ��, 1)	���		∆�(�)	��	�(��, ��, 1) 
					�ℎ��	�(�) = 	 ��.  
where �(�) is the difference between the desired output and 
the measured output of the controlled system. �, �	and � are 
fuzzy sets of input variables, and  ��, ��, ��	are real values of 
fuzzy controller output. 

In the inference mechanism, the AND in the fuzzy rule is 
implemented by the algebraic product in the theory of fuzzy 
logic (according to Larsen) .Thus, given a set of input data 
	���⃑ = (�, ∆�) , the degree of activation ��(�⃑)	 of Rule �  is 
calculated by: 

 
��(�⃑) = ���(�(�)) ∙ ���(∆�(�))                   (3) 

 
If there are �� rules in fuzzy controller, the resulting output 
of the set of rules is given by the average of weighted 
individual outputs as follows: 

� = ∑ ��(�⃑). ����
���
∑ ��(�⃑)��
���

																												(4)	
 

where ��  is the value of the conclusion of the ��� rule.  

In this paper, the optimization of the fuzzy controller 
includes the determination of all parameters of each fuzzy 
rule. 

III. BAT ALGORITHM 
Bat algorithm is a metaheuristic optimization algorithm 

developed by Xin-She Yang in 2010 [18]. The algorithm is 
based on echolocation of micro-bats with varying pulse rates 
of emission and loudness. Bats use sonar echoes to detect 
and avoid obstacles: they determine the size of an object, 
how far away they are, how fast they are travelling and even 
their texture, all in split in a second. After hitting and 
reflecting, bats transform their own pulse to useful 
information to gauge how far away the prey is. Bats are 
using wavelengths, that vary from range [0.7, 17] mm or 
inbound frequencies [20,500] kHz. By implementation, 
pulse frequency and rate has to be defined. Pulse rate can be 
simply determined from range 0 to 1, where 0 means there is 
no emission and by 1, bats are emitting maximum. 

In order to transform these behaviors of bats to 
algorithm, Yang used three generalized rules [18]:  

1) All bats use echolocation to sense distance, and 
they also guess the difference between food/prey 
and background barriers in some magical way. 

2) Bats fly randomly with velocity ��  at position �� 
with a fixed frequency  ����, varying wavelength � 
and loudness ��  to search for prey. They can 
automatically adjust the wavelength of their 
emitted pulses and adjust the rate of pulse emission 
�  from [0, 1], depending on the proximity of their 
target. 

3) Although the loudness can vary in many ways, we 
assume that the loudness varies from a positive 
large value  ��	to a minimum constant value ����. 

The initial position �� , velocity ��  and frequency ��  are 
initialized for each bat. For each time step � , the movement 
of the virtual bats is given by updating their velocity and 
position using the following equations: 

 
�� = 	 ���� + (���� − ����). �																		(5) 

 
���(�) = ���(� − 1) + �������� − ���(� − 1)�. ��     (6) 

 
���(�) = ���(� − 1) + ���(�)                     (7) 

  
where � ∈ [0,1]  indicates randomly generated number, and 
������� 	represents current global best solutions. 

For the local search part, once a solution is selected 
among the current best solutions, a new solution for each bat 
is generated locally using random walk: 

 
����� = ����� + �. ��������                         (8) 
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Where, � ∈ [0,1]  is a random number and represents 
direction and intensity of random-walk. ��������  is the 
average loudness of all the bats.  

Based on these approximations and idealization, the 
basic steps of the Bat Algorithm (BA) can be summarized as 
the following pseudo code [19]: 

 
 Objective function  �(�), � = (��, … , ��)� 
 Initialize the bat population �� and �� for � = 1, � 
 Define pulse frequency �� 	∈ [����, ����]  
 Initialize pulse rates �� and the loudness �� 
 while (� < 	����) // number of iterations 

Generate new solutions by adjusting frequency, and 
updating velocities and locations/solutions  
if (����(0,1) > 	 ��  ) 

Select a solution among the best solutions 
Generate a local solution around the best 
solution 

      end if 
      Generate a new solution by flying randomly 
      If (����(0,1) < 	�� and  �(��) < �(�)) 
        Accept the new solutions 

             Increase �� and reduce �� 
      end if 
       Rank the bats and find the current best 
 end while 
 Post process results and visualization 

 

IV. DESIGNING FUZZY RULE BASE OF FUZZY 
CONTROLLER USING BAT ALGORITHM 

In this section, we propose to use Bat algorithm for 
designing a reduced fuzzy rule base of a fuzzy controller of 
type Takagi-Sugeno zero order, in order to obtain better 
performances of the system to control. 

A. Optimization Procedure 
The diagram of the closed loop control is shown 

schematically in Fig. 1. We can summarize the optimization 
procedure of the fuzzy controller using Bat algorithm 
through the following steps: 

1. Generation of an initial population of solutions 
characterizing the controller settings. 

2. For all solutions: 
� Evaluate the objective function. 
� Classify obtained solutions according to 

their fitness. 
� Construction of a new population by 

updating process of frequencies, velocities 
and solutions. 

The step 2 is repeated until a maximum number of iterations 
is performed. After the process of evolution, the final 
iteration of the algorithm consists of the well-adjusted 
solution who provide best solution. 

      The inclusion of design constraints in the optimization 
process helps to preserve the semantics of fuzzy rules. For 
that, the constraints on the limits of the parameter vector to 
be identified, and limits on the control variables are 
imposed. 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. control structure and optimization 
 

B. Parameters's Vector Representation of Fuzzy Controller 
The parameter vector (solution) � of the fuzzy controller 

has nine parameters. These parameters represent the starting 
point locations, the pic point, and end point, for a triangular 
membership function belonging to the inputs of a fuzzy 
controller and fuzzy singleton for its release. 
 
So 	� = 	 [	��	��	��	��	��	��	��	��	��	��	]                   (9) 

 
While respecting the following constraint:  
 

�
			�� < �� < ��
		�� < �� < ��
		�� < �� < ��

                                (10) 

 

C. Generation of Initial Population of solutions 
Initial population is randomly generated from real-

valued vectors with dimension � and number of bats 	�, by 
taking into account lower and upper boundaries. In this 
study, � = 9. 

 
��� = ����� + ����(0,1) ∗ 	(����� − ����� )         (11) 

 
where � = 1, �; � = 1, � and  �����  and  �����  are lower and 
upper boundaries for dimension � respectively. 

 

V. APPLICATION 
The test of effectiveness of the Bat algorithm is 

illustrated to designing fuzzy controllers of type Takagi-
Sugeno zero order for control of water bath temperature and 
Magnetic Ball Suspension System. 

Fuzzy PD control structure is described in section II, the 
controller has 2 inputs (error �(�)and its derivative ∆�(�)) 
and one output (the command itself �(�)). 

The Bat algorithm parameters used in this section are 
given in Table I. 

−  
+   

output Reference � 
� 
 
∆� 

 
FPDC  system 

 Performance 
Index 

Bat 
algorithm 
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TABLE I 

BA Control parameters values  

Parameter Designation value 

� Population size 20 

�� Number of generation 100 

���� Minimum frequency 0 

���� Maximum frequency 1 

� Loudness 0.5 

� Pulse rate 0.5 

 

A. Water bath temperature control system 
The objective of this section is to control the temperature 

of a water bath. The structure of the process is given by the 
diagram of the Fig. 2. 

The goal of this simulation is to control the temperature 
of a water bath system given by the following equation [27]: 

 
��(�)
�� = �(�)� + �� − �(�)�� 																				(12) 

 
where �(�) is the system output temperature in °C; �(�) is 
heating flowing inward the system; ��  is initial 
temperature; 	�  is the equivalent system thermal capacity; 
and �  is the equivalent thermal resistance between the 
system borders and surrounding. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig.2. Process Structure 
 
Assuming that �  and �  are essentially constant, we 

rewrite the system in Eq. (12) into discrete-time form with 
some reasonable approximation: 

 

�(� + 1) = �����. �(�) +	
�
� (1 − �

����)
1 + ��.��(�)��� 	�(�)	 

			+(1 − �����)��																																								(13) 
 
 

Where � and  � are some constant values describing � and 
� . The system parameters used in this example are: �  = 
1.0015×10-4,  � = 8.67973×10-3 and  �� = 25.0 (°C), which 
were obtained from a real water bath plant in The input 
�(�)	 is limited between 0v and 5v. The sampling period is 
�� = 30	���. 

In the first part of simulation, the controller objective is 
to generate a control �(�)	allows the system to track the 
reference trajectory given by: 
 

���� = �
35°�
55°�
75°�

						
���
���
���
			

� ≤ 40
40 < � ≤ 80
80 < � ≤ 120

         (14) 

 
The 120 models applies are selected from the input-output 
characteristic to cover the space Entire benchmark yield.  

The proposed approach is applied to optimize a fuzzy 
controller of type Takagi-Sugeno zero-order of water-bath 
system. The fitness function for performance evaluation is 
defined to be the sum of absolute error: 

 
��� = ∑ �����(�) − �(�)��                    (15) 

 
where ����(�)  and �(�)  are the reference output and the 
actual output of the simulated system, respectively.  
 

Figure 3 shows the evolution of the performance index 
during the execution of the algorithm.  

 
Fig.3. Evolution of the Fitness Function. 

The fuzzy rule base obtained after optimization using 
Bat algorithm is as follows: 

��: ��	�	��	�(−1,−0.55, 0.5)	���	∆�	�� 
	�(−1,−0.85, −0.15)	�ℎ��	∆� = 	−1.02 

��: ��	�	��	�(−0.55, 0.5, 0.96)	���	∆�	 
��	�(−0.85, −0.15, 0.56)	�ℎ��	∆� = 	0.24 

��: ��	�	��	�(0.5, 0.96, 1.00)	���	∆�	�� 
�(−0.15, 0.56, 1.00)	�ℎ��	∆� = 	1.23 

 
The control system will be calculated by the following 

formula: 
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�(�) = �(� − 1) + �∆�	. ∆�(�)                  (15) 
 

Where ∆�  is the command increment, �∆�  is the scale 
factor of the variation of control. 

The Figure 4 shows the response of the system and the 
generated command. We can see that the new approach gives 
a good convergence to the desired trajectory. 

To test the robustness of the optimized controller, the 
trajectory of the reference was changed. We define: 
 
���� =

	

⎩
⎪
⎨
⎪
⎧ 34°�																																			 ���	� ≤ 30	
�34 + 0.5 ∗ (� − 30)�	°� 								���	30 < � ≤ 50
�44 + 0.8 ∗ (� − 50)�	°� 								���	50 < � ≤ 70
�60 + 0.5 ∗ (� − 70)�	°�	 								���	70 < � ≤ 90
70	°�																																		 									���	90 < � ≤ 120

										(16) 

 

The tracking performance of the proposed approach is 
shown in fig. 5. The results show that the Bat algorithm is 
able to design an optimized fuzzy rule base of fuzzy Takagi-
Sugeno controller of type zero order that gives a good 
tracking of trajectory. 

 
Fig.4. Water bath temperature results for nominal parameters. 

 
Fig.5. Test of robustness changing the model of reference 

 
TABLE II 

 COMPARISON OF DIFFERENT METHODS OF OPTIMIZATION FOR WATER BATH 
TEMPERATURE PROBLEM 

Method Rule number SAE 

ACO[28] 9 130.2 

EGA[29] 9 109.7 

HGAPSO[30] 9 98.1 

RCACO[31] 9 63.6 

HEGATS [32] 3 54.42 

HPSOTS [33] 3 62.7 

BA 3 60.78 

 

Table II shows the results of EGA, ACO, HGAPSO, 
RCACO, HEGATS and HPSOTS, for the same design 
problem [32]. These results show that the average error of 
BA is smaller than the most of the algorithms. 

 

B. Magnetic Ball Suspension System 

The model of the magnetic ball suspension system 
shown in Fig. 6 is given by [34] : 

 

� ∗ �
��(�)
��� = 	�. � − �

�(�)
�(�) 																														 

�(�) = � ∗ �(�) + � ∗ ��(�)�� 																		(17) 

 

where �(�) is the ball position, �  = 0.1 kg is the ball 
mass, � = 9.8 m/s2 is the gravitational acceleration, � = 50 
Ω is the winding resistance, � = 0.5 Henrys is the winding 
inductance, �(�) is the input voltage, and �(�) is the winding 
current. The position of the ball is detected by a position 
sensor (e.g., an infrared, microwave, or photo resistive 
sensor) and is assumed to be fully detectable over the entire 
range between the magnetic coil and the ground level. The 
ball will stay between the coil and the ground level [43]. In 
state-space form, Equation (17) becomes : 

 

⎩
⎪⎪
⎨
⎪⎪
⎧���(�)�� = ��(�)																										
���(�)
�� = � − ���(�)

���(�)
															

���(�)
�� = −�� 	��(�) +

1
� 	�(�)

																							(18) 

 
where [��(�), ��(�), ��(�)] = [�(�),	��(�)�� , �(�)]. Notice that 

the nonlinearities are induced by the ���(�)	and �
��(�)

	terms in 

the ���(�)��  equation. By linearizing the plant model in 
Equation (18), assuming that the ball is initially located at 
��(�) = 	�(0), we can find a linear system by calculating 
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the Jacobian matrix at �(0). The linear state-space form of 
the magnetic ball suspension system is given as [43]: 
 

⎩
⎪⎪
⎨

⎪⎪
⎧����� = ��(�)																																								

���(�)
�� = �

�(0) ��(�) − 2�
�

��(0)	

���(�)
�� = −�� 	��(�) +

1
� 	�(�)								

	��(�)																			(19) 

 

The objective of this section is to control the position of 
magnetic levitation magnetic ball. The controller used is of 
fuzzy PD controller where its output is the command �(�). 

We consider a fuzzy controller of the type  Takagi-
Sugeno  zero order, its inputs are the error �(�)  and its 
variation ∆�(�)and an output �(�) (the command applied to 
the system). 

 
Fig.6. Magnetic ball suspension system [43] 

 
The cost function is the mean square error calculated by 

the following equation: 

��� = 1
�����(�)																																(20)

�

���
 

Where: � is the total number of samples and � the sampling 
time, �(�) is the difference between the value of the desired 
output and the value of the measured output process under 
control. 

After 100 generations, we obtain the best parameter 
vector which gives best performance of the system with 
only three rules extracted for analysis. Figure 7 shows the 
evolution of the cost function. At the end of program 
execution, the evaluation function (mean square error ) is 
equal to 2.66 × 10��	 and the fuzzy rules obtained are as 
follows:  

 
����	1: ��	�	��	�	(−1,−0.99, 0.69)	���	∆�	�� 
																			�	(−1,−0.72, 0.16)	�ℎ��	� = 	−1.04 
����	2: ��	�	��	�	(−0.99, 0.69, 0.99)	���	∆�	 
																		��	�	(−0.72, 0.16, 0.79)	�ℎ��	� = 	−0.08 

����	3: ��	�	��	�(0.69, 0.99, 1.00)	���	∆�	�� 
																		�	(0.16, 0.79, 1.00)	�ℎ��	� = 	1.02 

 

 
Fig.7. Evolution of fitness function 

 
Fig.8 Responses of the system via nominal parameters 

 
 The results shows that the optimized fuzzy controller of  

electromagnetic voltage can stabilize the disturbance that would 
cause the metal sphere (ball) to fall or attach it to the 
electromagnet..  

 

VI. CONCLUSION 
In this paper, BAT algorithm is used to design a fuzzy 

PD controller for Takagi-Sugeno zero-order, the BAT 
algorithm optimizes simultaneously the membership 
functions of the input and output variables of the controller, 
and consequences of fuzzy rules base. To demonstrate the 
effectiveness of the proposed approach, a control of water 
bath temperature and stabilization of a magnetic ball 
suspension systems are selected. Simulation results give 
good performances for controlled. We can say that the BAT 
algorithm present a very powerful tool for the design of 
intelligent controllers for nonlinear systems. 
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Abstract— In this study, the real-time application of the 
Fuzzy Logic-Proportional-Integral-Derivative (Fuzzy-PID) 
controller is performed. Product-Max operator is used in the 
design of Fuzzy Logic Controller (FLC). This FLC has 
Proportional-Derivative (PD) controller structure. An 
integrator was added to the designed FLC output and thus a 
Fuzzy-PID controller structure is obtained. For the real-time 
implementation of the controller, the dsPIC30F4010 digital 
signal controller (DSC) is preferred as the processor because it 
contains the necessary peripherals, has the required memory 
capacity and processor speed, low cost and easy to design. For 
the easily observe application result of the designed FLC, the 
speed of a brushed direct current electric motor (BDCM) 
driven by MOSFET is controlled using Pulse Width 
Modulation (PWM) produced by DSC. The Fuzzy-PID 
controller algorithm is written in C programming language. 
Edited C language program is compiled and generated 
operation codes (OP-CODE) is loaded into the DSC. In the 
study, the BDCM connected to a braking system driven by a 
shaft belt. So, for different parameters of the controller, the 
real time system output graphs of the BDCM in loaded, 
unloaded and varying speeds conditions is obtained and 
evaluated. 

Keywords— Fuzzy PID Controller, digital signal controller, 
speed control, dsPIC30F4010 

I. INTRODUCTION

PID controllers are widely used in the industry because 
of they can easily perform [1-3]. Depending on the behavior 
of the system being controlled, the controller can have 
Proportional (P), Proportional-Integral (PI), Proportional-
Deriviation (PD) or Proportional-Integral-Deriviation (PID) 
controller structure. PID controller has Proportional (Kp), 
Integral (Ki) and Derivative (Kd) coefficients. One of the 
most important research topics in the PID controller design is 
to determine the Kp, Kid and Kd coefficients which can give 
the best control result according to the behavior of the 
system. Several studies have been done to determine the 
coefficients of the PID controller. The PID controller is 
affected by the noise from the controlled system and 
environmental factors, which in turn affects the performance 
of the controller negatively. Today, many real-time PID 
controller implementations have been performed.  

The theory of fuzzy logic was first given by Zadeh in 
1967. Fuzzy Logic is closer to the human comparison logic 
than the classical logic. Because in fuzzy logic there are not 
only two logic levels, as in classic logic. It's just a kind of 
multi-level logic that is not binary-oriented. There are also 
no sharp boundaries such as true or false in fuzzy logic. For 
example, at the expressing of a temperature level, while there 

are two precise states, such as cold or hot in the classic logic, 
there are situtations like very warm, warm, warm, or cold in 
the fuzzy logic. In the following years, Fuzzy Logic 
Controllers based on fuzzy logic theory have been 
developed. FLC design also has rules, fuzzification, decision 
and defuzzification units. FLC input is mostly error 
(difference of output signal with desired input) and change of 
error (derivation of error signal). Controller output is applied 
as input signal to the control system after passing through a 
driver unit [4-5]. In FLC, control rules are determined by an 
experienced operator who knows the behavior of the system. 
When the input signal of the FLC is determined as error and 
error change, the output of the controller is similar to the PD 
structure [6]. 

Researchers have combined PID controller and FLC 
for obtaining better control results [7]. These type controllers 
is called fuzzy-PID controller. It is also necessary to add an 
Integrator operator to the Fuzzy controller output to create 
the fuzzy PID controller structure. In this case, one input 
variable of the two-input Fuzzy controller must be the 
derivation of the other input variable. In this way, the Fuzzy 
Controller contains Proportional, Derivative operations on its 
own structure, and contains an Integral operation at the 
output of the FLC. Thus the Fuzzy PID controller structure is 
formed. In the literature, various structures for fuzzy PID 
controllers (including PI and PD) have been proposed[8]. 
One of them is based on application of the error, change of 
the error and, sum of the error as input signals to the FLC. 
That is, the error, error change and sum error constitutes the 
antecedent of the rules of the FLC [9-15]. Due to the fact that 
there are 3 number of input variables in this type of 
controller, the number of rules increases according to the 
number of membership functions. For example, if the 
number of the membership function of the proportional, 
integral and derivative variables is 5, then the total number of 
rules will be 5x5x5 = 125. Another Fuzzy-PID controller 
structure is that, proportional, integral and derivative 
coefficients are used as variables at the output of the rules. In 
this type of controller, the coefficients of the PID controller 
are set from the rule outputs according to the changes in the 
system and the rule inputs. 

In the Fuzzy PID controller used in this study, the error 
(e) and the error change (ce) are used as the FLC inputs and,
as previously mentioned, the integral operator is added to the
FLC output [6,16-18]. Güzelkaya has done a simulation
study similar to the controls used in this study. So as to
control, they used a second-order delayed system in their
simulation studies. Then, Karasakal was performed real time
application study with Fuzzy PID controller on
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Programmable Logic Controller (PLC) and he was used 
FEEDBACK PCS 327 Process Control Simulator as control 
system. 

In this study, DSC (dsPIC30F4010) was used to realize 
Fuzzy PID controller. DSC provides facilities for time and 
processing because of the owning of adequate 
peripherals,sufficient processor speed and ease of 
programming. In addition, a modular system in which the 
controller cost is reduced and more functions can be added is 
realized in real time. The C language is used for 
programming. For ease of implementation, DC motor which 
can be easily driven by PWM signal is used. The output of 
the controller and the output of the system is observed in the 
BDCM loaded and unloaded situations in real time.  In this 
respect, this study is different from other studies. 

II. FUZZY PID CONTROLLER 

Figure 1 shows a FLC controller block. Inputs are error 
(e) and change of error (ce), output is u control signal. As 
shown in Figure 2.a and 2.b, the inputs have symmetric 5 and 
the outputs have 5x5 = 25 membership functions [6]. Lets 
assume any e value is in ei - ei + 1 interval and any ce value is 
in  cej - cej + 1 interval. And if it is assumed that these e and ce 
signals are applied to FLC input, then 4 rule out of 25 rules 
will be different from zero as shown in Equation 1. In this 
case, the u control mark at the FLC output is written as in 
Equation 2. (The multiplication operator is used instead of 
the min operator in calculating the u output of the rules.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Figure 2. Membership functions of e and ce 

Equation 2 is non-linear because it contains e and ce 
products. It is not possible to see that the Proportional-
Derivative (PD) exists in this equation. Equation 2, 3 and 4 
are used to calculate Equation 5 for PD output for u output. 
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If written in the form, here, 

 

 

 

 

 

 

Equations 5, 6, and 7 denote that the FLC output is 
similar to a PD controller output with an offset (A) added to 
these conditions. For this reason, in order to design the FLC 
in the PID structure, the integral of the output is added to the 
FLC output, and the Fuzzy PID controller structure is created 
as shown in Figure 3. 

 

 

 

 

 

 

 

 

When the operations in Figure 3 are performed using 
Eqs. 5 and 7, the u output  is expression as below [6]. 

 

 

 

Figure 1. FLC block diagram. 

 

											  

											  

Rk: if e=Ai and ce=Bj then u=uij  
Rk+1: if e=Ai and ce=Bj+1 then u=ui(j+1)  
Rk+2: if e=Ai+1 and ce=Bj then u=u(i+1)j  
Rk+3: if e=Ai+1 and ce=Bj+1 then u=u(i+1)(j+1)  

(1)

for , , and for ,   

, ,
 

,  

,  

, . 

(4) 

 

 

 (5) 
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 (7) 

 
Figure 3. Fuzzy PID controller 
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If Equation 8 is written in s plane, Equation 9 is found.   

 

 

The block diagram of Equation 9 is shown in Figure 4. 

 

 

 

 

 

 

 

 

 

A. Fuzzy PID controller with self-tuning the scaling factor 
In Figure 5, the block diagram of the control system that 

sets the coefficients of the fuzzy PID controller as in 
Equation 8 according to the derivative of the error is given  
[16]. While the output of the fuzzy logic controller is 
multiplied by f[e(t)] and β,  the ce sign is multiplied by 
g[e(t)] and Kd on the input side. In Equation 10 and Equation 
11, a1, a2, b1 and b2 are positive constant numbers. Change of      
f [e(t)] and g[e(t)] in Equation 10 will cause a change in Kp, 
Ki and Kd in Equation 8. f[e(t)] and g[e(t)] determine the 
change of the Ki and Kd coefficient respectively according to 
the value of e(t). If e(t) decreases, it will cause f[e(t)] to 
decrease and so decrease Ki. In this case, as the output signal 
approaches the desired ref value, it will cause a decrease in 
oscillation due to the decrease in Ki. However, if e(t) 
decreases, g[e(t)] will increase in Equation 11. In this case, 
Kd will increase, which will cause the oscillation to decrease 
and the system response to accelerate. 

 

 

 

 

 

 

 

Figure 5. Self-tuning Fuzzy PID controller. 

 

 

 

 

 

III. REAL-TIME IMPLEMENTATION AND RESULTS 

A. Hardware 
Figure 6 shows the circuit diagram used to perform motor 

speed control with the Fuzzy-PID controller. The duty cycle 
of the PWM signal determined by the u value from the 
controller output is taken from the PWM1L pin of the DSC. 
This PWM signal applied to the input of the 4N25 
optocoupler (U2) to isolate the motor supply voltage. The 
555 IC for amplify the signal on the optocoupler output, and 
the IRF2907 power MOSFET was used to apply the 
amplified signal to the motor. 

On the motor shaft, an encoder is available to receive 
feedback information about the rotation speed. The signal 
received from the encoder is applied to the LM2907 
frequency-voltage converter. The LM2907 input has a 
maximum frequency of 10 KHz. The analog voltage from the 
output of the LM2907 is taken from the AN5 analog input of 
the DSC and converted to digital. Thus it is evaluated in the 
controller as a feedback (y output) sign. The input reference 
signal (Vref) is also applied to the AN4 input of the DSC. 

The IRF2907 (Q2) MOSFET connected to the RB8 
output of the DSC is used to load and unload the motor at 
certain times. Q2 energizes the load (brake) coil to provide 
motor load. The motor and motor braking system is shown in 
Figure 7.a. The motor load system is connected by the motor 
trigger belt. Also the whole system is shown in Figure 7.b. 

 

B. Software 
The error (e) and the error change (ce) are taken as input 

variables in the Fuzzy PID controller. For each, 5 
membership functions and therefore 5x5 = 25 rules were 
used [6]. 

In the program, the central points defined in the universal 
set for e, ce, and u membership functions are defined in 
separate sequences (Figure 8). The initial values of the 
variables (α, β, K1, K2, a1, a2, b1, b2) are assigned in Equation 
10, 11, 12 and 13 in the first line of the main program. Then 
the ADC, LCD, PWM and TIMER1 modules are 
conditioned. The PWM module generates a signal in the 5 
Khz period and TIMER1 is set to be reset every 25 ms. In 
this way a sampling is done every 25 ms and every sampling 
period is summed. Thus, the time t in Eq. 8 is calculated. In 
the error calculation subprogram, the motor speed 
information y output from the v / f converter connected to 
AN5 and Vref from a potentiometer connected to AN4 is 
converted to digital data. The error value is calculated by 
taking the difference between these two signals. Since the 
ADC's 10-bit and e's universal set spacing is between  -1 and 
+1, this calculated value is normalized by dividing by 1023 
as in Equation 14. 

 

 

(8) 
	 

 
	  

	  

Proportional coefficient (Kp) : 

Integral coefficient  (Ki)  :          		  

Derivative coefficient    (Kd)  :      
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Figure 4. Fuzzy PID controller in s plane.
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Figure 6. Circuit schema of the control system. 

(a)

(b)

Figure 7. (a)  Load (brake) and Motor, (b) Motor ve 
control system. 

   Figure 8. Fuzzy PID controller program flow chart. 
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Then every e value is added. In this way, the integral of e 
is calculated. To reduce the Anti-Wind effect for the negative 
values of the integral, if the integral value containing the 
error sum is less than -4, it is reset again. This value is 
experimentally determined according to the most optimal 
control point of the controller. 

In the program, the change of error (ce) is found by 
taking the difference between the current and previous error 
values. Using these e and ce values, the values of Equations 
10, 11, 12 and 13 are calculated. In addition, the indices in 
the array are determined to find current e and ce values 
equal to which membership functions in Equation 5. These 
values are used in Equations 7 and 8 to find u controller 
output. The upper and lower limits of this u output are 
limited by the values set in the program so as not to cause an 
overvalue at the control output. As a result, the controller 
output value is applied to the MOSFET and therefore to the 
motor as the duty ratio of the PWM signal. These operations 
continue in the closed loop. 
 

IV. RESULTS 

In the result graphs, the output speed is taken as 0 to 5V 
from the LM2907 f / v converter. The 5V corresponds to  
1200 rpm motor speed. Therefore the motor speed is 
expressed as Vout * 1200/5 (rpm). The results in Figures 9, 10 
and 11 are obtained from Equation 10, 11, 12,13 by using   
K1 = 1.0, a1 = 1.0, a2 = 1.0, b1 = 1.0, b2 = 1.0, Umax = 0.7 and 
Umin = -0.7 values. 

 

Figure 9. System response for Vref=1V, K2=2.1, β=3 and 
β=1 

Figure 9 shows the system output responses for Vref = 1V 
(240 rpm). First, graphs were drawn with β = 3 and then β = 
1. As seen from the graphs, in the case of increase of β, the 
oscillations in the output response increased. Naturally, an 
increase in the value of β will result in an increase in the 

oscillation of the output response, since β determines the 
integrator coefficient. In the case of β = 1, the system output 
reaches a steady-state value after a some overshoot of 2 sec. 

 

Figure 10. System output responses for Vref = 2.3V (552 
rpm), Vload=2.9V, β=3 and K2=2.1 values when the motor is 
loaded and unloaded. 

 

Figure 11. System output responses for Vref = 2.3V (552 
rpm), Vload=3.1V, β=3 and K2=2.1 values when the motor is 
loaded and unloaded. 

Figures 10 and 11 shows the system output responses for 
Vref = 2.3V (552 rpm) when the motor is loaded and unloaded 
at different values. In Figures 10 and 11 the motor has 
reached the desired speed after about 3 s of oscillation. 
Approximately 5.25 seconds later the motor was loaded and 
the motor speed reduced to 480 rpm, then it recovered itself 
in about 2 seconds and reached the desired speed again. Then 
the motor was released from the load in about 11.5 seconds. 
Since the load value applied in Figure 10 is small, the 
overshoot ratio at the time of release is smaller and it has 
tried to fixing itself again with the desired speed with little 
oscillation at a short time. However, when the load value is 
higher in Figure 11, the motor speed suddenly increases too 
much, and in about 3 seconds the desired speed is reached 
again without oscillation. 

 (14) 
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V. CONCLUSION 

In this study, a real-time fuzzy PID controller with 
coefficients adjustable using a dsPIC30F4010 digital signal 
controller is realized. In addition, the realization process is 
simplified and the cost is further reduced compared to other 
studies. The graphical results are experimentally taken and 
interpreted in the motor-loaded and unloaded states. At the 
ce derivative input and the integral output of the u FLC 
output, an adaptive structure is established according to the 
state of the controlled system output using appropriate 
functions. This study also provides the convenience of 
controlling other systems because the dsPIC30F4010 digital 
signal controller contains appropriate peripherals units. In 
future studies, the same control approach will be applied to 
other systems, and the control parameters will be changed so 
that the effect on the control system will be examined. 
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Abstract— Image segmentation is one of the most 
significant and inevitable task in variety areas ranging from 
face/object/character recognition and medical imaging 
applications to robotic control and self-driving vehicular 
systems. Accuracy and processing time of image segmentation 
processes are also prominent parameters for quality of such 
computer vision systems. The proposed method incorporates 
three main pre-processing techniques such as Down 
Scaling/Sampling, Gamma Correction and Edge Preserving 
Smoothing so as to achieve accuracy and robustness of the 
segmentation. Pre-processing techniques are performed for 
both Fuzzy C-means (FCM) and K-means algorithm and all 
RGB information of image are taken into consideration while 
segmenting the image rather than using only gray scale. 
Performance analysis are performed on real-world images. 
Experiments show that, our method achieve higher accuracy 
levels and feasible processing time results compared to 
conventional FCM and K-means algorithms. 

Keywords— image segmentation, clustering, Fuzz C-means, 
K-means, edge preserving smoothing, spatial filtering,
illumination/shadow compensation, gamma correction.

I. INTRODUCTION

Image segmentation is generally defined as grouping the 
consisted pixels showing similar properties in case of some 
features like intensity, spatial features, semantic mean and 
etc. There are a number of different algorithms using various 
clustering features for segmentation in the literature [1], [2], 
[3]. As conventional clustering is easy or hard to handle, it 
may cause poor results for image segmentation. Based on 
fuzzy theory, fuzzy c-means clustering (FCM) had been 
proposed by Bezdek et al. [4]. FCM is superior to hard 
clustering because it is more immune to ambiguity and deals 
with some image information via fuzzy decision manner. 
Although, FCM is convenient for segmenting images with 
simple texture and background but it may be unefficient to 
segment images corrupted by clutters, noise or 
illumination/shadow effects, because many conventional 
FCM algorithms only consider gray-level information 
without considering the spatial and RGB information. Hien 
et al. propose a fuzzy c-means algorithm in [5], which 
clusters the edge featured pixels  in MRI images. The 
method also incorporate Semi Translation Invariant 
Contourlet Transform (STICT) filter to algorithm so as to 
enhance image quality. However, this filtering brings out a 
considerable processing time as well. The method is also 
restricted to gray scale MRI data. Szilagyi et al. propose 
Enhanced FCM (EnFCM) which is a different FCM aproach 
coming forward with its low computational time because, the 
method deals with only gray level histogram [6]. The number 
of histogram gray level values is much smaller than the 
number of pixels. Hence, the algorithm significantly reduces 
data size to reach low processing time. However, this method 

also brings out some trade off in segmentation accuracy. In 
that case, Fast Generalized FCM (FGFCM)  is proposed by 
Cai et al. [7]. In FGFCM method, the algorithm computes 
similarity measure so as to reduce extra computation for 
similar neighborhood. However, the algorithm has two major 
drawbacks; it requires more parameter and does not immune 
to illumination/shadow effect. Hu et al. derive an improved 
FGFCM with a neighbor selection and particle swarm 
optimization technique for initializing cluster center for FCM 
[8]. They achieve more accurate segmentation than the 
original FGFCM with some computational complexity and 
high processing time. Capitaine and Frelicot also propose a 
color quantized FCM algorithm that has smoothing filtering 
for compensate variation of pixel neighbor on texture for 
better classification [9]. Their results are partially immune to 
noise effects but not in satisfactory level and they do not 
have specific solution for shadowing or illumination effects 
which are always seen in real world images. There is an 
another FCM algorithm proposed by Krinidis and Chatzis, 
which is named as Fuzzy Local Information C-Means 
(FLICM) [10]. The FLICM algorithm does not require some 
initial parameters. They integrate spatial and intensity based 
analysis into FCM algorithm and their proposed algorithm 
performs clustering process across the sliding pixel window 
on the image. The FLICM algorithm is seen as much better 
compared to [4], [5] and [6] in case of segmentation 
accuracy. However, the algorithm has huge amount of 
computation and requires much more time compared to 
previous references. Karmakar and Dooley propose a FCM 
algorithm in [11], which evaluates an inter-pixel relation 
feature for FCM clustering. Another FCM algorithm is 
enhanced by using local membership information via 
Kullback-Leibler (KL) regularization term proposed by 
Gharieb and Gendy [12]. KL is also used for improving the 
algorithm in case of noise immunity. However, both [11] and 
[12] does not take any precautions against the
illumination/shadow effects. Nguyen and Chun proposes
non-local noise reduction while clustering the data [13]. The
algorithm is partially reduces noise and clutters on image;
however, local processing leads to computational
complexity. There is another study based on K-means
algorithm performing some contrast arrangement and
coarsing processes proposed by Lin et al.[14]. The method is
partially successful on accuracy but it fails while processing
some complex data especially real world images. Burney and
Tariq propose an analysis that boost the performance of K-
means algorithm via using color space conversion in [15].
But the algorithm is not robust on different color featured
textures. On the other hand, Dhanachandra et al. apply a
partial stretching enhancement process so as to improve
image quality [16]. The method also derives substractive
clustering which generates cluster centroids based on
potential pixel determination and then performs the
conventional K-means with that centroids. The method is
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efficient on images under noise effects but uses only gray 
scale information. Furthermore, shadowing effects are not 
considered. 

Originally, FCM algorithm has partition matrix U 
including cluster membership coefficients and this matrix 
calculation also results in some computational complexity. 
Accordingly, many of evaluated studies in literature suffer 
from this characteristic of FCM algorithm. That’s why, we 
focus on vectorization of such matrix data and alternative 
clustering algorithm named as K-means so as to satisfy real 
time limitations. In this study, we propose improved FCM 
and K-means algorithms incorporated by three main 
enhancing pre-processing steps: 1) Down scaling/sampling 
for size reduction of input image, 2) Gamma correction for 
compensating illumination, shadowing and scattering effects 
partially, 3) Edge preserving smoothing filtering for 
improving clustering performance. The rest of the paper is 
organized as follows. Section II introduces general 
methodology of proposed algorithm. After that, pre-
processing techniques are derived in section III. Section IV 
mainly describes FCM and K-means segmentation methods 
with our enhancements on such algorithms. Computer 
simulations are presented in section V, then conclusions are 
evaluated in section VI. 

II. METHODOLOGY 

Down  Scaling/Sampling

Gamma Correction

Edge Preserving Smoothing

FCM & K-means 
Clustering

Pre-Processing

Segmentation
 

Fig. 1: Blok diagram of proposed algorithm 
 

In this study, FCM and K-means algorithm combined 
with three pre-processing methods are derived as illustrated 
in Fig. 1. Firstly, we engage in down sampling of image so 
as to speed up further processing steps by reducing input 
image size. After that, Gamma Correction method is applied 
to diminish scattering effects of lightening conditions as 
well as to reveal fine details which are covered by some 
shadowing effects. After enhancing image via Gamma 
Correction, the edge preserving smoothing filter is 
performed for ensuring pixel wise uniformity for each 
texture within the image while preserving edge featured 
pixel by using spatial and variance features of such pixels. 
All these pre-processing steps are constructed to have 
optimum input data in which the pixels are enhanced and 
nearly uniform for each corresponding individual class. That 
is, the image is became much more convenient for FCM and 
K-means clustering algorithms. During the segmentation of 
image, both FCM and K-means approaches are taken into 
consideration for observing superiority to each other. In fact, 
FCM clustering algorithm puts forward to a fuzzy approach 
while separating each pixel clusters by evaluating fuzzy 
partition matrix requiring some computation cost; on the 

other hand, K-means algorithm is iteratively looks up 
intensity based distance metric so as to decide cluster of the 
pixel. All of the pre-processing techniques and clustering 
algorithms are derived by some equations in section III and 
IV respectively. 

III. PRE-PROCESSING TECHNIQUES 

A. Down Scaling/Sampling of Input Image 
Before making intensity and spatial enhancements, pixel 

size of input image is reduced by some ratio in order to 
reduce computation time. In this study, images are down 
scaled by using bicubic interpolation method [17]. The 
method ensures higher performance in case of preserving 
fine details on the image than bilinear methods. Bicubic 
interpolation method is somewhat more comprehensive and 
complex than linear ones and the method allow us to 
compute feasible data sizes and computation efficiency. The 
method is actually used by resizing function called as 
“imresize()” originally in MATLAB [18]. So we do not 
derive theoretical details in this section. 

B. Gamma Correction Method 
Illumination and shadow effects are commonly faced 

challenging factors that directly reduce the performance of 
segmentation algorithms. Especially the real world images 
contain such disruptive effects and they should be 
compensated so as to achieve accurate segmentation. Some 
adaptive thresholding methods are performed for 
compensating the shadowing/illuminating effects. Integral 
image [19] and other adaptive thresholding methods [20] are 
introduced to deal with such distruptive effects. However, 
these type of methods are not preserve the color tone. So, the 
methods are not suitable for some real time applications 
requiring color image processing. On this issue, we focused 
on gamma correction method which is commonly used to 
enhance distorted images while preserving color tones and it 
has less computation complexity for real time imaging 
systems [21]. In this approach, the transition between 
lighting condition and dark regions are smoothed by 
rearranging gamma values which has close relation with 
illumination and shadow features. The method is defined as, 

,																											(1)	

,																				(2)	

	 ,	 															(3)	

,	
	           (4) 

,																		(5)	
where  is gamma correction function,  is pixel 

intensity value,  is mean of intensity values,  is 
gamma value of pixel with intensity of . The coeficients 
,  and  are control parameters which satisfy the following 

conditions: , ,  and  [21]. 
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(a)                          (b) 

Fig. 2. Original Image (a) and Gamma Corrected Image (b) 

 It is illustrated in Fig. 2 that the Gamma correction 
method significantly compensates the transition of 
illumination effect which makes the clustering process more 
challenging. In Fig. 2, image (b) is more convenient for the 
segmentation with the help of gamma smoothing function. 

C. Edge Preserving Smoothing Filtering 
Smoothing filters are commonly used to reduce high 

variance regions and noisy effects on the image. However, 
many of smoothing filters like Gaussian or median filters 
lead to some distortions on the object structure and causes 
halo effect on edge regions. Hence the segmentation 
accuracy is also reduced by these drawbacks. On the other 
hand, some filters apply selective smoothing technique by 
deriving the pixel region in spatial and intensity way. That is, 
the filter smoothing degree is changed locally while 
processing edge or non-edge parts. To achieve preserving the 
structure of objects in image, we use Bilateral Filter as an 
edge preserving smoothing filter.  Bilateral filter is a 
combination of two main filtering ways which are range and 
domain aspects. Thus, the Bilateral Filter coefficients are 
defined as a combination of range and domain coefficients as 
follow. 

.                                    (6) 

,				 .               (7) 

In (7), ,  and  are bilateral, range and domain filter 
coefficients respectively. In (7),  and  are center and 
neighbor pixel,  and  represent their corresponding 
intensity values.  and  are control parameters of range 
and domain parts respectively. The bilateral filtered pixel is 
defined as 

             (8) 

Where  is bilateral filtered center pixel intensity,  is 
a spatial neighborhood of pixel x.  is normalization constant 
which is defined as below. 

                      (9) 

IV. FUZZY C-MEANS AND K-MEANS CLUSTERING ALGORITHMS 

A. Fuzzy C-means (FCM) Algorithm 
 

FCM algorithm is an iterative clustering method which 
converges the optimum cluster partition by minimizing the 
sum squared error of objective function ,  with 

respect to membership matrix  and cluster centroid . The 
objective function is defined by: 

, ,               (10)   

where  represents the number of pixel in the image,  
,  defines the square of the Euclidean distance 

between th pixel intensity ( ) and th centroid value ( ). 
 represents membership value correspond to cluster  of  

th pixel. The membership values also satisfy the fuzzy 
constraint  and the degree of fuzzification  
should be equal or greater than 1. The iterative computation 
of membership and cluster centroids is performed with the 
following equations. 

,
, 	                      (11) 

and 

                                 (12) 

while  and  converge some stable values through the 
iterations,  is also minimized. Minimization criteria is 
selected by comparing cluster centroids with its previous one 
whether the difference is bigger or smaller than the defined 
error threshold  ϵ. 

In Algorithm 1, an effective initialization method called as 
Ordering-Split is used to reach optimum convergence of the 
algorithm [7]. The method is introduced with its details in 
section C. 

B. K-means Algorithm 
K-means method is widely used unsupervised 

learning/clustering algorithm which seperates the data into k 
specified clusters. Unlike the FCM, K-means does not deal 
with the membership partition matrix calculation. The 
method only focuses on distance comparison between data 
and k centers each of which is allocated for individual 
clusters. The algorithm is mainly described by below 
equations: 

,						               (13) 

, , , , ,       (14) 

	
	 	                                  (15) 

Algorithm 1: FCM Clustering 
 
1: procedure segmentation (Image I, no. of cluster c) 
2: Initialization of cluster centers  using Ordering-Split* 
3:  repeat 
4: Update the membership matrix  using (11) 
5: Update the membership matrix  using (12) 
6:  until 	  
7: Regularize  according to  calculated in loop 

above. 
8: return ( , )  
9: end procedure 
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In (13),  is objective function that should be minimized 
in terms of cluster centroids .  defines Euclidean 
distance between th pixel and th cluster center.  and  
represents the number of total pixel and cluster respectively. 
In (15)  is cluster label of th pixel,	  is th cluster center. 
Minimization criteria is selected by ϵ minimum mean square 
error whether ϵ is bigger or smaller than the expected error 
threshold just like used in FCM algorithm. 

It is important to express that the boundaries are obtained by 
using segmented images via gradient calculations as follow: 

 ,           (16) 

, ,  

Where  is gradient of image and it represents boundary 
pixel of segmented image.	  and  are horizontal (x-axis) 
and vertical (y-axis) derivative of image respectively. 

C. Algorithm Based Enhancements 
FCM and K-means algorithms are rearranged by 

following enhancement tasks: 
• Image and related matrix data are vectorized so as 

to reduce computation cost of algorithm. 
• All RGB values are used as input feature rather 

than using only gray level values. This procedure 
makes the algorithm segmentation is superior than 
the algorithms performing only gray scale data. 

• Ordering-Split initialization method is performed 
instead of random initialization. Random 
initialization leads to converge wrong cluster 
centers and may increase the iterations which 
means time loss. Accordingly, intensity based 
information of input data is required to decide 
optimum initialization. In Ordering-Split method, 
cluster centers are uniformly split the n-
dimensional input vector m into c groups. And then 

c+1 index are created like indexes  in such a 
way that the differences of indexes are equal. Each 
index is defined as 	,where 	is floor 
function. After that,  of   is defined by               

, , . Then the indices subset is 
obtained by , where  is increasing 
order function. After that, the initial cluster centers 
are obtained as follow: 

                         (17) 

Where,  is cardinality of . 

V. COMPUTER SIMULATIONS 
Computer simulations are carried out on Berkeley 

segmentation data set (BSD300) in a 321x481 pixel sizes 
which consists of real-world images having various noise, 
clutter and some illumination/shadowing conditions. The 
images are evaluated in case of both algorithm speed and 
Segmentation Accuracy ( ). Segmentation accuracy of both 
algorithm is calculated as follow: 

 .                                (18) 

Where  is the number of cluster,  represents the 
segmented pixels for th cluster and  is the reference 
segments for th cluster. All simulations are performed to 
compare the results of conventional FCM, conventional K-
means, our proposed improved FCM and improved K-
means. Algorithms are implemented in MATLAB 2016b and 
Python 3.6 by using Intel(R) Core i7-6600U CPU at 2.60 
GHz PC. While performing the simulations, the parameters 
of pre-processing steps are determined as , , 

, , 	 , N = 10.  

TABLE I.  SEGMENTATION ACCURACY (IN PERCENTAGE-%) 

Plane Horse Church Eagle Carpet

FCM 88.3906 83.0085 88.4826 89.2267 55.1052

K-Means 87.0124 83.2365 63.7224 84.5571 53.1674

Improved

FCM 
98.7384 93.8174 93.0901 96.3349 90.9100

Improved

K-means 
98.6529 93.8310 93.1250 96.3239 89.9022

TABLE II.  PROCESSING TIME (IN SECOND) 

Plane Horse Church Eagle Carpet

FCM 0.2582 0.2311 0.2678 0.2482 0.2763

K-Means 0.2337 0.2128 0.2169 0.2237 0.2616

Improved

FCM 

3.9603 3.9316 4.0696 4.1244 4.3099

Improved

K-means 

3.9019 3.9792 4.3750 3.9154 3.9648

Algorithm 2: K-means Clustering 
 
1: procedure segmentation (Image I, no. of cluster c) 
2: Let X = {x1,x2,x3,……..,xn} be a set of pixels in image I  
    and  = {v1,v2,…….,vk} is an set of k clusters 
2: Initialization of cluster centers  using Ordering-Split* 
3:  repeat 
4: Calculate the euclidean distance of each pixel to 

all cluster centers  
5: Assign the image pixel to the cluster center whose 

distance is minimum among the all cluster centers 
6: Recalculate the new cluster center using (15) 
6:  until 	  
8: return ( )  
9: end procedure 
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TABLE III.  PROCESSING TIME (IN SECOND) 

 Plane Horse Church Eagle Carpet

FCM* 0.1154 0.1710 0.2928 0.1675 0.5511

K-Means* 0.0184 0.0219 0.0220 0.0197 0.0251

Improved 

FCM* 
0.2197 0.2055 0.2462 0.2054 0.2720

Improved 

K-means * 
0.1866 0.1849 0.1821 0.1720 0.1872

 

 results in Table I, show that all pre-processing steps 
significantly rise the segmentation performance. In fact, the 
gamma correction makes the clusters more separated by 
compensating the transition of lightening or darkening areas. 
On the other hand, the edge preserving smoothing step 
reduces the irregularity of pixel neighborhood and makes the 
texture part more uniform by using range filtering as well as 
preserving edge parts by using spatial features. Accordingly, 
the pre-processing steps play an important role in 
segmentation accuracy with the drawbacks on processing 
time as expected. However, when we also examine the 
proposed method by using opencv libraries in Python 3.6, the 
proposed algorithm speed becomes more acceptable thanks 
to efficient coding on bilateral filtering in opencv libraries. 
Besides, our method is more feasible compared to 
conventional ones for color image segmentation applications. 
The achieved processing times are evaluated in two 
categories. The MATLAB results are presented in Table II 
and the Python results are presented in Table III. Achieved 
processing time results in Table III shows that proposed 
algorithm has approximately 5 Fps frame rate and it may 
runs efficiently for basic real time embedded systems. It is 

also clearly seen in Fig. 3 that, our improved FCM and K-
means method is superior to conventional ones in terms of 
segmentation performance on illumination/shadow and 
scatter/noise conditions thanks to the pre-processing 
techniques. 

VI. CONCLUSION 
      In this study, many FCM and K-means algorithms in the 
literature are examined and some key points about 
improvements on such algorithms are taken into account. In 
this case we performed some pre-processing techniques and 
some implementation enhancements on conventional FCM 
and K-means. The computer simulation results show that we 
reach significantly higher accuracies and more robust 
performance than the conventional ones. It is also achieved 
that our proposed algorithms are convenient to operate in 
real time embedded Linux systems via our efficient Python 
implementation. However, the proposed algorithm has more 
dependency on some control parameters during the gamma 
correction and bilateral filtering process. We also desire to 
achieve higher accuracies with minimum dependency of 
pre-processing parameters as much as possible and make 
our method more adaptive as future works.  
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Abstract—The main objective of this paper lies in providing
a control strategy for a class of nonlinear hysteretic systems in
presence of external disturbances and system uncertainties. Fuzzy
logic systems are utilized to approximate the unknown nonlinear
behaviors and sliding mode technique is used to construct an
adaptive controller. The proposed control scheme ensures that all
signals in the closed-loop system are bounded, and the tracking
error eventually converges to a small neighborhood of the origin.
Simulation results are provided to illustrate the efficiency of the
suggested approach.

Index Terms—Nonlinear systems, robust control, hysteresis,
adaptive fuzzy control, sliding mode control, backlash

I. INTRODUCTION

The existence of the hysteresis nonlinear phenomenon in
many physical systems degrades the control performances and
makes their modeling and control an arduous task [1]–[6]. To
address this issue, many approaches have been introduced in
the literature to describe the hysteresis and to synthesize the
adequate controller. These approaches are classified into two
groups: approaches obtained through physical laws which are
characterized by their inherent complexity [7], and approaches
based on experimental data. Examples of the second group are
fuzzy models [8], fractional order models [9], Preisach model
[10], Bouc-Wen model [11], Prandtl-Ishlinskii model [12] and
Backlash-like model [13]. Readers can refer to [14]–[16] for
a survey on hysteresis models.

The control of nonlinear hysteretic systems has always been
a challenging yet a rewarding task. An important number of re-
search materials deal with this task using inverse model-based
control techniques or robust adaptive control approaches. The
first category was pioneered by Tao and Kokotovic [17]. It
can approximately cancel the hysteresis effect and achieve the
desired performance. However, its use is limited due to its
inherent complexity. This category of control techniques has
been handled in many other studies [18]–[21].

The second category uses robust adaptive control schemes
instead of the inverse model. To the best of our knowledge,
the first material developed in this direction was by Su et al.
[22]. Recently, the problem of controlling nonlinear systems

with backlash-like hysteresis input has been paid particular
attention, and some interesting results were reported. Indeed,
by combining the backlash hysteresis model with adaptive
control techniques, Su et al. [22] presented a robust adap-
tive control algorithm for a class of nonlinear systems with
unknown backlash-like hysteresis. Ibrir and Su [23] proposed
an adaptive controller for a class of feedforward nonlinear
systems to handle both the effects of the uncertainties and
the hysteretic behavior of the input. In [24], Wiener systems
with backlash-like hysteresis are considered and a nonsmooth
predictive control strategy is proposed. In another research
direction, several approaches have been developed based on
fuzzy control theory and neural networks [25]–[30]. However,
these techniques have a limited use due to their inherent com-
plexity and the multiple constraints on the system parameters
and on the backlash-like term. In addition, these approaches
have poor performances during the learning phase except if
they are properly initialized.

To overcome the aforementioned drawbacks, we consider ,
in this paper, the problem of controlling nonlinear systems
with unknown backlash-like hysteresis using sliding mode
control theory. The developed controller ensures that all sig-
nals of the closed-loop system are bounded and the tracking
error converges to a small neighborhood of the origin. The
main contributions of this paper lie in the following: (i) a
systematical approach to control a class of non-linear systems
with unknown backlash hysteresis input; (ii) fuzzy systems to
approximate the nonlinear behavior of the backlash term and
the unknown dynamics of the system; (iii) a fuzzy system to
estimate the external disturbance and to ensure the controller
robustness; (iv) a proportional integral term to reduce the chat-
tering phenomenon and to improve the controller performance.

The remaining of this paper is organized as follows: the
problem formulation and some assumptions are given in Sec.
I. The sliding mode control scheme is presented in Sec. III
and the adaptation fuzzy laws are given with stability study in
Sec. IV. An illustrative example is given in Sec. V.
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II. PROBLEM FORMULATION

We consider the class of uncertain and disturbed nonlinear
SISO systems with hysteresis input given by:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2

ẋ2 = x3

...

ẋn = [f(x) +∆f(x)] + [g(x) +∆g(x)]w(u) + d(t)

y = x1
(1)

where x = [x1, x2, . . . , xn]
T ∈ n, u ∈ and y ∈

are state vector, control input, and system output, respectively.
f(x) and g(x) are two continuous, bounded and unknown non-
linear functions. For controllability requirement, the control
gain g(x) must be strictly positive or strictly negative. Without
loss of generality, we assume that g(x) > 0. d(t) represents the
unknown and bounded external disturbance. ∆f(x) and ∆g(x)
are unknown bounded uncertainties. w(u) is the backlash-like
hysteresis non-linearity modeled by [31]:

dw

dt
= α|du

dt
| (cu− w) +B

du

dt
(2)

where α > 0, B > 0, c > 0 are the model parameters and
u(t) is the system input.

The explicit solution of (2) is given by:

w(u(t)) = cu(t) + ρ(u(t)) (3)

with

ρ(u) = [w0 − cu0] e−α(u−u0)sgn(u̇)

+e−αusgn(u̇)
∫ u
u0

[B − c] e−αδsgn(u̇)dδ
(4)

with w0 and u0 are the initial conditions considered equal to
zero in this paper. sgn(.) denotes the signum function.

System (1) can be rewritten as:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2

ẋ2 = x3

...

ẋn = f(x) + g(x)w(u) + d̄(t)

y = x1

(5)

where
⎧
⎨

⎩

d̄(t) = ∆f(x) +∆g(x)w(u) + d(t)

w = cu+ ρ
(6)

To reduce the complexity of expression (4), the term ρ(u)
is approximated in [32], [33] by a bounded piecewise linear

function that takes only two values. However, this approxima-
tion is not able to represent accurately the term ρ(u). Authors
in [34] proposed an adaptive sliding mode controller with
the same approximation. Also, the uncertainties and external
disturbances are not considered in the two previous works.
In this paper, a fuzzy logic system is used to approximate
this term where the uncertainties and external disturbances
are taken into consideration for the design of the sliding mode
controller.

The control objective of this work is to establish an adaptive
fuzzy sliding mode control law such that the closed loop
system is globally stable in the sense that all signals of the
loop are bounded. For this end, we suppose that the following
assumptions are satisfied:

Assumption 1. for all x ∈ n, it exists the unknown bound
functions g1(x) and g2(x) such that:

0 < g1(x) < g(x) < g2(x)

Assumption 2. the reference signal and its n first time
derivatives exist and they are bounded.

III. SLIDING MODE CONTROLLER DESIGN

Consider the sliding surface given by:

s(e) = c1e+ c2ė+ . . .+ e(n−1) = cT e (7)

where cT = [c1, c2, . . . , cn−1, 1] is the surface parameters
vector.

The error vector e is defined by:

e = y − yr =
[
e, ė, . . . , e(n−1)

]T
∈ (8)

with y =
[
y, ẏ, . . . , y(n−1)

]T
, and yr =[

yr, ẏr, . . . , y
(n−1)
r

]T
is the reference signal.

For e(0) = 0, the tracking problem is to keep the error
vector on the surface s(e) = 0 for all t ≥ 0. To satisfy this
condition and to ensure the system stability, we put:

1

2

d

dt
(s2(e)) ≤ −η|s|, η > 0 (9)

From (5) and (7), we have:

ṡ =
n−1∑

i=1

cie
(i) + f(x) + g(x) [cu+ ρ]− y(n)r + d̄(t) (10)

In the case of f, g, ρ and d̄(t) known, the stability of the
closed-loop system is given by Theorem 1.

Theorem 1: Consider system (1) satisfying Assumption 1.
and Assumption 2.. If we consider that f, g, ρ and d̄(t) are
known, the sliding mode control law given by:

u =
1

cg(x)

[
−

n−1∑

i=1

cie
(i) − f(x)− ρg(x) + y(n)

r − d̄(t)− ηsgn(s)

]

(11)
will stabilize the closed loop system and the tracking error
will converge to zero.
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Proof 1: Consider the Lyapunov function given by:

V =
1

2
s2 (12)

From (12) we can obtain:

V̇ = sṡ

= s

[
n−1∑

i=1

cie
(i) + f(x) + g(x) [cu+ ρ]− y(n)r + d̄(t)

]

(13)
By considering (11), (13) becomes:

V̇ = −ηsgn(s)s ≤ −η|s| (14)

IV. ADAPTIVE FUZZY SLIDING MODE CONTROL

The control law (11) ensures the stability of system (5).
However, the functions f, g, ρ and d̄(t) are unknown. To solve
this problem, we propose in this section the use of fuzzy
systems to estimate these functions. Another disadvantage of
control law (11) is the chattering phenomenon. To reduce this
phenomenon, we use a proportional integral (PI) term as given
in Preposition 1.

Preposition 1. to avoid the chattering phenomenon, a pro-
portional integral term is used. This term has the following
expression:

up = kps+ ki

∫
s (15)

where kp and ki are positive parameters.
The expression (15) can be reformulated as:

p̂(s|θp) = θTp ψ(s) (16)

where θp = [kp, ki]
T ∈ 2 is a parameter vector estimated in

our case by a fuzzy system.
To estimate the different functions, we consider a T-S

structure with the following fuzzy rules form:

Rj If x1 is F j
1 and x2 is F j

2 . . . and xn is F j
n,

then ŷ is bj (j = 1, . . . , N)
(17)

where x = [x1, x2, . . . , xn] ∈ n and ŷ ∈ are the input
and the output of the fuzzy system, respectively. F j

i and bj

are fuzzy sets.
Using a singleton fuzzification, center average defuzzifier

and product inference, the fuzzy system output can be ex-
pressed as:

ŷ(x) =

∑N
l=1 ȳ

l
(∏n

i=1 µF l
i
(xi)

)

∑N
l=1

(∏n
i=1 µF l

i
(xi)

) (18)

where ȳl denotes the center of the lth membership function,
µF l

i
(xi) represents the membership degree of the input xi to

the set F l
i . The output (18) can be rewritten as:

ŷ(x) = θT ξ(x) (19)

where where θ =
(
ȳ1, ȳ2, . . . , ȳN

)T is a parameter vector,
and ξ(x) =

(
ξ1(x), ξ2(x), . . . , ξN (x)

)T is the vector of fuzzy
basis functions defined as:

ξ(x) =

∏n
i=1 µF l

i
(xi)

∑N
l=1

(∏n
i=1 µF l

i
(xi)

) (20)

The functions f, g, ρ, d̄(t) and the parameters vector θp are
replaced by their estimations in the control law (11). Then we
obtain:

u =
1

cĝ(x)

[
−

n−1∑

i=1

cie
(i) − f̂(x)− ρ̂ĝ(x) + y(n)r − ˆ̄d(t)− p̂

]

(21)
with

f̂(x, θf ) = θTf ξf (x) (22)

ĝ(x, θg) = θTg ξg(x) (23)

p̂(s, θp) = θTp ψ(s) (24)

The stability of the proposed adaptive fuzzy sliding mode
control law (21) is summarised in Theorem 2.

Theorem 2: Consider system (1) satisfying Assumption 1.
and Assumption 2.. If we consider the sliding mode control
law given by (21) with the following update laws:

θ̇f = γ1sξf (x) (25)

θ̇g = γ2csξg(x)u (26)

θ̇ρ = γ3sξρ(x) (27)

θ̇p = γ4sψ(s) (28)

θ̇d̄ = γ5sξd̄(x) (29)

and γi, i = 1, . . . , 5 are positive tuning gains.
all signals in the closed loop system are bounded and the

tracking error will converge to zero.
Proof 2: Consider the following Lyapunov function:

V =
1
2

[
s2 +

1
γ1

θ̃Tf θ̃f +
1
γ2

θ̃Tg θ̃g +
1
γ3

θ̃Tρ θ̃ρ +
1
γ4

θ̃Tp θ̃p +
1
γ5

θ̃Td̄ θ̃d̄

]

(30)
where

θ̃f = θ∗f − θf

θ̃g = θ∗g − θg

θ̃p = θ∗p − θp

The time derivative of (30) is:

V̇ = sṡ− 1

γ1
θ̃Tf θ̇f −

1

γ2
θ̃Tg θ̇g −

1

γ3
θ̃Tρ θ̇ρ −

1

γ4
θ̃Tp θ̇p −

1

γ5
θ̃Td̄ θ̇d̄
(31)
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From (10), we have:

ṡ =
n−1∑

i=1

cie
(i) + f(x) + g(x) [cu+ ρ] + d̄(t)

+

[
−

n−1∑

i=1

cie
(i) − f̂(x)− ρ̂ĝ(x)− ˆ̄d(t)− p̂− cĝ(x)u

]

=
(
f(x)− f̂(x)

)
+ c (g(x)− ĝ(x))u+

(
d̄− ˆ̄d

)

+(g(x)ρ− ĝ(x)ρ̂)− p̂(s, θp) + p̂(s, θ∗p)− p̂(s, θ∗p)
(32)

The minimum approximation error can be defined as:

ε = ε1 + ε2 + ε3 + ε4 + ε5

with
ε1 = f(x)− f̂(x, θ⋆f ) (33)

ε2 = c
(
g(x)− ĝ(x, θ⋆g)

)
u (34)

ε3 = d̄− ˆ̄d(θ⋆d̄) (35)

ε4 = g(x)ρ− ĝ(x, θ⋆g)ρ̂(θ
⋆
ρ) (36)

ε5 = p(s)− p̂(s, θ∗p) (37)

From (33)-(37), we have:

f(x)− f̂(x, θf ) = θ̃Tf ξf (x) + ε1 (38)

c (g(x)− ĝ(x, θg))u = cθ̃Tg ξg(x)u+ ε2 (39)

d̄− ˆ̄d(θd̄) = θ̃Td̄ ξd̄ + ε3 (40)

g(x)ρ− ĝ(x, θg)ρ̂(θρ) = θ̃Tρ ξρ + ε4 (41)

p(s)− p̂(s, θp) = θ̃Tp ψ(s) + ε5 (42)

Using (38)-(42) in (32), we obtain:

ṡ = θ̃Tf ξf (x) + ε1 + cθ̃Tg ξg(x)u+ ε2 + θ̃T
d̄
ξd̄ + ε3 + θ̃Tρ ξρ

+ε4 + θ̃Tp ψ(s) + ε5 − p̂(s, θ∗p)
= θ̃Tf ξf (x) + cθ̃Tg ξg(x)u+ θ̃T

d̄
ξd̄ + θ̃Tρ ξρ + θ̃Tp ψ(s) + ε

−p̂(s, θ∗p)
(43)

Using (43), (31) becomes:

V̇ = s
[
θ̃Tf ξf (x) + cθ̃Tg ξg(x)u+ θ̃T

d̄
ξd̄ + θ̃Tρ ξρ + θ̃Tp ψ(s) + ε

−p̂(s, θ∗p)
]
− 1

γ1
θ̃Tf θ̇f − 1

γ2
θ̃Tg θ̇g − 1

γ3
θ̃Tρ θ̇ρ − 1

γ4
θ̃Tp θ̇p

− 1
γ5
θ̃T
d̄
θ̇d̄

= 1
γ1
θ̃Tf

[
γ1sξf (x)− θ̇f

]
+ 1

γ2
θ̃Tg

[
γ2csξg(x)u− θ̇g

]

+ 1
γ3
θ̃Tρ

[
γ3sξρ(x)− θ̇ρ

]
+ 1

γ4
θ̃Tp

[
γ4sψ(s)− θ̇p

]

+ 1
γ5
θ̃T
d̄

[
γ5sξd̄ − θ̇d̄

]
− sp̂(s, θ∗p) + sε

(44)
Using the update laws of (25)-(29) in (44), leads to:

V̇ = sε− sp̂(s, θ∗p)
≤ sε− η|s| ≤ 0

(45)

Since ε is the minimum approximation error, (45) is the best
we can obtain. Therefore all signals in the system are bounded.
Obviously, if e(0) is bounded, then e(t) is also bounded for all

Fig. 1: Membership functions for f, g, ρ and d̄(t)

t ≥ 0. Since the reference signal yr is bounded, then system
states x are bounded. We need proving that s → 0 when t →
∞. Assume that |s| ≤ ηs, then (45) can be rewritten as:

V̇ ≤ |s||ε|− η|s| ≤ ηs|ε|− η|s| (46)

Integrating (46) on both sides, leads to:
∫ t

0
|s|dτ ≤ 1

η
(|V (0)|+ |V (t)|) + ηs

η

∫ t

0
|ε|dτ (47)

then we have s ∈ L1. From (45), we know that s is bounded
and every term in (43) is bounded. Hence, s, ṡ ∈ L∞, using
Barbalat’s lemma, we conclude that: s → 0 when t → ∞.
From this result, the system (1) is stable and the error will
asymptotically converge to zero.

V. ILLUSTRATIVE EXAMPLE

To illustrate the effectiveness of the proposed approach,
consider the following nonlinear uncertain hysteretic system:
⎧
⎪⎪⎨

⎪⎪⎩

ẋ1 = x2

ẋ2 = 1−ex2

1+ex2 +∆f(x) + [2 + 0.5sin(x1x2) +∆g(x)]w(u) + d(t)

y = x1

(48)
w is the backlash hysteresis nonlinearity described by (2)
with α = 1, B = 2.356 and c = 0.453. The un-
certainty terms are selected as ∆f(x) = 0.1cos(x1) and
∆g(x) = 0.3cos(x2). The external disturbance is chosen
as d(t) = 1.5cos(15t). The control objective is to design
an adaptive fuzzy control scheme such that all signals re-
main bounded and the system output y follows the desired
trajectory yd = 0.6cos(5t). For the construction of fuzzy
systems, the membership functions are chosen as shown in Fig.
1. [c1, c2, c3, c4, c5] are selected as [−10, −5, 0, 5, 10] for
f(x), [1.5, 1.75, 2, 2.25, 2.5] for g(x), [−2, −1, 0, 1, 2] for
the term ρ and [−1.5, −0.75, 0, 0.75, 1.5] for the disturbance
d̄(t).
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Fig. 2: Output trajectory

Fig. 3: Tracking error

For simulation, the design parameters are taken as follows:
kp = 200, ki = 15, c1 = 12, γ1 = 0.01, γ2 = 0.1, γ3 =
γ4 = 0.1, γ5 = 0.001. The initial conditions used in simula-
tion are [x1(0), x2(0)]

T = [0.2, 0]T .
The obtained results are shown by Fig. 2-6. Fig. 2 shows

the system output y and the desired reference signal yr.
From Fig. 2, it can be seen that the desired performances
are achieved and the controller is robust against external
disturbances and uncertainties. Similar observations can be
recorded in Fig. 3. Fig. 4 displays that the state variable x2

is bounded. Figs. 5 and 6 show the sliding surface and the
control input, respectively. From Fig. 5, we observe that the
proposed sliding mode controller induces few chattering. This
is due to the hysteresis phenomenon. The design parameters
used for simulation are selected using the trial and error
method. The obtained control performances can be improved
by using optimization techniques to find the optimal values of
the design parameters.

VI. CONCLUSION

In this paper, an adaptive fuzzy control approach has been
developed for a class of nonlinear hysteretic systems. The
proposed adaptive fuzzy control scheme guarantees that all

Fig. 4: Derivative of the output trajectory

Fig. 5: Sliding surface

Fig. 6: Control input

150

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



signals in the closed-loop system remain bounded and the
tracking error converges approximately to the origin. The
main contribution of this research is the robustness of the
proposed control approach against external disturbances and
system uncertainties. Simulation results are provided to show
the performance of the proposed technique.
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Abstract—In this paper, the problem of stability independent
of delay conditions for a class of nonlinear discrete-time systems
with time-varying delay was investigated. These systems are
modeled by delayed difference equations. Then, a transformation
under the arrow form is carried out. The joint use of an
appropriate arrow form matrix and the M-matrix proprieties
allowed determining new sufficient stability conditions dependent
or independent of delay . The obtained results were exploited
to design a state feedback controller that stabilizes discrete-
time Lur’e systems. The originalities of these obtained results
are observed in their explicit representation (as function of the
parameters of the systems) and their easiness to be used in
the stability analysis of the considered systems. Furthermore,
they show that nonlinear discrete-time systems with time-varying
delay permit reducing the stability condition to a M-matrix test
which is easy to perform for the arrow matrix form. An example
is given to demonstrate the effectiveness of the proposed method.

Index Terms—Nonlinear linear systems, Time delay, Discreet
time , Stability, M-matrix, Arrow form matrix.

I. INTRODUCTION

Studying the stability of dynamic systems with time delay
has received the attention of many researchers from the control
community in the past decades, [1]-[25] . This increasing
interest in this class of systems comes mainly from the fact that
many physical systems, such as networked control systems,
biological systems and chemical systems, are inherently asso-
ciated with time delays, [22, 34]. In fact, time-varying delay
which varies within an interval with non-zero lower bound is
encountered in a variety of engineering applications ranging
from recurrent neural networks to chemical reactors and power
systems with loss- less transmission lines. It is therefore more
appropriate to study stability analysis and control synthesis
of these dynamical systems with time-varying delays. As the
latter are usually time varying in nature, two major strategies
can be followed to obtain stability conditions. We can get
delay-independent ( i.o.d ) results [31],[32], [41] and [42]
which are applicable to delays of arbitrary size or when there
is no information about the delay. This lack of information
about the delay will generally result in conservative criteria,
especially when the delay is relatively small. Whenever it is

possible to include information on the size of the delay, we
can get less conservative delay- dependent ( d.d ) conditions.
Most of the systems described above are nonlinear in practical
engineering problems. For this reason, this focuses on deter-
mining stability conditions which easy to test for nonlinear
discrete time systems with time-varying delay [33]-[36]. New
delay dependent stability conditions are derived by employing
arrow form state space representation [28]-[30], Koteleyanski
lemma and using tools from M-matrix theory and Lyapunov
functional method. This manuscript is organized as follows:
Section 2 presents the used notations and some facts on M-
matrices that will be needed in proving the obtained results.
Sections 3 shows the main results. Illustrative examples are
given in Section 4 and some concluding remarks are provided
in section 5.

II. NOTATIONS

First of all, let us fix the notation used. Let Rn denotes
an n−dimensional linear vector space over the reals with
the norm ∥.∥. For any u = (ui)1≤i≤n, v = (vi)1≤i≤n

∈ Rn we define the scalar product of the vectors u
and v as ⟨u, v⟩ =

∑n
i=1 uivi. Let R = (−∞ +∞),

R+ = [0 +∞), R∗
+ =]0 +∞), R∗n

+ = {v = (vi)1≤i≤n

∈ Rn, vi
{
∈ R∗

+, ∀i = 1, 2, ..., n
}

. Let λ(M) denote an
eigenvalue of a matrix M and Re(λ) denote the real part
of λ and On,m denotes the zero matrix of n row and m
column. The transpose of a matrix M is denoted by M

′

and its inverse by M−1. Finally, we say that the function g
satisfies the finite sector condition if g ∈ E([k1 , k2])
=

{
g | g(0) = 0, k1σ2 < σg(σ) < k2σ2,σ ̸= 0 and

k1 < k2}. In the sequel, we denote (ψk, k) by (.) with
ψk = {x(k − h(k)), x(k − h(k) + 1), . . . , x(k)} .

Now, we introduce several useful facts, including some
definitions of M-matrices and Kotelyanski lemma, that will
be used in subsequent parts of the paper.

Definition 1.The matrix F = (fi,j)n≤i,j≤n is called an M-
matrix if the following conditions are satisfied:

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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1) fi,i > 0 (i = 1, 2, ..., n), fi,j ≤ 0 (i ̸= j, i, j =
1, 2, ..., n).

2) Successive principal minors of F are positive, i.e

det

⎛

⎜⎝
f1,1 . . . f1,i

... . . .
...

fi,1 . . . fi,i

⎞

⎟⎠ > 0 (i = 1, 2, 3, . . . , n)

Definition 2. F is the opposite of an M-matrix if (−F ) is an
M-matrix.

There are many equivalent conditions to characterize an
M matrix. The following definition reflects appopriately the
obtained results:

Definition 3. The matrix F = (fi,j)n≤i,j≤n is
called an M-matrix if fi,i > 0 (i = 1, 2, ..., n),
fi,j ≤ 0 (i ̸= j, i, j = 1, 2, ..., n), and for any real
vector η = (η1, η2, ..., ηn)

′ ∈ R∗n
+ , the algebraic equation

Fx = η has a solution w = (w1, w2, ..., wn) ∈ R∗n
+ .

Kotelyanski lemma. –76 The real parts of the eigenvalues
of a matrix F , with non negative off diagonal elements, are
less than a real number µ if and only if all those of the
matrix M , M = µIn − F , are positive, with In the n × n
identity matrix.

III. MAIN RESULTS

Considering the class of nonlinear systems modeled via the
following difference equations S1:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

y(k + n) +
n−1∑

i=0

f̃i(.)y(k + i)

+
n−1∑

i=0

g̃i(.)y(k + i− h) = 0

y(k + i) = φi(k), ∀k = −h, ..., 1, ∀i = 0, . . . , n− 1
(1)

where h represents a time delay. In fact, several systems can
be modeled by equation (1) see [3], [17] and [45]. Many
difficulties are encountered when dealing with the stability of
these systems. This is true even for second-order systems with
a constant delay and single nonlinear coefficient [16] and [42].
In addition, this system models the well-known lur’e Postnikov
systems. But some hypothesis are added for stability study. In
[5] , [20], [22] and [47], there are very interesting stability
test. However, these latter tests cannot be used applied in
for nonlinear models. the joint use of M-matrix and arrow
matrices for the stability of discrete models without delay are
widely discussed in the literature (see, for example, [48, 49]
and [50. In [30], a special transformation for of the nonlinear
continuous delayed differential equation was introduced, and
M-matrix methods were employed for the stability analysis.
Indeed, this approach is also applied to analyze the stability of
high-dimensional time-discrete nonlinear models with delay.

The application of equation (1), results in the following
coordinates changes:

xn(k + 1) = −
n∑

i=1

f̃i−1(.)xi(k)−
n∑

i=1

g̃i−1(.)xi(k − h).

Therefore, the studied system can be described by the state
space representation shown below:

{
x(k + 1) = F̃ (.)x(k) + G̃(.)x(k − h)
x(k) = φ(k), ∀k = −hm, ..., 1

(2)

where x(k) =
(
x1(k) x2(k) . . . xn−1(k) xn(k)

)′

and
φ(t) =

(
φ1(k) φ2(k) . . . φn−1(k) φn(k)

)′
.

The matrices F̃ (.) and G̃(.) are given by

F̃ (.) =

⎛

⎜⎜⎜⎜⎜⎜⎝

0 1 · · · 0 0

0 0
. . . 0 0

...
...

. . .
. . .

...
0 0 . . . 0 1

−f̃0(.) −f̃1(.) · · · −f̃n−2(.) −f̃n−1(.)

⎞

⎟⎟⎟⎟⎟⎟⎠

(3)
and

G̃(.) =

⎛

⎜⎜⎜⎜⎜⎝

0 0 · · · 0 0
0 0 · · · 0 0
...

...
...

...
...

0 0 . . . 0 0
−g̃0(.) −g̃1(.) . . . −g̃n−2(.) −g̃n−1(.)

⎞

⎟⎟⎟⎟⎟⎠

(4)
We consider regular basis change P, permits to characterize
the dynamics of system (1) by the evolution of the new state
vector X given by

x = PX (5)

with

P =

⎛

⎜⎜⎜⎜⎜⎝

1 1 · · · 1 0
α1 α2 · · · αn−1 0
...

... · · ·
...

...
αn−2
1 αn−2

2 · · · αn−2
n−1 0

αn−1
1 αn−1

2 · · · αn−1
n−1 1

⎞

⎟⎟⎟⎟⎟⎠
αi ̸= αj ∀i, j.

(6)
The transformation results in the following system

X(k + 1) = F (.)X(k) +∆(.)X(k − h) (7)

where

F (.) =

⎛

⎜⎜⎜⎜⎜⎝

α1 β1
α2 β2

. . .
...

αn−1 βn−1

γ1(.) γ2(.) · · · γn−1(.) γn(.)

⎞

⎟⎟⎟⎟⎟⎠
. (8)

Elements of the matrix F (.) are defined in [14] by

γi(.) = −D(αi, .) i = 1, ..., n− 1 (9)
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where

D(z, .) = zn +
n−1∑

i=0

f̃i(.)z
i (10)

and

γn(.) = −f̃n−1(.)−
n−1∑

i=1

αi (11)

βi =
αi − λ

Q(λ)

∣∣∣∣
λ=αi

i = 1, ..., n− 1 (12)

where

Q(λ) =
n−1∏

j=1

(λ− αj). (13)

The matrix ∆(.) is given by

∆(.) =

⎛

⎝
On−1,n−1 On−1,1

δ1(.) · · · δn−1(.) δn(.)

⎞

⎠ (14)

where element of ∆(.) are given in [7] by:

δi(.) = −N(αi, .), i = 1, . . . , n− 1 (15)

where

N(z, .) =
n−1∑

i=0

g̃i(.)z
i (16)

and
δn(.) = −g̃n−1(.). (17)

Next, the main result is given basing on the previous trans-
formation and the arbitrary. The choice of parameters αi,
i = 1, . . . , n − 1 play an important role in simplifying the
use of M-matrix proprieties.

A. Sufficient stability conditions

Theorem 1. The time delay system (1) is ( i.o.d ) asymp-
totically stable, if there exist distinct parameters |αi| < 1
i = 1, ..., n− 1, such that the following condition holds:

|γn(.)|+sup
(.)

|δn(.)|+
n−1∑

i=1

(
|γi(.)|

+sup(.) |δi(.)|

)
|βi|

(1− |αi|)
< 1 (18)

Proof: Using the following vector norm:

p(X(k)) = ( p1(X(k)) p2(X(k)) ... pn(X(k)) )
′

(19)

where pi(X(k)) = |Xi(k)|, i = 1, . . . , n − 1 and pn(X(k))
is given by (20).

pn(X(k)) = |Xn(k)|+
n∑

i=1

sup
(.)

|δi|
k−1∑

j=k−h(k)

|Xi(j)| (20)

Let V (k) be a radially unbounded Lyapunov function given
by (21).

V (k) =
〈
(p(X(k))))

′
, w
〉
=

n∑

i=1

wipi(X(k)) (21)

where w ∈ Rn
+, wi > 0, i = 1, . . . , n.

V (k+1)−V (k) =
n∑

i=1

wi (pi(X(k + 1))− pi(X(k))) (22)

For clarification reasons, each element of
(pi(z(k + 1))− pi(z(k))), i = 1, ..., n is calculated
separately. Let us begin by the first (n− 1) elements.
Because pi(X(k + 1)) = |Xi(k + 1)|, we can write, for
i = 1, ..., n− 1,

pi(X(k + 1)) = |αiXi(k) + βiXn(k)| (23)

≤ |αi| |Xi(k)|+ |βi| |Xn(k)|

then

pi(X(k + 1))− pi(X(k)) ≤ (|αi|− 1) |Xi(k)|
+ |βi| |Xn(k)|

(24)

and
pn(X(k + 1))− pn(X(k)) is given by (26).

pn(X(k + 1))− pn(X(k)) = |Xn(k + 1)|

+
n∑

i=1

sup
(.)

|δi(.)|
k∑

j=k+1−h

|Xi(j)|− |Xn(k)|

−
n∑

i=1

sup
(.)

|δi(.)|
k−1∑

j=k−h

|Xi(j)|

(25)

Because the following equality:

n!

i=1

sup
(.)

|δi(.)|
k!

j=k+1−h

|Xi(j)|−
n!

i=1

sup
(.)

|δi(.)|
k−1!

j=k−h

|Xi(j)|

=
n!

i=1

sup
(.)

|δi(.)| |Xi(k)|−
n!

i=1

sup
(.)

|δi(.)| |Xi(k − h)|

(26)

and knowing that:

|Xn(k+1)| ≤
n∑

i=1

|γi(.)| |Xi(k)|+
n∑

i=1

sup
(.)

|δi(.)| |Xi(k − h)|

(27)
So by the use of (27) in (26),then from (26)we get the

following inequality:

pn(k + 1)− pn(k) =

(
|γn(.)| + sup

(.)
|δn(.)|− 1

)
|Xn(k)|

+
n−1∑

i=1

(
|γi(.)|+ sup

(.)
|δi(.)|

)
|Xi(k)|

(28)
Then the inequality (22) becomes:

V (k + 1)− V (k) <
〈
M

′

1(S1)w, |X(k)|
〉

(29)
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with:
M1(S1) =

⎛

⎜⎜⎜⎜⎜⎝

|α1|− 1 |β1|
|α2|− 1 |β2|

. . .
...

|αn−1|− 1 |βn−1|
m1(.) m2(.) · · · mn−1(.) mn(.)− 1

⎞

⎟⎟⎟⎟⎟⎠

(30)
where ∀ i = 1, 2, . . . , n:

mi(.) = |γi(.)|+ sup
(.)

|δi(.)|

We have the nonlinear elements of M1(S1) isolated in the
last row, So the eigenvector v(.) relative to the eigenvalue
λm is constant [20]–[22],where λm is such that Re(λm) =
max{Re(λ),λ ∈ λ(M1(S1)}.Then ∆V (k) < 0 if M1(S1)
is the opposite of an M−matrix. In fact, according to prop-
erties of M−matrices, ∀ σ ∈ R∗n

+ , ∃ w ∈ R∗n
+ such that

−
(
M

′

1(S1)
)−1

σ = w.From this, we obtain:

〈
M

′

1(S1)w, |X(k)|
〉
= ⟨−σ, |X(k)|⟩ = −

n∑

i=1

σi|Xi(k)|

(31)
which yields:

V (k + 1)− V (k) ≤ −
n∑

i=1

σi|Xi(k)| (32)

the use of Kotelyanski lemma enables as to reduce the opposite
of M-matrix condition of matrix M1(S1) to simple sign
test which is easier to perform. In fact the elements αi,
i = 1, ..., n − 1 can be selected as |αi| < 1 with αi ̸= αj ,
∀i, j = 1, . . . , n− 1, we get:

det(M1(S1)) = χ(.)
n−1∏

i=1

(|αi|− 1) (33)

where χ(.) is given by (34):

χ(.) = |γn(.)|+ sup
(.)

|δn(.)|− 1−
n−1∑

i=1

(
|γ2(.)|+

sup(.) |δ2(.)|

)
|βi|

|αi|− 1
(34)

The exploitation of results developed in [14] permits us to
determine a sufficient condition for nonlinear system (1). It
comes, (34), χ(.) < 0.Then the last condition is equivalent to

|γn(.)|+ sup
(.)

|δn(.)|−
n−1∑

i=1

(
|γ2(.)|+

sup(.) |δ2(.)|

)
|βi|

|αi|− 1
< 1. (35)

This completes the proof of theorem.

IV. EXAMPLES

Example 1.
Let us consider the example given in [13]but in the retarded

case with constant delay. The system is described by the
following equation:

⎧
⎨

⎩

x(k + 2) + a1x(k + 1) + a0x(k) = b0Fk(x(k), x(k − h))
+b1Fk+1(x(k + 1), x(k + 1− h))
y(k) = c1x(k) + c2x(k − h)

(36)
where a0, a1, b0 and b1 are real constants, y(k) is the output
and Fk(u, v) satisfies the property: there are nonnegative
constants q̃ and δ̃ such that

|Fk(u, v)| ≤ q̃|u|+ δ̃|v| (37)

equation (36) can also be writing as

x(k + 2) + a1x(k + 1) + a0x(k) = b0
Fk(x(k), x(k − h))

y(k)

×y(k) + b1
Fk+1(x(k + 1), x(k + 1− h))

y(k + 1)
y(k + 1)

which yields:

x(k + 2) + (a1 − b1F ∗c1)x(k + 1) + (a0 − b0F ∗c1)x(k)
−F ∗b1c2x(k + 1− h)− b0F ∗c2x(k − h) = 0

(38)
this equation is a particular form of (1), where:

D(z, .) = z2 + (a1 − b1F
∗c1)z + (a0 − b0F

∗c1)

= D(z)− F ∗c1N(z) (39)

N(z, .) = −F ∗c2(b1z + b0)

= −F ∗c2N(z) (40)

where D(z) = z2 + a1z + a0 , N(z) = b1z + b0 and

F ∗ =
Fj(u, v)

c1u+ c2v

Assume |F ∗| ≤ k then we get |F ∗| =

∣∣∣∣
Fj(u, v)

c1u+ c2v

∣∣∣∣ ≤ k

implies |Fj(u, v)| ≤ | kc1u + kc2v| ≤ q̃|u| + δ̃|v| where
q̃ = kc1 and δ̃ = kc2.

Assuming that the roots of D(z) are nonnegative and one
of them is z1 such that: 0 < z1 < 1. By choosing α = z1 we
get γ2(.) > 0 and by applying the result of the theorem III-A,
we obtain the following stability condition:

|γ2(.)|+ sup(.) |δ2(.)|+
sup(.) |δ1(.)|+ |γ1(.)|

1− α
< 1 (41)

replacing the parameters γi and δi, i = 1, 2 each by its
expression written in (9) and (15), we obtain:

|− a1 + F ∗b1c1 − α|+ |F ∗c2b1|

+
sup(.) |−N(α, .)|+ |−D(α, .)|

1− α
< 1

(42)

156

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Because D(α) = D(z1) = 0 ,we get −D(α, .) = F ∗c1N(α)
and :

sup(.) |−N(α, .)|+ |−D(α, .)|
1− α

=
|F ∗|(c1 + c2)N(α)

1− α
= −|F ∗|(c1 + c2)b1 +

|F∗|N(1)(c1+c2)
1−α

(43)
choosing q̃ = kc1 and δ̃ = kc2, (42) and (43) and |F∗|

k < 1,
we get the following stability condition:

−a1 − α+
|F ∗| 1kN(1)(q̃ + δ̃)

1− α

< −a1 − α+
(q̃ + δ̃)N(1)

1− α
< 1

which leads to stability condition:

(q̃ + δ̃)N(1) < (1 + a1 + α) (1− α) = D(1)

For numerical simulations we take D̄(z) = z2− 0.3z+0.02,
N̄(z) = 1.5z + 2z and F1(x(k), x(k − h)) = F2(x(k), x(k −
h)) = sin(0.2x(k) + 0.05x(k − h))). Figure 1 and figure 2
give dynamics evolutions of x(k) for h = 20 , and dynamics
evolutions of y(k) and x(k) for h = 3 re given in figure 3
and figure 4.
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Fig. 1. Dynamics evolution of y(k) and x(k) for initial condition x(k) =
2.5− 2(cos(k))2, ∀ k = −20, . . . , 0.
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Fig. 2. Dynamics evolution of y(k) and x(k) for initial condition x(k) =
5, ∀ k = −20, . . . , 0.
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Fig. 3. Dynamics evolution of y(k) and x(k) for initial condition x(k) =
2.5− 2(cos(k))2, ∀ k = −3, . . . , 0.
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Fig. 4. Dynamics evolution of y(k) and x(k) for initial condition x(k) =
5, ∀ k = −3, . . . , 0.

V. CONCLUSION

In this paper, a joined and structured procedure for the
analysis of delayed nonlinear discrete-time systems is proven.
A complete structured analysis formulation based on the
comparison principle and vector norms for the asymptotic
stability is presented. Based on the arrow form of matrices,
and by taking into account for the system parameters, a new
stability conditions are synthesized, leading to a practical
estimation of the stability domain. In order to highlight the
feasibility and the main capabilities of the proposed approach,
an example of numerical simulation results is presented and
discussed. The developed procedure is extensible to a wide
range of extensions and improvements, essentially dedicated
to systems with multiple delays.
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des systÃšmes continus non linÃ©aires de grande dimension, PhD.
dissertation, Lille, France.

[23] Padhi S., Pati S. (2014), Theory of Third-order Di?erential Equations,
Springer, New Delhi.

[24] Jha, R. and Mahalanabis, A., K. (1971), On the relative stability of
discrete Lurie systems. International Journal on Control, 14, 4, pp.641-
648.

[25] Kang W. ,Zhong S. , Shi K., & Cheng J. ,(2016) Finite-time stability
for discrete-time systems with time-varying delay and nonlinear pertur-
bations, ISA Transactions, Vol. 60, 67-73.

[26] Leon de la Barra, B.A., & Mossberg, M. (2007). Identification of
underdamped second-order systems using finite duration rectangular
pulse inputs. In Proceedings of American control conference (ACC),
USA, pp. 834-839.

[27] Julio E. and Normey-Rico(2007) Control of Dead-time Processes.
Springer Science & Business Media.

158

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



A Novel Stabilizing Controller Design for Singular 
Delayed Systems: An Optimization Approach 

Mehmet Nur Alpaslan 
Department of Electrical and 

Electronics Engineering 

aparlakci@bilgi.edu.tr 

Abstract  This paper studies the problem of stabilization 
for a class of linear singular time-delay systems. First, a delay-
dependent stability criterion is developed within the context of 
Lyapunov stability theory and linear matrix inequalities. The 
stability result is then extended to obtain a stabilizing state-
feedback controller within the bilinear matrix inequalities 
(BMI) framework. Employing the cone complementary 
linearization approach, the synthesis problem can be resolved 
through a set of LMI conditions. Several numerical examples 
are presented to illustrate the application of the theoretical 
results. 

Keywords singular systems, time delay, state feedback, 
bilinear matrix inequality, cone complementary, optimization 

I. INTRODUCTION

A wide range of engineering systems is modelled as 
singular systems including electrical circuit network, power 
systems, aerospace engineering and chemical processing 
(Dai, 1989) [1]. The main distinguished feature of a singular 
system is that some of the physical quantities cannot be 
chosen as state variables for which only a static relation 
rather than a dynamic one can be given (Xu and Lam, 2006) 
[2]. Different from state-space systems, singular systems 
have infinite dynamic and non-dynamic modes for which the 
existence and uniqueness of the solution can not be always 
guaranteed and an undesired impulsive behaviour may arise 
(Wu et al., 2013) [3]. 

The engineering systems such as nuclear reactors, 
electrical networks, networked control systems and fluid 
transmissions are often modelled by taking into account the 
time delay which is often a source of fluctuations, instability 
and degraded performance (Wu et al.,2010) [4]. The 
stabilization of time delay systems has been actively studied 
during past decades, see Gu et al. (2003) [5] and the 
references therein. However, only a number of the few 
results exist for the stability and stabilization of linear 
singular time delay systems among which one can refer to 
Fridman (2002) [6], Xu et al. (2002) [7], Zhu et al. (2007) 
[8], Zhu et al. (2010) [9], Wang (2012) [10], Chaibi and 
Tissir (2012) [11], and Kahaou et al. (2014) [12]. 

Utilizing an equivalent augmented model in descriptor 
form, Fridman (2002) [6] has developed a stability criterion 
for the nominal singular systems with delay. The stability 
results have not been extended to the synthesis problem. 
Both the problems of stability and stabilization for uncertain 
delayed singular systems have been investigated by Xu et al. 
(2002) [7]. The analysis and synthesis conditions remain to 
be only delay-independent which brings strict limitation for 
the dynamical systems that may subject to a time delay with 
finite upper bound. The delay decomposition approach has 
been employed by Zhu et al. (2010) [9] to study the delay-

dependent stability problem for singular time-delay systems. 
As usual, the delay partitioning idea has brought 
improvement with the expense of increased computational 
load. However, the analysis results have not been used to 
develop a stabilizing controller for the singular systems with 
delay. Wang (2012) [10] has studied the stability problem for 
singular systems subject to interval time-delay within a 
delay-dependent framework. The polytopic type of 
uncertainty has also been taken into consideration but no 
results have been derived for a stabilizing controller as an 
extension to the stability analysis. The problem of robust 
stability for uncertain singular systems with time-varying 
delay has been addressed by Chaibi and Tissir (2012) [11]. 
The method utilizes slack variables along with the descriptor 
approach (Fridman, 2002) [6] which brings further 
computational complexity. Moreover, the stabilization issue 
has not been discussed for the singular system under 
consideration. Finally, Kchaou et al. (2014) [12] has worked 
on the stability analysis and the synthesis of a dynamic 
output feedback controller for singular time-delay systems. 
The delay partitioning technique has been employed for 
providing some relaxation over the results. Although it 
appears that the delay decomposition has led to some 
progress on the maximum allowable delay bound, the 
authors have not given any discussion on the increased 
number of decision variables and computational burden 
accompanied with it. 

The main aspects of the motivation to conduct the present 
research can be explained in what follows. First of all, the 
synthesis of a stabilizing controller for singular systems has 
been rarely studied in the delay-dependent sense via 
Lyapunov-Krasovskii functional based methods as the 
stabilization criteria lead to only bilinear matrix inequalities. 
A brief review of the existing literature on the stabilization of 
singular time delay systems shows that more relaxed results 
could have been obtained if one can cope up with some 
bilinear matrix inequality conditions arising for the case of 
delay-dependent synthesis problem. From this point of view, 
there exists a need for investigating this problem thoroughly. 
Second, in order to achieve less conservative admissible 
delay bounds, the use of Wirtinger based inequality is taken 
into consideration unlike the exisiting methodologies which 
employ only Jensen type integral inequality to estimate the 
upper bound of the derivative of the Lyapunov-Krasovskii 
functional. Last but not the least, the cone complementary 
linearization approach is employed to find a feasible solution 
set for the existence of a stabilizing controller within the 
LMI framework. 

In this paper design of a stabilizing state-feedback 
controller is developed for linear singular time delay 
systems. Based on the Lyapunov stability theorem, a delay-
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dependent stability condition is derived in the form of LMIs 
which is then extended to synthesize a stabilizing controller. 
The use of any slack decision variable is strictly avoided in 
order not to increase the computational burden of the 
developed results. The state feedback controller gain is 
resolved by applying a cone complementary linearization 
algorithm which can be iterated using several LMIs. A 
number of four numerical examples form the existing 
literature are presented to demonstrate the application of the 
proposed method of the stability and stabilization results. 

The remainder of this paper is organised as follows. 
Some preliminaries and the description of the problem are 
explained in Section II. The main results on the stability and 
stabilization of linear singular time delay systems are 
presented in Section III. The demonstration of the theoretical 
results are illustrated by some numerical examples in Section 
IV. Finally. Section V concludes the present paper. 

II. PROBLEM STATEMENT 
Let us consider a class of linear singular time-delay 

control system described as follows: 

(1a) 

  (1b)

where ,  represent the state and control 
input of the system respectively, , , , 

 are known real constant system matrices with 
 and  is an unknown constant time-

delay satisfying  with  being a positive constant 
scalar. 

The existence and uniqueness of the solution for system 
(1) is guaranteed if it is assumed that  and  are square and 
regular matrices. This also implies that system (1) is regular 
(Dai,1989) [1]. It follows from matrix theory that there exist 
non-singular matrices ,  such that 

. Utilizing a coordinate transformation 
 where  and 

, system (1) can be written as follows 

 

                        (2) 

where , , 

. Here, the equation (2) is said to be an 
equivalent form for system (1). Therefore, without loss of 
generality, we shall assume that the system matrices , , 
and  have the following forms upon a singular value or 
rank decomposition of  

Definition 2 (Xu et al., 2002) [7]. The singular-time delay 
system (1) is said to be regular and nonimpulsive if the pair 

 is regular and impulse free. Moreover, the singular 
time delay system (1) is said to be asymptotically stable if for 

any  there exists a scalar  such that for any 
compatible initial condition  satisfying 

, the solution  of system (1) 
satisfies  for  and . 

We shall now choose a state-feedback control law as 
follows 

                  (4)    

where  is the controller gain matrix to be selected 
appropriately. Substituting (4) into (1) yields the closed-loop 
system dynamic equations 

                                         (5) 

where . 

Definition 3 (Xu et al.,2002) [7]. The singular time-delay 
system (1) is said to be stabilizable if there exists a state-
feedback control law (4) such that the closed-loop system (5) 
is stable in accordance with Definition 2. 

III. MAIN RESULTS 
The results on the stability criteria for linear nominal form of  
singular time-delay system are summarized in the following 
theorem. 

                                                           (6a) 

Theorem 1. Given the scalar  if there exist real 
symmetric positive definite matrices , 

,  and matrices 
,  satisfying 

     

      (6b) 

where     , then the linear singular 

 time delay system (1) with  is regular, impulse free 
and asymptotically stable for any time delay satisfying 

 
Proof. Note that without loss of generality it can be assumed 
that the matrices E, A, and Ah are expressed as in (3). We 
find that (6a) is satisfied. Indeed, we calculate   
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It follows from (6b) that 

 

 

       (8) 

which also implies that 

    

As a result, once the LMI (9) is satisfied, it is guaranteed that 
 is non-singular. Thus, it follows from Remark 1 in (Zhu 

et al., 2007) [8] that system (1) with  is regular and 
impulse free. We now choose a candidate Lyapunov-
Krasovski functional 

 

Taking the time-derivative of (10) along the state trajectory 
of system (1) with  yields 

   

Employing Corollary 4 introduced in (Seuret and 
Gouaisbaut, 2013) [14] for the quadratic integral term in (11) 
leads us to obtain  

 

  

  

where .  

Therefore, if the LMI (6b) is satisfied for a given scalar 
 then we get 

        (13) 

implying that the regular and impulse free system (1) with 
 is guaranteed to be asymptotically stable. This 

completes the proof.  

We now consider the design problem of a stabilizing state-
feedback controller for linear singular time-delay systems. 
The synthesis conditions for the existence of a state-feedback 
controller are summarized in the following theorem. 

Theorem 2. Given a scalar , if there exist real 
symmetric positive definite matrices , 

 and matrices , 
 satisfying 

   (14a) 

(14b) 

 

where , 

, , 

, , then the closed-
loop system (1) with the state-feedback control law (4) is 
regular, impulse free and asymptotically stable such that the 
stabilizing state-feedback controller gain is selected as 

. 

Proof. Let us first consider the closed-loop system dynamics 
shown in (5) and replacing A with Ac in (6b) yields the 
stability criterion for the closed-loop system (5) as follows  

    (15) 

We now choose a matrix X such that  and pre-and 
post-multiplying (6a) with X and  respectively gives (14a). 
In a similar manner, pre-and post-multiplying (6b) with 

 and  yields 

               (16) 

where  

,
,

.  
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We utilize the fact that  and denote  
and , then by Schur complement in (16) and using 

 we obtain (14b). This completes the proof. 

Note that the synthesis condition given in Theorem 2 is a 
matrix inequality which is difficult to find a feasible solution 
set using LMI toolbox in MATLAB. Therefore, we now 
consider an iterative algorithm to find a feasible solution set 
of the synthesis condition satisfying a suboptimal maximal 
delay bound of . We first assume that there exists a real 
symmetric positive definite matrix  such 
that  which is equivalent to 

 and thus can be satisfied with 

by Schur complement. Introducing new variables M, N, and 
 such that , , and  

allows to rewrite (17) 

Now using a cone complementarity problem (El Ghaoui et 
al., 1997) [13], we shall present a nonlinear minimization 
problem with LMI conditions which stands for the 
nonconvex feasibility problem of Theorem 2 as follows: 

Minimize  

subject to , (18) and 

 

As a result, once we obtain a solution of 3n for the 
aforementioned minimization problem, we shall conclude 
that the linear singular time-delay system (1) with 

 is asymptotically stable. 

IV. NUMERICAL EXAMPLES 
In this section we introduce two numerical examples to 

illustrate the application of the proposed approach 
summarized in Theorems 1 and 2.  

Example 1: Let us consider a linear unforced singular 
time-delay system (1) with  presented in (Zhu et 
al., 2007) [8] and (Haidar et al., 2009) [15] such that 

, , 

 
Table I lists the maximum allowable delay upper bounds 
(MAUB) indicating that the method of this note succeeds to 
yield improvement on the conservativeness of the maximum 
allowable delay bound. 

TABLE I. MAUB FOR EXAMPLE 2  
Methods  
Zhu et al. (2007) [8] 1.2011 
Haidar et al. (2009) [15] 1.2092 
Theorem 1 1.3455 

Example 2: Let us consider another linear unforced singular 
time-delay system (1) with  and 

, , 

 
This example has also been considered in Chaibi and Tissir 
(2012) [11]. It follows from the use of Theorem 1 that a 
feasible solution set can be obtained for a maximum 
allowable delay bound of  while the method 

of 2.4865 which shows that the proposed method of this 
note is less conservative than that of [11]. 

Example 3: We now consider the numerical example 
given in (Kchaou et al., 2014) [12] with the following 
system matrices 

, , 

 
The numerical results of MAUB achieved in [12] and those 
of Theorem 1 are tabulated in Table II for different values of 
c. 

TABLE II.  MAUB FOR EXAMPLE 3 

Methods/c 1.0 1.2 1.4 1.6 2.0 

Kchaou et 
al. (2014) 
[12] 

4.9173 3.6670 2.9467 2.4623 1.8565 

Theorem 1 5.7125 4.6098 3.8936 3.3805 2.6823 
 
It can be seen in Table II that the proposed method of this 
note exhibits significantly less conservativeness compared 
to that of [12]. 

Example 4: Let us consider a linear singular time-delay 
control system (1) with  

, , , 

 
Utilizing Theorem 2, we have obtained a feasible solution 
set for a suboptimal maximal delay bound of  
with . 

V. CONCLUSIONS 
This paper has investigated the problems of stability and 

stabilization for linear singular time-delay systems on the 
basis of Lyapunov-Krosovskii stability theory, a stability 
criterion has been developed within the context of linear 
matrix inequalities. Extending the results of stability, the 
synthesis of a stabilizing state-feedback controller has been 
accomplished in terms of a bilinear matrix inequaility 
condition. Utilizing a linearization approach along with an 
iterative cone complementary technique has led to introduce 
a set of LMI conditions. Two numerical examples have been 
presented to demonstrate the application of the proposed 
methods of stability and stabilization. The numerical 
examples have clearly shown that the proposed criteria have 
given feasible solution sets. 
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Abstract—Applications of the fractional calculus have 
recently found a wide area in control theory by means of the 
advantages fractional derivative order and fractional integrator 
order provide. As a result, the importance of designing a better 
fractional-order controller to satisfy the conditions has increased. 
Because of the difficulties in designing fractional-order controller 
in the time domain, generally, the frequency domain is used to 
design controller. Frequency domain parameters as phase 
margin, gain margin, phase crossover frequency and gain 
crossover frequency are generally used for designing of the 
controllers. This paper represents a solution to obtain stability 
regions to stabilize a first order unstable system plus dead time 
with fractional-order proportional integrating (PI) controller and 
aims to show the effects of fractional integrator order, phase 
margin, and time delay on stability areas by obtaining different 
stability regions for different fractional integrator order, phase 
margins and time delays. While the fractional integrator value is 
varied in a range of [0.1-1], specific values are chosen for phase 
margin and time delay to observe the alteration in the stability 
regions. By using stability regions all stabilizing fractional-order 
Proportional Integrating controllers can be designed. 

Keywords—fractional-order PI controllers, time delay, stability 
boundary locus 

I. INTRODUCTION

The history of fractional calculus started with a letter from 

Leibniz to L’Hospital in 1695 and Leibniz raised the possibility 

of generalizing the operation of differentiation to non-integer 

orders. Then, after scientists found out the Laplace transform, 

fractional-order transfer functions were obtained. Afterward, 

the progress in fractional calculus went on and acceptable 

definitions have been made for fractional derivative and 

integrator by Caputo, Riemann-Liouville, and Grunwald-

Letnikov [1]. In the ongoing process, applications of fractional 

calculus started to grow rapidly due to its ability to describe 

real systems better, so more adequate to the systems. 

Characteristics and behaviors of some real systems are defined 

as fractional. The voltage-current relation in a semi-infinite 

lossy transmission line, viscoelastic materials, electrochemical 

processes, dielectric polarization, colored noise, diffusion of 

the heat and chaotic systems are some examples of fractional 

systems [2]–[5]. 

Latterly, as a result of the flexibility of two extra fractional 

orders (fractional integrator order , and fractional derivative 

order µ), the attention on the fractional systems have increased 

from both the academic and the industrial viewpoint [6]–[8]. 

Adding fractional derivative and fractional integrator orders to 

system or controller transfer functions result in a more complex 

system but, on the other hand, these two extra fractional orders 

make fractional controllers more flexible than integer order 

controllers because of the benefits of modeling control systems 

better and more challenging control requirements [3], [9]–[12]. 

As a result of these benefits, the use of fractional control in 

control applications has made great progress recently.  

The big majority of the design methods proposed for 

fractional order PID controllers are in the frequency domain as 

the fractional PID controller design in the time domain has still 

difficulties [13]. Besides, because of the relationship between 

the stability and gain-phase margins, these frequency domain 

specifications are frequently used to design the fractional-order 

controllers in the frequency domain. Apart from this, phase 

margin affects the damping of the system. As a result of these 

relationships between frequency domain specifications and 

system responses, many fractional-order PID controller design 

methods have been given in the frequency domain. Cheng and 

Hwang [14] suggested a solution for designing a fractional-

order PD controller for unstable systems plus dead time. After 

that, Hamamci [15] proposed another method for fractional-

order controller design based on phase and gain margins and 

Ruszewski [16] used that method to find the stability region of 

fractional-order stable processes plus dead time with the 

fractional PI controller. Then, Hamamci and Koksal [17] used 

an auto-tuning method for integrating processes with fractional 

order PD controller. Chen and Luo [18] proposed an approach 

based on gain and phase margins for integrating processes 

under the control of fractional PI controllers. Bhisrkar, 

Vyawahare, and Joshi [19] and Bhisrkar, Vyawahare, and Tare 

[20] have also carried out studies on unstable systems with

fractional order PD and PI controllers, respectively. Finally,

Sondhi and Hote [21] used the method proposed by Hamamci

[22] for the Mean Arterial Blood Pressure (MABP) control

based on using specific phase and gain margins to design

controller.
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    This paper aims to obtain the stability boundary locus for the 

fractional-order PI controller with a given first-order unstable 

system plus time delay based on specific phase and gain 

margins. The change in stability boundary locus has been 

obtained depending on fractional integrator order ( λ ), phase 

margin and time delay.  

The rest of the paper is organized as follows. Section 2 

gives the fundamentals of fractional calculus and fractional PI 

and PID controllers. Section 3 provides the approach to 

achieving stability regions for the unstable system plus dead 

time under the fractional PI controller, Section 4 represents the 

results and finally, conclusions are given in Section 5.  

I. FRACTIONAL ORDER CONTROL SYSTEMS AND FRACTIONAL 

PID CONTROLLERS  

From the birth of the fractional calculus in 1695 to 

nowadays, several definitions have been presented for 

fractional-order differentials. Among these fractional calculus 

definitions, three of them gained considerable attention. The 

definitions made by Riemann-Liouville, Grunwald-Letnikov, 

and Caputo have crucial roles in the history of fractional 

calculus, and by using these definitions, many studies have 

been done [11]. 

 

Riemann-Liouville’s definition for fractional-order 

derivative for 1n nα− < <  is as follows [2], [11]: 

 

                 
1

1 ( )
( )

( ) ( )
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a t n n
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d f d
D f t

n dt t
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τ τ
α τ − +=
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In the Riemann-Liouville’s fractional derivative definition, 

( )xΓ  is defined as Gamma function which is used to 

generalize the factorial !x , where x can be a non-integer or 

complex number. Besides, Riemann-Liouville’s fractional 

integral definition is as follows for 0 1α< <   [2], [11]: 
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Another considerable definition for fractional order 

derivative is Grunwald-Letnikov fractional derivative 

definition which is as follows: 
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Caputo’s fractional derivative definition is: 
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Fractional order proportional-integral-derivative 

controllers (PI D
µ
) are defined as the generalization of 

classical PID controllers and the history of fractional-order 

PID controllers goes back to 1999 when Podlubny [16] used 

fractional integral order λ  and fractional derivative order 

µ in the structure of a PID controller instead of the classical 

PID controller in his study. Then, many studies have been 

carried out using fractional-order PID controllers and as a 

result of these studies, researchers have shown that better 

closed-loop results can be achieved with fractional-order PID 

controllers due to the flexibility of two extra parameters, 

namely λ  and µ . Another advantage of fractional orders is 

that they make the PI D
µ
 controllers less sensitive to any 

change in the system parameters and provide a better control 

than classical PID controllers. 

 

The frequency domain is the most frequently used method 

to design fractional-order PID controllers because of the 

difficulties in the time domain. While using frequency 

domain, frequency domain specifications like gain margin, 

phase margin, gain crossover frequency and phase crossover 

frequency of the open loop system are used [17]. Well known 

frequency domain analysis and design methods, such as 

Nyquist criteria or Bode, can be used to easily find gain and 

phase margin of a system. 

II. STABILITY BOUNDARY LOCUS FOR AN UNSTABLE PROCESS 

PLUS DEAD TIME 

In this section, a procedure to obtain all stabilizing 

fractional-order PI controllers based on specified gain and 

phase margins to control first order unstable process plus dead 

time will be given. It is assumed that the first order unstable 

plus dead time process can be modeled as follows:  

                                ( )
1

s

p

Ke
G s

Ts

θ−

=
−

                                   (5) 

Fractional-order PI controller transfer function is as follows: 

                            ( )
p ii

c p

K s KK
G s K

s s

λ

λ λ

+
= + =                   (6) 

 

In order to design all stabilizing fractional-order PI 

controllers for specified phase and gain margins, the gain-

phase margin tester (GPMT), ( , )
t

C A φ , which is placed in 

front of the controller, is used as shown in Fig. 1.  

 

 
Figure 1. Control system with the gain-phase margin tester 
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( , )
t

C A φ  is defined as a virtual compensator that helps to 

get information about a constant gain and phase margin of the 

system. ( , )
t

C A φ  is assumed to have the following form: 

 

                                  ( , )
j

t
C A Ae

φφ −=                                   (7) 

 

For the closed-loop system shown in Fig. 1, the closed-

loop transfer function is given by:                                

                      
( , ) ( ) ( )( )

( ) 1 ( , ) ( ) ( )

t c p

t c p

C A G s G sC s

R s C A G s G s

φ
φ
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+

          (8) 

From the closed-loop transfer function of the system it is 

seen that the characteristic equation of the system is: 

 

         ( ; , , ) 1 ( , ) ( ) ( ) 0
p i t c p

P s K K C A G s G sλ φ= + =            (9) 

 

Substituting (5), (6), and (7) into (9), the following can be 

obtained: 
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Rearranging (10), one can easily obtain the following: 

 

1
( ; , , ) ( ) 0

j s

p i p i
P s K K Ae K s K Ke Ts s

φ λ θ λ λλ − − += + + − =      (11) 

 

A closed-loop control system having no right-half plane 

poles means that the system is stable. Otherwise, the system is 

unstable. The stability domain is defined as the region for 

which, when
p

K , 
i

K and λ  are the members of the domain, 

equation (11) has no roots in the right half of the s-plane. The 

stability boundary of the closed-loop system with fractional-

order PI controller can be obtained by Real Root Boundary 

(RRB) and Complex Root Boundary (CRB). To obtain these 

boundaries, the following equations can be used: 

: (0; , , ) 0,
p i

RRB P K K λ =  

: ( ; , , ) 0,
p i

CRB P j K Kω λ =  for (0, )ω ∈ ∞ , 

Then, to obtain RRB, substituting 0s =  in (11), 0
i

K =  is 

obtained. 

The next step is to find Complex Root Boundary (CRB). 

Substituting s jω=  in (11), one can get the following: 

( )

1

( ; , , ) ( ( ) )

( ) ( ) 0
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ωθ φ λ

λ λ

ω λ ω

ω ω

− +

+

= + +

− =
        (12) 

 

Solving (12), requires the use of identities given below: 

                        cos( ) sin( )
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e j
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Substituting (13) and (14) into (12), one can easily obtain 

the following: 
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 Separating (15) into its real and imaginary parts, 

respectively, the following two equations have been obtained: 
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The next step is to solve these two equations 

simultaneously to get the expressions for 
p

K  and 
i

K . Solving 

(16) and (17), below provided equations, namely (18) and 

(19), are obtained for 
p

K  and 
i

K . These equations draw a 

curve for a fixed value of λ , while ω  varies in a range 

of (0, )∞ . 

1
cos(( 1) ) cos( )

2 2
...

cos( )
2

cos( )
...

cos( )
2

p

i

T

K

AK

AKK

AK

λ λ

λ

λ

π λπω λ ω

λπω ωθ φ

ωθ φ
λπω ωθ φ

+ + −
=

− + −

++
− + −

         (18) 

    

1
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2

sin( )
2
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Finally, after getting expressions for 
p

K  and
i

K , the 

stability boundary loci can be plotted in 
p i

K K−  plane for a 

specified gain and phase margin or an unstable plus dead time 

model parameters. It is worth to point out the following notes: 

• To find global stability region for a fixed value of λ , 

parameters should be set as 1A =  And 0φ = . 

• To find the stability region of a system having 

GM dB gain margin, parameters should be set as 

A GM= and 0φ = ; GM any real number. 
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• To find stability region for a system having PM
ο

 

phase margin, parameters should be set as 1A =  and 

PM
οφ = ; PM any positive natural number. 

To find stability boundary locus, the following steps 

should be performed; 

• From (11), find the RRB result. 

• To obtain 
p

K  and 
i

K  expressions in terms of λ  and 

ω , use (16) and (17). 

• For selected values of λ , plot RRB and CRB lines in 

the same 
p i

K K−  plane. 

• Use test points to determine general stability region in 

the 
p i

K K−  plane. 

• Plot the global stability region. 

III. RESULTS 

In this section, stability boundary loci are obtained for the 

first order unstable process plus dead time under the control of 

the fractional-order PI controller. Besides, the effects of the 

system specifications as fractional integral order λ , time 

delayθ , and phase margin φ  on the stability regions are 

shown in this section. Stability regions are traced in 
p i

K K−  

plane and to trace regions, Real Root Boundary (RRB) and 

Complex Root Boundary (CRB) equations have been used. 

 

 
 

Figure 2. Stability boundary loci for different fractional integrator values 

 

Stability boundary loci for the first order unstable process 

with dead time given by (5) are illustrated in Fig. 2 for 

fractional integrator order λ varying in the range of [0.2-1]. 

The stability boundary loci are plotted by solving (18) and 

(19) simultaneously. The system parameters were assumed to 

be 1K = , 1T = , 0.2θ = , 1A =  and 0φ = . From the figure, it 

is clearly seen that the stability region gets larger as the 

fractional integrator order λ  gets larger. The largest stability 

region is obtained when fractional integral order 1λ =  and the 

smallest stability region is obtained when λ  is assumed to be 

0.2. For fractional integral order bigger than 1, no stability 

region is obtained. So, the fractional integral order is varied in 

a range of [0-1]. 

The effect of the time delay on the stability boundary locus 

is depicted in Fig. 3. While plotting Fig. 3, the fractional 

integrator order λ  is taken equal to 0.9 and the other 

parameters of the control system are assumed to be 1K = , 

1T = , and 0φ = . As seen in Fig. 3, there is an inverse 

proportion between the time delay and stability regions. 

Smaller stability regions are being achieved for the larger time 

delay of the unstable process.  

 

 
 

Figure 3. Stability boundary loci for different time delay values 

 

The effect of varying phase margin on the stability regions 

is demonstrated in the Fig. 4. The control system parameters 

are assumed to be 1K = , 1T = , 0.2θ = , 0.9λ =  and 1A = . 

As illustrated in Fig. 4, the larger the phase margin, the 

smaller the stability boundary locus. It is clearly seen that the 

largest stability region is obtained for a phase margin (φ ) of 

00, and the smallest stability region is obtained for a phase 

margin ( φ ) of 360. The phase margin is considered in a range 

of [00
-36

0
]. For the phase margins bigger than 36

0
, the stability 

regions get too much smaller. 
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Figure 4. Stability boundary loci for different phase margin values 

 

Another important parameter that affects the stability 

region is the gain margin of the system. In the Fig. 5 stability 

loci for different gain margin values can be seen. It is seen 

from the figure that, higher gain margin values provide larger 

stability regions for the considered system. For the given gain 

margin values, the largest stability region is obtained for the 

gain margin value of 1.5 and for the gain margin value of 0.5 

the smallest stability region is obtained. To observe the effect 

of the gain margin on the stability region system parameters 

are assumed as to be 1T = , 1K = , 0.2θ = , 0φ = , 0.9λ =  

and the stability region given for the gain margin value of 1 

( 1)A =  is called as the global stability region of the system. 

 

 
Figure 5.Stability boundary loci for different gain margins 

 

Effect of changing the time constant value, T , on stability 

boundary locus are shown in Fig. 6. The system parameters 

are considered to be 1A = , 1K = , 0.2θ = , 0φ = , and 

0.9λ = . As seen from the figure, an increase in time constant 

value, T , results in larger stability regions for the first order 

unstable process with dead time under the control of the 

fractional-order PI controller. 

 

 
 

Figure 6. Stability boundary loci for different T coefficients 

 

A. Example 

Here, an example will be given to illustrate the closed loop 

responses to a unity step input for a first order unstable system 

when fractional PI controller tuning parameters,
p

K  and 
i

K , 

are taken from the mid-point of the obtained stability regions. 

Fractional order PI controller parameters corresponding to the 

mid-point of those stability regions are summarized in Table 

1. It is assumed that first order unstable plus dead time process 

transfer function has parameters of 1T = , 1K = , and 

0.2θ = .   

 

TABLE 1.  CONTROLLER PARAMETERS FOR DIFFERENT GAIN 

AND PHASE MARGINS AND FRACTIONAL INTEGRATOR ORDERS 

 

  0.3λ =  0.6λ =  1λ =  

p
K  

i
K  

p
K  

i
K  

p
K  

i
K  

A=1 2 0.8 3.5 2 4.5 4 

A=1.5 1.5 1 2 2 2.5 4 

15
οφ = 2.25 0.2 3 0.75 4 1.5 

30
οφ = NAN NAN 2.5 0.15 3 0.4 

 

Fig. 7 illustrates closed loop responses for a fixed value of 

gain margin while the fractional integrator order takes 

different values. It is observed from the figure that for a fixed 

value of gain margin, the bigger the fractional integral order, 

λ , the better the closed loop performance in the sense of 

steady-state error. But, on the other hand, larger fractional 

integrator order causes a slightly larger overshoot. Also, it is 

observed that for a fixed value of fractional integrator order, 

larger gain margins result in larger overshoots and more 

oscillations. 

Fig. 8 illustrates closed loop responses for a fixed value of 

phase margin while the fractional integrator order takes 

different values. Similar to conclusions derived from Fig. 7, it 

is observed from the Fig. 8 that for a fixed value of the 

fractional integral order, with a smaller phase margin a better 
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closed-loop performance has been obtained. In contrast, for a 

fixed value of phase margin, the smaller the fractional 

integrator order, the larger the steady-state error. For a phase 

margin of 30
0
 and fractional integral order of 0.3, there is no 

stability region. Hence, the closed-loop response for this case 

has not been shown. 

It is important to note that, for the step responses given in 

Fig. 7 and Fig. 8, for each response the steady state errors goes 

to zero. But the first 25 seconds of the step response is given 

to make easy the observation of the step responses. 

 

Figure 7. Step responses for different gain margins and fractional orders 

 

Figure 8. Step responses for different phase margins and fractional orders  

IV. CONCLUSION 

In this paper, stability regions satisfying specified gain and 

phase margins for varying integrator order λ  for unstable 

processes with fractional order PI controller have been 

obtained. It has been observed that smaller fractional 

integrator orders result in smaller stability regions. Besides, it 

has also been observed that larger time constant, T , yields 

larger stability regions. But, on the other hand, the time delay 

and the phase margin have an inverse proportion with the 

stability regions. Another observation is that, for a fixed value 

of gain or phase margin, larger fractional integrator order 

provides better closed-loop responses.  
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Emails: sana501@anadolu.edu.tr and aiftar@anadolu.edu.tr

Abstract—Dynamic output feedback controller design to ro-

bustly stabilize linear time-invariant retarded time-delay systems

is considered. The considered systems may have multiple uncer-

tain time-delays. In order to achieve best guaranteed exponential

decay rate, minimization of the spectral abscissa is also aimed.

A minimax optimization problem is formulated for this purpose

and algorithms to design such a controller are proposed. These

algorithms also include an initialization procedure so that the

controller is initialized with the minimum possible dimension and

appropriate modes in order to satisfy the parity interlacing prop-

erty. A number of examples are also presented to demonstrate

the proposed approach.

Keywords—Time-delay systems, robust stability, dynamic output

feedback, minimax optimization, uncertaim time-delays

I. INTRODUCTION

Systems with time-delays frequently appear in engineer-
ing [1]. The presence of time-delays makes system analysis
and controller design more complicated [1]. Among many
different approaches, which have so far been proposed for
designing controllers for time-delay systems, eigenvalue-based
approaches (e.g., [2]– [7]) have become popular to design
controllers for linear time-invariant (LTI) time-delay systems.
When such an approach is used, it is also possible to achieve
fastest speed of response by placing the real part of the right-
most closed-loop mode as far left as possible on the complex
plane.

A common aspect of most time-delay systems is that, the
actual values of the time-delays are usually uncertain. In such
a case, a controller must robustly stabilize the system against
such uncertainties in the time-delays. Recently, a controller
design approach, based on minimax optimization, has been
proposed in [8]. In this approach, it is aimed to design a robust
static output feedback controller (when possible) to robustly
stabilize the system and achieve best guaranteed exponential
decay rate. However, it is well known that not every system
can be stabilized by a static output feedback controller. In fact,
systems which do not satisfy the so-called parity interlacing
property (pip) may require unstable controllers [9]. Therefore,
in the present paper, we extend the minimax optimization
approach of [8] to design possibly dynamic output feedback
controllers to robustly stabilize a given LTI retarded time-delay
system and achieve best guaranteed exponential decay rate. We
present algorithms to solve this problem. Our algorithms also
include an initialization procedure so that the controller is ini-
tialized with the minimum possible dimension and appropriate
modes in order to satisfy the pip.

Throughout the paper, R, R+, and C respectively denote
the sets of real numbers, non-negative real numbers, and
complex numbers. For s 2 C, Re(s) and Im(s) denote the
real part and the imaginary part of s, respectively. For µ 2 R,
C+

µ

:= {s 2 C | Re(s) � µ} and C�
µ

:= {s 2 C | Re(s) < µ}.
For a, b 2 R with a  b, [a, b] := {h 2 R | a  h  b}.
For positive integers k and l, Rk, Ck, and Rk⇥l respectively
denote the spaces of k-dimensional real vectors, k-dimensional
complex vectors, and k ⇥ l-dimensional real matrices. I

k

, 0
k

,
and 0

k⇥l

respectively denote the k ⇥ k dimensional identity,
k ⇥ k dimensional zero, and k ⇥ l dimensional zero matrices.
I and 0 denote the identity and zero matrices of appropriate
dimensions, respectively. (·)0, (·)⇤, k·k, and det(·) respectively
denote the transpose, the complex-conjugate transpose, the
norm (any particular vector norm can be used), and the
determinant of (·). Finally, for x : R ! Rn, ẋ denotes the
derivative of x.

II. PROBLEM STATEMENT

We consider a LTI retarded time-delay system which
contains ⌫ independent time-delays in its state, input, and/or
output, which is described as

ẋ(t) =
⌫X

l=0

A
l

x(t� h
l

) +

⌫X

l=0

B
l

u(t� h
l

) (1)

y(t) =
⌫X

l=0

C
l

x(t� h
l

) (2)

where x(t) 2 Rn, u(t) 2 Rr, and y(t) 2 Rq are, respectively,
the state, input, and output vectors at time t, A

l

2 Rn⇥n, B
l

2
Rn⇥r, and C

l

2 Rq⇥n, l = 0, . . . , ⌫, are constant matrices, and
h
l

2 R+, l = 1, . . . , ⌫, are the time-delays. We define h0 := 0

for notational convenience; i.e., l = 0 in (1)–(2) corresponds
to the delay-free part of the system.

We assume that each time-delay h
l

2 R+, l = 1, . . . , ⌫, is
uncertain with a known minimal value hmin

l

� 0 and a known
maximal value hmax

l

� hmin
l

; i.e., actual value of h
l

satisfies

0  hmin
l

 h
l

 hmax
l

(3)

For notational convenience, we define the time-delay vector:

h := [

h1 · · · h
⌫

]

0 2 R⌫

and the set

⌦ := [hmin
1 , hmax

1 ]⇥ · · ·⇥ [hmin
⌫

, hmax
⌫

] ⇢ R⌫
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For the above defined system, we consider a LTI dynamic
controller of the form

ż(t) = Fz(t) +Gy(t)

u(t) = Hz(t) +Ky(t)
(4)

where z(t) 2 Rm is the state of the controller at time t and F ,
G, H , and K are real constant matrices. When the controller
dimension m is zero, this controller reduces to a static output
feedback controller of the form u(t) = Ky(t).

Since the input-output relation of a controller of the form
(4) is unique only up to a similarity tranformation, as in [7],
[10], we structure the matrices in (4) by using one of the
multivariable canonical forms [11]. When q  r, we use the
controllable canonical form, in which the F and G matrices
are structured as

F =

8
>>>>>>>>>>><

>>>>>>>>>>>:

2

64
f1,1 · · · f1,m

...
. . .

...
f
m,1 · · · f

m,m

3

75 , m  q

2

6664

0(m�q)⇥q

I
m�q

f1,1 · · · f1,m
...

. . .
...

f
q,1 · · · f

q,m

3

7775
, m > q

and

G :=

8
>>>>>>>><

>>>>>>>>:

2

64
g1,1 · · · g1,q�m

I
m

...
. . .

...
g
m,1 · · · g

m,q�m

3

75 , m < q

I
q

, m = q

0(m�q)⇥q

I
q

�
, m > q

where f
i,j

and g
i,j

indicate the free parameters of these
matrices. In this form, all the elements of H and K matrices
are free. We use the observable canonical form when q > r. In
this form, F and H matrices are structured as the transpose of,
respectively, F and G matrices of the controllable canonical
form, with q replaced by r. In this form, all the elements
of G and K matrices are free. Note that, in both forms, the
total number of free parameters is m̂ := m(q + r) + qr. This
represents a reduction of m2 in the number of free parameters
compared to the case when each entry of each matrix is taken
as a free parameter.

Next, we collect all the free parameters of the controller
in a vector p 2 Rm̂ and define

A0(p) :=

2

64

A0 0 0 B0

C0 �I
q

0 0

0 G F 0

0 K H �I
r

3

75 ,

which depends on the free parameters. We also define

⌘(t) := [

x(t)0 y(t)0 z(t)0 u(t)0
]

0
,

E0 :=

2

64

I
n

0 0 0

0 0

q

0 0

0 0 I
m

0

0 0 0 0

r

3

75 ,

and, for i = 1, . . . , ⌫,

A
i

:=

2

64

A
i

0 0 B
i

C
i

0

q

0 0

0 0 0

m

0

0 0 0 0

r

3

75 .

The overall closed-loop system can then be described as

E0⌘̇(t) = A0(p)⌘(t) +
⌫X

i=1

A
i

⌘(t� h
i

) (5)

Thus, the closed loop characteristic matrix can be described
as

�(s, p, h) = sE0 �A0(p)�
⌫X

j=1

A
j

e�shj

The spectral abscissa of this closed-loop system is then given
as:

c(p, h) := max{Re(s) | det(�(s, p, h)) = 0} (6)

Thus, for a particular p 2 Rm̂ and h 2 ⌦, the closed-loop
system is exponentially stable if and only if c(p, h) < 0.
Furthermore, in this case, c(p, h) defines the exponential decay
rate of the closed-loop system [2].

To calculate c(p, h), for any particular p 2 Rm̂ and h 2 ⌦,
one needs to determine (one of) the right-most root(s) of
det(�(s, p, h)) = 0. The roots of det(�(s, p, h)) = 0 are,
of course, the modes of the closed-loop system. Although,
both the given system, (1), and the closed-loop system, (5),
have infinitely many modes, in general, they are both retarded
systems. This ensures that, for any µ 2 R, both have only
finitely many modes (usually called the µ-modes) in C+

µ

[2].
In this case, for any given µ 2 R, all the µ-modes can
be calculated by the spectral discretization method of [12].
Alternatively, all the modes in any given bounded region can
be calculated by the method of [13].

It is clear that the controller (4) corresponding to some free
parameters vector p will robustly stabilize the system (1)–(2),
for all h 2 ⌦, if and only if c(p, h) < 0 for all h 2 ⌦.
Equivalently, by defining

c⇤(p) := max

h2⌦
c(p, h) (7)

the closed-loop system will be robustly stable if and only if
c⇤(p) < 0. Furthermore, in this case, the exponential decay rate
of the closed-loop system will not be worse than c⇤(p) for any
h 2 ⌦. Therefore, similar to the approach of [8], to robustly
stabilize the system and to obtain the best possible exponential
decay rate for the worst h 2 ⌦, we aim to minimize c⇤(p) over
p 2 Rm̂. In other words, we aim to find p⇤ 2 Rm̂ which solves
the following minimax problem

c(p⇤, h⇤
) = min

p2Rm̂
max

h2⌦
c(p, h) (8)

In the next section, we will propose an algorithm to solve this
problem and thus obtain a robustly stabilizing controller with
dimension m which gives the best possible exponential decay
rate for the worst h 2 ⌦.

171

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



III. CONTROLLER DESIGN

Before presenting our overall controller design algorithm,
we will first present the calculation of the gradients of c(p, h)
with respect to p and h, since we will use them in solving the
problem (8). For a particular p 2 Rm̂ and h 2 ⌦, let s1 be
a simple closed-loop mode.1 Then, det(�(s1, p, h)) = 0 and,
hence, there exists non-zero vectors u, v 2 Cn̂ (which depend
on p and h), where n̂ := n + r + q +m is the dimension of
⌘(t), such that

u⇤
�(s1, p, h) = 0 (9)

and
�(s1, p, h)v = 0 (10)

Now, let us fix h and, similar to [8], take the derivative of
both sides of (10) with respect to the ith element, p

i

, of p
(i = 1, . . . m̂) by keeping in mind that s1 also depends on p

i

:
✓
@�

@p
i

+

@s

@p
i

@�

@s

◆
v + �

✓
@v

@p
i

+

@s

@p
i

@v

@s

◆
= 0 (11)

Next, multiply both sides of (11) by u⇤ from left, use (9), and
rearrange terms to obtain:

@s

@p
i

= �
u⇤

⇣
@�
@pi

⌘
v

u⇤
�
@�
@s

�
v

(12)

Thus, if s1 is the right-most closed-loop mode

@c

@p
i

= �Re

0

@
u⇤

⇣
@�
@pi

⌘
v

u⇤
�
@�
@s

�
v

1

A (13)

where the partial derivatives on the right-hand side must be
calculated at s = s1 and at current p and h:

@�

@p
i

= �@A0(p)

@p
i

(14)

and
@�

@s
= E0 +

⌫X

l=1

h
l

A
l

e�s1hl (15)

The gradient of c(p, h) with respect to p is then given as
@c

@p
=

h
@c

@p1
· · · @c

@pm̂

i0
(16)

Next, to find the gradient of c(p, h) with respect to h, take
the derivative of both sides of (10) with respect to h

l

(l =

1, . . . , ⌫), multiply both sides by u⇤ from left, use (9), and
rearrange terms to obtain:

@s

@h
l

= �
u⇤

⇣
@�
@hl

⌘
v

u⇤
�
@�
@s

�
v

(17)

Thus, if s1 is the right-most closed-loop mode

@c

@h
l

= �Re

0

@
u⇤

⇣
@�
@hl

⌘
v

u⇤
�
@�
@s

�
v

1

A (18)

1A closed-loop mode with multiplicity k > 1 can simply be separated into
k simple modes by perturbing p, unless it is a fixed mode [7]. If it is a fixed
mode, on the other hand, then there exists no LTI controller which moves this
mode [14], and hence, if this mode is in C+

0

, there exist no LTI controller
which can stabilize this system.

where, as before, the partial derivatives on the right-hand side
must be calculated at s = s1 and at current p and h:

@�

@h
l

= s1Al

e�s1hl

and @�
@s

is given by (15). The gradient of c(p, h) with respect
to h is then given as

@c

@h
=

⇥
@c

@h1
· · · @c

@h⌫

⇤0
(19)

Now, we can present algorithms to minimize c(p, h) with
respect to p at a particular h and to maximize c(p, h) with
respect to h at a particular p:2

Algorithm 1 (to minimize c(p, h) with respect to p, starting
with a given pinit):

1) Initialize p = pinit.
2) Choose a step size � > 0 (e.g., � = 1).
3) Calculate @c

@p

by (16). If k @c
@p

k < ✏0, go to step 7.
Otherwise, continue with step 4.

4) Let pnew = p� � @c

@p

.
5) If c(pnew, h) < c(p, h), let p = pnew and go to step 2.

Otherwise, continue with step 6.
6) If � > �min let �  �/2 and go to step 4. Otherwise,

continue with step 7.
7) Let p† = p and return to the main algorithm.

Algorithm 2 (to maximize c(p, h) with respect to h, starting
with a given hinit 2 ⌦):

1) Initialize h = hinit.
2) Choose a step size ↵ > 0 (e.g., ↵ = 1).
3) Calculate @c

@h

by (19). If k @c
@h

k < ✏1, go to step 8.
Otherwise, continue with step 4.

4) Let hnew
= h+ ↵ @c

@h

.
5) For l = 1, . . . , ⌫,

i) if hnew
l

> hmax
l

, let hnew
l

= hmax
l

;
ii) if hnew

l

< hmin
l

, let hnew
l

= hmin
l

;
and update hnew accordingly. If khnew � hk < ✏2, go to
step 8. Otherwise, continue with step 6.

6) If c(p, hnew
) > c(p, h), let h = hnew and go to step 2.

Otherwise, continue with step 7.
7) If ↵ > ↵min, let ↵  ↵/2 and go to step 4. Otherwise,

continue with step 8.
8) Let h†

= h and return to the main algorithm.

Now, we can present our main algorithm to design a robust
controller. In this algorithm, we aim to design a controller
with the least possible dimension m, not to exceed some given
upper limit m

max

, which moves all the closed-loop modes as
far left as possible into C�

µ

, for some given µ  0, for all
h 2 ⌦.

Algorithm 3 (Main Algorithm):

1) Let iter = 0 and s
rmrm

= µ.
2) Choose a grid of M points, ¯h1, . . . , ¯hM , in ⌦.
3) For l = 1, . . . ,M , do the following

i) Let h =

¯hl.

2In the algorithms, ✏, ✏
0

, ✏
1

, ✏
2

, ✏fm, ✏z , �min, and ↵min are prechosen
positive small numbers and hnew

l is the lth element of hnew .
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ii) Calculate the set of the µ-modes,  
µ

(⌃OL(h)), of the
system ⌃OL(h), where ⌃OL(h) denotes the open-loop
system (1)–(2) with the time-delay vector h.

iii) For each s1 2  µ

(⌃OL(h)), with Im(s1) � 0,3 do the
following
a) Calculate @s

@p

at s = s1 and p = pOL, using
(12), where pOL

= 0

qr⇥1 is the free parameter
vector corresponding to m = 0 and K = 0. If
k @s
@p

k < ✏
fm

, then s1 is either a fixed mode or
an approximate fixed mode of ⌃OL(h) [15], and
hence there is either no solution or such a solution
requires a controller with very high gains (such
a controller can not be robust in general). Thus,
declare no solution and stop.

b) If Im(s1) = 0 and s1 > s
rmrm

, let s
rmrm

= s1.
4) If s

rmrm

= µ, let m = m
min

= 0 and go to step 7.
5) For l = 1, . . . ,M , do the following

i) Let h =

¯hl.
ii) Find the real blocking zeros, zh1 , . . . , zhnz

(in ascending
order), of ⌃OL(h) between µ and s

rmrm

. If n
z

= 0

(i.e., if there are no such zeros), let n
rgn

= 0 and go
to step iv.

iii) Let n
rgn

= 0, z
nz+1 := s

rmrm

+ ✏
z

and, for k =

1, . . . , n
z

, do the following
If there are an odd number (counting multiplicities)
of real modes of ⌃OL(h) between z

k

and z
k+1, let

n
rgn

= n
rgn

+ 1, ⇣�
nrgn

= z
k

, ⇣+
nrgn

= z
k+1.

iv) If l = 1, then
a) let m

min

= n
rgn

;
b) if n

rgn

> 0, for k = 1, . . . , n
rgn

, let Z�
k

= ⇣�
k

and
Z+
k

= ⇣+
k

;
c) go to step viii.

v) If m
min

6= n
rgn

, go to step vii. Otherwise, if n
rgn

> 0,
for k = 1, . . . , n

rgn

, do the following
a) Let Z�

k

= max(Z�
k

, ⇣�
k

) and Z+
k

= min(Z+
k

, ⇣+
k

).
b) If Z�

k

� Z+
k

, go to step vii.
vi) Go to step viii.

vii) pip can not be satisfied for all h 2 ⌦ by the same con-
troller; i.e., there is no solution to the robust controller
design problem. Thus, declare no solution and stop.

viii) Continue.
6) Let m = m

min

. If m > 0, for k = 1, . . . ,m, choose �
k

in the interval (Z�
k

, Z+
k

).
7) If m > m

min

, choose �
mmin+1, . . . ,�m

(each of which
is either real or occur in complex-conjugate pairs) ran-
domly in C�

µ

.
8) Initialize the free parameters of F so that F has eigen-

values �1, . . . ,�m

. Initialize the free parameters of G,
H , and K randomly (if m = 0, only the entries of K
are initialized randomly). Then choose the initial free
parameters vector p0 accordingly. Also choose the initial
time-delay vector h0 2 ⌦ randomly and let k = 0 and
count = 0.

9) Run Algorithm 1 with h = hk and pinit = pk to minimize
c(p, hk

). Let pk+1
= p†, the minimizing p.

10) Run Algorithm 2 with p = pk+1 and hinit
= hk to

maximize c(pk+1, h). Let hk+1
= h†, the maximizing

3Since the modes of a real system are either real or occur in complex-
conjugate pairs and a non-real mode is fixed if and only if its complex-
conjugate is also fixed, we do not need to check for the modes with negative
imaginary part.

h.
11) If khk+1 � hkk < ✏, let p⇤ = pk+1, h⇤

= hk+1, and
continue with the next step. Otherwise, let k = k+1 and
go to step 9.

12) Let hmax

= h⇤, cmax

= c(p⇤, h⇤
), and, for l = 1, . . . ,M ,

do the following
If c(p⇤, ¯hl

) > cmax, let hmax

=

¯hl and cmax

=

c(p⇤, ¯hl

).
13) If hmax

= h⇤ go to step 15. Otherwise, continue with the
next step.

14) If count < count
max

, let count = count + 1, k = 0,
h0

= hmax, p0 = p⇤ and go to step 9. Otherwise, let
h⇤

= hmax and continue with the next step.
15) If iter = 0, let c⇤ = c(p⇤, h⇤

), p⇤⇤ = p⇤, iter = iter+1

and go to step 7. Otherwise, continue with the next step.
16) If c(p⇤, h⇤

) < c⇤, let c⇤ = c(p⇤, h⇤
) and p⇤⇤ = p⇤.

17) If iter < iter
max

, let iter = iter + 1 and go to step 7.
Otherwise, continue with the next step.

18) If c⇤ < µ, form the optimal robust controller with the
free parameters p⇤⇤ and stop. Otherwise, continue with
the next step.

19) If m < m
max

, let m = m+ 1, iter = 0, and go to step
7. Otherwise, declare failure and stop.

Step 3 of the main algorithm checks whether the given sys-
tem (1)–(2) has any fixed (i.e., uncontrollable or unobservable
[16]) or approximate fixed [17] µ-modes for any h 2 ⌦. If so,
it is not possible to design a controller which moves all the
modes into C�

µ

for all h 2 ⌦. Thus, in this case, the algorithm
terminates. This step also determines the largest (over h 2 ⌦)
right-most real mode, s

rmrm

, which is to be used in step 5.
If there are no real µ-modes for any h 2 ⌦, s

rmrm

remains
at the value µ. In this case, the given system satisfies pip for
all h 2 ⌦, and thus, in step 4 of the algorithm, m

min

is set to
zero and steps 5 and 6 are skipped.

Steps 5 and 6 of the main algorithm determines the min-
imum dimension, m

min

, of the controller and the location of
the initial controller modes, �1, . . . ,�mmin , so that the open-
loop system (the given system cascaded with the controller)
satisfies pip for all h 2 ⌦ (if the given system satisfies pip
for all h 2 ⌦, then m

min

is set to zero). If it is not possible
to satisfy pip by the same controller for all h 2 ⌦ (which
happens when either the number of intervals of consecutive
real blocking zeros which contain an odd number of real modes
is not the same for all h 2 ⌦ or the intersection of these
intervals over all h 2 ⌦ is empty), then there is no solution
to the controller design problem, and hence, the algorithm
terminates.

Steps 7–18 designs a controller with a given dimension
m, starting with m

min

. Steps 7 and 8 initializes the free
parameters of the controller and the time-delay vector. Steps 9–
11 solves the problem (8) using steepest descent/ascend. Steps
12 and 13 checks whether h⇤ is the global maximizing h (since
c(p, h) is not necessarily concave in h, step 10 may not find
the global maximizer). If not, steps 9–13 are redone starting
with the global maximizing h, unless a certain count

max

is
reached. Since, c(p, h) is not necessarily convex in p, those
steps are repeated iter

max

times, starting with a new initial
free parameters vector and a new initial time-delay vector each
time. Then, the best controller which makes c⇤ minimum is
chosen. Step 18 then checks whether this controller actually
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moves all the closed-loop modes into C�
µ

for all h 2 ⌦. If
so, this controller is chosen as the desired controller and the
algorithm terminates with success. Otherwise, if the upper limit
of the controller dimension is not reached, the dimension of
the controller is increased by one in step 19 and steps 7–18
are repeated for the new controller dimension. If the upper
limit of the controller dimension is reached, however, then the
algorithm terminates with failure.

IV. EXAMPLES

A. Example 1

We first consider a single-input single-output system with
one input delay:

ẋ(t) =


0 1

0.04 0

�
x(t) +


0

1

�
u(t� h1)

y(t) = [

�0.1 1

]x(t)

The nominal value of the uncertain time-delay h1 is as-
sumed to be hnom

1 = 0.5 and its minimum and maximum
values are assumed to be hmin

1 = 0.3 and hmax
1 = 0.7,

respectively. For all h 2 ⌦ = [0.3, 0.7], the open loop system
has a real unstable mode at 0.2 (thus, s

rmrm

= 0.2). It is
also determined that the system has one real blocking zero at
z1 = 0.1 between µ = 0 and s

rmrm

= 0.2. Thus, the minimum
dimension of any stabilizing controller is m

min

= 1 and such
a controller must include one real mode to the right of z1 (in
Algorithm 3, the initial mode is chosen between z1 = 0.1
and s

rmrm

= 0.2, since it is not in general checked whether
there are any other real blocking zeros to the right of s

rmrm

).
We run Algorithm 3 to design a robustly stabilizing controller
(where the controller mode is initiated at 0.15). The Algorithm
designs the following first order controller:

ż(t) = 0.4808z(t) + y(t)
u(t) = �0.7810z(t)� 1.2316y(t)

(20)

which stabilizes the system and achieves a guaranteed ex-
ponential decay rate of �0.0112 for all h 2 ⌦, where
h⇤

= 0.7. The closed-loop �0.2-modes under controller (20)
for h1 = hnom

1 = 0.5 and h1 = h⇤
1 = 0.7 are shown in Fig. 1

(respectively by blue squares and purple diamonds), together
with the open-loop modes (red stars).

To determine whether the guaranteed exponential decay
rate can further be reduced by a higher dimensional con-
troller, we continued Algorithm 3 to design a controller with
dimension m = 2 (where the controller modes are initiated at
0.15 and �1.3275). The Algorithm then designs the following
second order controller:

ż(t) =


0 1

0.9849 �1.4021

�
z(t) +


0

1

�
y(t)

u(t) = [

�1.0334 �0.5443
] z(t)� 0.7245y(t)

(21)

which stabilizes the system and achieves a guaranteed expo-
nential decay rate of �0.0660 (an improvement of about six
times over the controller (20)) for all h 2 ⌦, where h⇤

= 0.7,
as before. The closed-loop �0.2-modes under controller (21)
for h1 = h⇤

1 = 0.7 are also shown in Fig. 1 by green plusses.

Fig. 1. (i) open-loop modes (red stars); (ii) closed-loop �0.2-modes for
h = hnom (blue squares) and h = h⇤ (purple diamonds) under controller
(20); (iii) closed-loop �0.2-modes for h = h⇤ under controller (21) (green
plusses) for Example 1.

B. Example 2

We next consider a 1-input 2-output system with one state
and one input delay:

ẋ(t) = A1x(t� h1) +B2u(t� h2)

y(t) =


0.0015 �0.085 1

�0.025 1 0

�
x(t)

where A1 =

"
0 1 0

0 0 1

0.042 �0.0516 �0.3499

#
and B2 =

"
0

0

1

#
.

The nominal value of the uncertain time-delay h1 is as-
sumed to be hnom

1 = 0.5 and its minimum and maximum
values are assumed to be 0.4 and 0.8, respectively. The nominal
value of the uncertain time-delay h2 is assumed to be hnom

2 =

0.3 and its minimum and maximum values are assumed to be
0.1 and 0.4, respectively. The open loop system has one real
unstable mode, which varies between 0.1954 and 0.2101 as h1

is varied from 0.4 to 0.8. Thus, s
rmrm

= 0.2101. It is also
determined that the system has one real blocking zero between
µ = 0 and s

rmrm

= 0.2101, which varies between 0.0245
and 0.0248 as h1 is varied from 0.4 to 0.8. Therefore, the
minimum dimension of any stabilizing controller is m

min

= 1.
Furthermore, the initial controller mode must be placed in the
interval [0.0248, 0.2101]. We initiate the controller mode at
0.1170 and run Algorithm 3, which designs the first order
controller:

ż(t) = 0.1552z(t) + [

�0.1815 �0.1325
] y(t)

u(t) = z(t) + [

�0.2931 �0.1397
] y(t)

(22)

which stabilizes the system and achieves a guaranteed expo-
nential decay rate of �0.0338 for all h 2 ⌦ = [0.4, 0.8] ⇥
[0.1, 0.4], where h⇤

= [

0.8 0.4
]

0. The closed-loop �0.3-
modes under controller (22) for h = h⇤

= [

0.8 0.4
]

0 are
shown in Fig. 2 (purple diamonds), together with the open-
loop �0.3-modes for h = hnom

= [

0.5 0.3
]

0 (red stars).

For this example too, we try a second order controller, to
determine how much the guaranteed exponential decay rate
can be improved. Algorithm 3 (where the controller modes
are initiated at 0.1170 and �1.7020), in this case, designs the
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Fig. 2. (i) open-loop �0.3-modes for h = hnom (red stars); and (ii) closed-
loop �0.3-modes for h = h⇤ under controller (22) (purple diamonds) and
controller (23) (green plusses) for Example 2.

following controller:

ż(t) =


0 0.3012
1 �1.5348

�
z(t) +


0.0290 �0.3503
�0.3258 �0.2151

�
y(t)

u(t) = [

0 1

] z(t) + [

�0.7113 �0.5233
] y(t)

(23)
which improves the guaranteed exponential decay rate to
�0.0816, where h⇤

= [

0.8 0.1
]

0. The closed-loop �0.3-
modes under controller (23) for h⇤

= [

0.8 0.1
]

0 are also
shown in Fig. 2 by green plusses.

V. CONCLUSION

The robust controller design approach of [8] has been ex-
tended to design possibly dynamic output feedback controllers
to robustly stabilize a given LTI retarded time-delay system
and achieve best guaranteed exponential decay rate. The case
of dynamic controllers is important, since not every system can
be stabilized by a static output feedback controller. The algo-
rithms we have presented to solve this problem also include
an initialization procedure so that the controller is initialized
with the minimum possible dimension and appropriate modes
in order to satisfy the pip.

A possible extension of the present work is to consider
the design of robustly stabilizing time-delay controllers [18].
Although it is known that a LTI time-delay system can be
stabilized by a LTI time-delay controller only if it can be
stabilized by a LTI finite-dimensional controller [19], time-
delay controllers may have certain advantages over finite-
dimensional controllers (e.g., see [20]–[25]).
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Abstract—The problem of designing linear time-invariant sta-

bilizing decentralized time-delay output feedback compensators

for a class of linear time-invariant decentralized retarded time-

delay systems is considered. For this purpose, a recently proposed

approach to design centralized output feedback compensators by

using the continuous pole placement algorithm is generalized

to design decentralized controllers. A design example is also

presented to demonstrate the approach.

Keywords—decentralized control, time-delay systems, time-delay

controllers, stabilization, continuous pole placement

I. INTRODUCTION

In this work, we propose an approach to design decen-
tralized output feedback time-delay compensators for linear
time-invariant (LTI) retarded time-delay systems, which do
not have direct connections from their inputs to their outputs.
Recently, a centralized output feedback time-delay compen-
sator design approach was proposed in [1] which is based on
the continuous pole placement algorithm of [2]. Continuous
pole placement algorithm was originally proposed for static
state vector feedback controller design. Later, in [3], it was
extended to the dynamic output feedback controller design.
Then, as in [1], [4] and [5], approaches have been proposed
that allow the design of time-delay controllers with the same
approach. During the design of a controller by the continuous
pole placement algorithm, the free (design) parameters of the
controller are changed stepwise in a quasi-continuous way, so
that all the unstable closed-loop modes are eventually moved
into the stable area. For a time-delay controller, not only the
elements of the controller matrices but also the time-delays
of the controller can be considered as design parameters. So
that the desired pole placement can be achieved by shifting
the rightmost modes towards the stable area by applying
small changes to the free parameters while time-delays remain
always non-negative. Continuous pole placement algorithm
was firstly used in [3], together with the decentralized pole
assignment algorithm of [6], to design decentralized controllers
for retarded commensurate-time-delay systems. This approach
was then extended to the case of incommensurate-time-delay
systems in [7] and to neutral time-delay systems in [8],
[9]. In decentralized pole assignment algorithm, a centralized
controller is designed for each control agent sequentially by
using a centralized controller design algorithm. Here, we use
the approach given in [1] together with the decentralized
pole assignment algorithm, to propose an overall decentralized
controller design algorithm. After this, a design example is
presented, to illustrate the approach.

Throughout the paper, C, R and N, denote the sets of,
respectively, complex numbers, real numbers and non-negative

This work is supported by the Scientific and Technical Research Council
of Turkey (TÜBİTAK) under grant number 115E379.

integers. For s 2 C, Re(s) denotes the real part of s. For
k, l 2 N, Fk and Fk⇥l denote the spaces of, respectively,
k-dimensional vectors and k ⇥ l-dimensional matrices with
elements in F , where F is either R or C. I

k

, 0
k

and 0

k⇥l

respectively denote the k ⇥ k-dimensional identity, the k ⇥ k-
dimensional zero and the k ⇥ l-dimensional zero matrices.
When the dimensions are apparent, we use I and 0 to denote
respectively the identity and the zero matrices. ~1

k

denotes k⇥1

vector of ones. Cupper

:= {s 2 C | Im(s) � 0}, for µ 2 R,
C�

µ

:= {s 2 C | Re(s) < µ} and C+

µ

:= {s 2 C | Re(s) � µ}.
[ ] denotes empty vector. det(·), k · k, (·)T , (·)⇤ and card(·)
respectively denote the determinant, the 2-norm, the transpose,
the complex-conjugate transpose and the cardinality of (·).
diag(a

1

, . . . , a

n

) denotes a diagonal matrix whose diagonal
entries starting in the upper left corner are a

1

, . . . , a

n

. Also,
bdiag(· · · ) denotes a block diagonal matrix with (· · · ) on the
main diagonal. For a vector ~r = [r

1

· · · r

l

]

T , nonneg(~r) :=
[max(0, r

1

) · · · max(0, r

l

)]

T . Finally, i denotes the imaginary
unit.

II. PROBLEM STATEMENT AND DEFINITIONS

Consider a decentralized LTI retarded time-delay system,
⌃, with ⌫ control agents, described as

ẋ(t) =

�

X

i=0

0

@

A

i

x(t� h

i

) +

⌫

X

j=1

B

j,i

u

j

(t� h

i

)

1

A

y

j

(t) =

�

X

i=0

C

j,i

x(t� h

i

), j = 1, . . . , ⌫

(1)

where x(t) 2 Rn is the state vector at time t, and u

j

(t) 2 Rp

j

and y

j

(t) 2 Rq

j are, respectively, the input and the out-
put vectors at time t, accessible by the j

th control agent
(j = 1, . . . , ⌫). The matrices A

i

, B
j,i

and C

j,i

(i = 0, . . . ,�,
j, k = 1, . . . , ⌫) are constant real matrices and h

i

> 0,
i = 1, . . . ,�, are the time-delays, where � is the number of
distinct time-delays involved. To simplify the notation, we use
h

0

:= 0.

Relating to the system ⌃, let us first present the following
definitions.

Definition 1: For any given µ 2 R, the set of µ-modes of
the system ⌃, described by (1), is defined as

⌦

µ

(⌃) :=

�

s 2 C+

µ

| det(�
⌃

)(s) = 0

 

, (2)

where �
⌃

(s) := sI

n

� ¯

A(s) is the characteristic matrix of the
system ⌃, where ¯

A(s) :=

P

�

i=0

A

i

e

�sh

i . Furthermore, any
s

o

2 C for which �
⌃

(s

o

) = 0 is said to be a simple mode
of ⌃, if d det(�

⌃

(s))

ds

�

�

s=s

o

6= 0, and is said to be a multiple
mode of ⌃, otherwise. Moreover, l 2 N is said to be the
multiplicity of s

o

, if d

r

det(�

⌃

(s))

ds

r

�

�

s=s

o

= 0 for r = 1, . . . , l�1,
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but d

l

det(�

⌃

(s))

ds

l

|
s=s

o

6= 0.

Definition 2: For any given µ 2 R, the system ⌃ is said to
be µ-stable if ⌦

µ

(⌃) = ;. Furthermore, a controller K is said
to µ-stabilize the system ⌃, if the closed-loop system obtained
by applying the controller K to system ⌃ is µ-stable.

For any µ  0, µ-stability of ⌃ is equivalent to its
exponential stability with decay rate less than µ [10].

Definition 3. For a given µ 2 R, the set of µ-centralized
fixed modes (µ-cfms) of ⌃ is defined as
⇤

c

µ

(⌃) :=

�

s 2 ⌦
µ

(⌃) | �
⌃,K

(s) = 0, 8K 2 Rp⇥q

 

(3)
and the set of µ-decentralized fixed modes (µ-dfms) of ⌃ is
defined as
⇤

d

µ

(⌃) := {s 2 ⌦
µ

(⌃) | �
⌃,K

(s) = 0, 8K 2 K} (4)

where �

⌃,K

(s) := det(sI

n

� ¯

A(s) � ¯

B(s)K

¯

C(s)) is the
characteristic function of the closed-loop system under a static
control u(t) = Ky(t), where p :=

P

⌫

j=1

p

j

, q :=

P

⌫

j=1

q

j

y(t) :=

⇥

y

T

1

(t) · · · yT
⌫

(t)

⇤

T

, u(t) :=

⇥

u

T

1

(t) · · · uT

⌫

(t)

⇤

T

,

¯

B(s) :=

⇥

¯

B

1

(s) · · · ¯

B

⌫

(s)

⇤

,

¯

B

j

(s) :=

�

X

i=0

B

j,i

e

�sh

i

,

¯

C(s) :=

⇥

¯

C

T

1

(s) · · · ¯

C

T

⌫

(s)

⇤

T

,

¯

C

j

(s) :=

�

X

i=0

C

j,i

e

�sh

i

,

u(t) 2 Rp and y(t) 2 Rq . Also, K := {K 2 Rp⇥q | K =

bdiag(K

1

, . . . ,K

⌫

), K

j

2 Rp

j

⇥q

j

, j = 1, . . . , ⌫}.

In this work, we consider the problem of designing LTI
decentralized output feedback compensators which µ-stabilize
⌃. The controllers that we consider are described as

u

j

(t) =

�

j

X

i=0

K

j,i

y

j

�

t� ¯

h

j,i

�

, j = 1, . . . , ⌫, (5)

where K

j,i

2 Rp

j

⇥q

j are constant matrices, ¯h
j,0

:= 0, ¯h
j,i

>

0, i = 1, . . . , �

j

, are time-delays of the j

th controller and �

j

is the number of distinct time-delays of the j

th controller.

In [11], it was shown that there exists a µ-stabilizing
controller of the form (5) for ⌃ only if ⇤d

µ

(⌃) = ;. Therefore,
we assume that ⇤d

µ

(⌃) = ;.
III. POLE PLACEMENT ALGORITHM

Let ~p

j

2 Rm

j contain all the entries of the controller
matrices of the j

th controller where m

j

denotes the number
of entries of the matrices K

j,0

, . . . ,K

j,�

j

such that m

j

:=

(p

j

q

j

)(�

j

+1). Let ~h
j

2 R�

j contain the non-zero time-delays,
¯

h

j,1

, . . . ,

¯

h

j,�

j

, of the j

th controller.

Now, suppose that the first ⇠ (⇠ < ⌫) control agents
of the form (5) for j = 1, . . . , ⇠ have been designed. To
form the closed-loop system obtained by closing the first ⇠

loops, we let p

⇠

:=

P

⇠

j=1

p

j

, q

⇠

:=

P

⇠

j=1

q

j

, y

⇠

(t) :=

⇥

y

T

1

(t) · · · y

T

⇠

(t)

⇤

T 2 Rq

⇠

, u⇠

(t) :=

⇥

u

T

1

(t) · · · u

T

⇠

(t)

⇤

T 2
Rp

⇠

. Then, we define the total set of distinct time-delays of
the system ⌃ and the designed ⇠ controllers as follows

{ˇh
⇠,1

, . . . ,

ˇ

h

⇠,�̌

⇠

} := {h
1

, . . . , h

�

}[
n

[⇠

j=1

�

¯

h

j,1

, . . . ,

¯

h

j,�

j

 

o

where �̌

⇠

is the number of total distinct time-delays and
ˇ

h

⇠,1

, . . . ,

ˇ

h

⇠,�̌

⇠

are all non-zero and distinct. Also, we use

ˇ

h

⇠,0

:= 0 here too. Note that, for ⇠ = 0, {ˇh
0,1

, . . . ,

ˇ

h

0,�̌

0

} :=

{h
1

, . . . , h

�

}. Then, for i = 0, . . . , �̌

⇠

, define

A

⇠

i

:=

⇢

A

k

, if

ˇ

h

⇠,i

= h

k

0

n

, if

ˇ

h

⇠,i

/2 {h
0

, . . . , h

�

} ,

B

⇠

j,i

:=

⇢

B

j,k

, if

ˇ

h

⇠,i

= h

k

0

n⇥p

j

, if

ˇ

h

⇠,i

/2 {h
0

, . . . , h

�

} ,

C

⇠

j,i

:=

⇢

C

j,k

, if

ˇ

h

⇠,i

= h

k

0

q

j

⇥n

, if

ˇ

h

⇠,i

/2 {h
0

, . . . , h

�

} ,

K

⇠

j,i

:=

⇢

K

j,k

, if

ˇ

h

⇠,i

=

¯

h

j,k

0

p

j

⇥q

j

, if

ˇ

h

⇠,i

/2 {¯h
j,0

, . . . ,

¯

h

j,�

j

} .

Then, the system seen by the (⇠+1)

th control agent, after the
first ⇠ loops have been closed, can be described as

ˇ

E

⇠

⌘̇

⇠

(t) =

�̌

⇠

X

i=0

⇣

ˇ

A

⇠

i

⌘

⇠

�

t� ˇ

h

i

�

+

ˇ

B

⇠

i

u

⇠+1

�

t� ˇ

h

i

�

⌘

y

⇠+1

(t) =

�̌

⇠

X

i=0

⇣

ˇ

C

⇠

i

⌘

⇠

(t� ˇ

h

i

)

⌘

(6)

where ⌘

⇠

(t) =

⇥

x

T

(t)

�

y

⇠

(t)

�

T

�

u

⇠

(t)

�

T

⇤

T , ˇ

E

⇠

:= bdiag(I

n

,
0

q

⇠

+p

⇠)

ˇ

A

⇠

0

:=

2

6

6

6

6

6

6

6

6

6

6

6

4

A

⇠

0

0 · · · 0 B

⇠

1,0

· · · B

⇠

⇠,0

C

⇠

1,0

�I

q

1

0 0 · · · 0

...
. . .

...
. . .

...
C

⇠

⇠,0

0 �I

q

⇠

0 · · · 0

0 K

⇠

1,0

0 �I

p

1

· · · 0

...
. . .

...
. . .

...
0 0 K

⇠

⇠,0

0 · · · �I

p

⇠

3

7

7

7

7

7

7

7

7

7

7

7

5

,

for i = 1, . . . , �̌

⇠

,

ˇ

A

⇠

i

:=

2

6

6

6

6

6

6

6

6

6

6

6

4

A

⇠

i

0 · · · 0 B

⇠

1,i

· · · B

⇠

⇠,i

C

⇠

1,i

0

q

1

· · · 0 0 · · · 0

...
...

. . .
...

...
. . .

...
C

⇠

⇠,i

0 · · · 0

q

⇠

0 · · · 0

0 K

⇠

1,i

0 0

p

1

· · · 0

...
. . .

...
. . .

...
0 0 K

⇠

⇠,i

0 · · · 0

p

⇠

3

7

7

7

7

7

7

7

7

7

7

7

5

,

and, for i = 0, . . . , �̌

⇠

,

ˇ

C

⇠

i

:=

h

C

⇠

⇠+1,i

0

q

⇠+1

⇥(p

⇠

+q

⇠

)

i

,

ˇ

B

⇠

i

:=



B

⇠

⇠+1,i

0

(p

⇠

+q

⇠

)⇥p

⇠+1

�

.

Thus, considering the system (6), a centralized controller
can be designed for the (⇠+1)

th control agent. We will denote
the system (6) as ⌃

⇠

for ⇠ = 1, . . . , ⌫ � 1. Also, we will let
⌃

0

denote the system ⌃ with only u

1

as its input and y

1

as its
output (with considering the delays). Furthermore, we let ⌃

⌫

denote the overall closed-loop system. Objective in the design
of the (⇠+1)

th controller is to change the elements of ~p
⇠+1

and
~

h

⇠+1

iteratively so that the modes in the set ⌦
µ

(⌃

⇠

)\⇤c

µ

(⌃

⇠

),
i.e. non-fixed µ-modes of ⌃

⇠

, are moved towards C�
µ

during
these iterations. Characteristic matrix of the closed-loop system
obtained by applying the (⇠ + 1)

th controller with parameter
vector ~p

⇠+1

and delay vector ~h
⇠+1

, to ⌃
⇠

can be given by

�

~p

⇠+1

,

~

h

⇠+1

(s) := s

ˇ

E

⇠+1 � ¯

ˇ

A

⇠+1

(s) (7)
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where ¯

ˇ

A

⇠+1

(s) =

P

�̌

⇠+1

i=0

ˇ

A

⇠+1

i

e

�s

ˇ

h

⇠+1,i .

Let p

l

j

denote the l

th element of the vector ~p

j

where
l = 1, . . . ,m

j

. In the design process of the (⇠+1)

th controller,
finding a controller of the form (5) with j = ⇠+1 that moves
all the non-fixed µ-modes into C�

µ

is equivalent to finding
a parameter vector ~p

⇠+1

and delay vector ~

h

⇠+1

such that
⌦

µ

(⌃

⇠+1

(~p

⇠+1

,

~

h

⇠+1

)) \ ⇤c

µ

(⌃

⇠

) = ; where, as stated above,
⌃

⇠+1

(~p

⇠+1

,

~

h

⇠+1

) is the closed-loop system that is obtained
by closing the (⇠ + 1)

th controller corresponding to ~p

⇠+1

and
~

h

⇠+1

vectors with the system ⌃

⇠

. Thus, in the continuous
pole placement algorithm, the elements of the vectors ~p

⇠+1

and ~

h

⇠+1

are changed iteratively so that all the non-fixed
closed-loop µ-modes are eventually moved into C�

µ

. To shift
a mode s

0

2 ⌦

µ

�

⌃

⇠+1

(~p

⇠+1

,

~

h

⇠+1

)

�

, we need to calculate
the infinitesimal changes, @s

0

/@p

l

⇠+1

and @s

0

/@

¯

h

⇠+1,i

of the
mode with respect to a change in each element pl

⇠+1

of ~p

⇠+1

and ¯

h

⇠+1,i

of ~h
⇠+1

, for i = 1, . . . , �

⇠+1

, l = 1, . . . ,m

⇠+1

. For
given ~p

⇠+1

and ~

h

⇠+1

, if s

0

2 C is a mode of the closed-
loop system, then there exist non-zero u

0

and v

0

vectors
such that �

~p

⇠+1

,

~

h

⇠+1

(s

0

)v

0

= 0 and u

⇤
0

�

~p

⇠+1

,

~

h

⇠+1

(s

0

) = 0.
Then, for a simple mode s

0

, by differentiating the equation
�

~p

⇠+1

,

~

h

⇠+1

(s

0

)v

0

= 0 with respect to a free parameter �,
where � denotes either p

l

⇠+1

or ¯

h

⇠+1,i

for i = 1, . . . , �

⇠+1

,
l = 1, . . . ,m

⇠+1

, and using the second equation, the infinites-
imal changes of s

0

can be obtained as

@s

0

@

�

:= �
u

⇤
0

✓

@�

~p

⇠+1

,

~

h

⇠+1

(s

0

)

@

�

◆

v

0

u

⇤
0

✓

@�

~p

⇠+1

,

~

h

⇠+1

(s)

@s

�

�

�

s=s

0

◆

v

0

. (8)

Here, for l = 1, . . . ,m

⇠+1

and �

= p

l

⇠+1

,
@�

~p

⇠+1

,

~

h

⇠+1

(s

0

)

@p

l

⇠+1

:= �@

¯

ˇ

A

⇠+1

(s

0

)

@p

l

⇠+1

,

and
@�

~p

⇠+1

,

~

h

⇠+1

(s)

@s

�

�

�

�

s=s

0

:=

 

ˇ

E

⇠+1 � @

¯

ˇ

A

⇠+1

(s)

@s

!

�

�

�

�

�

s=s

0

,

where ¯

ˇ

A

⇠+1

(s) is as given following (7), with controller
matrices corresponding to the vectors ~p

⇠+1

and ~

h

⇠+1

. Also,
for i = 1, . . . , �

⇠+1

and �

=

¯

h

⇠+1,i

,
@�

~p

⇠+1

,

~

h

⇠+1

(s

0

)

@

¯

h

⇠+1,i

:= s

0

e

�s

0

¯

h

⇠+1,i⇥


0

(n+q

⇠+1

+p

⇠

)⇥(n+q

⇠

)

0 0

(n+q

⇠+1

+p

⇠

)⇥p

⇠+1

0 K

⇠+1,i

0

�

.

In the design process of the (⇠ + 1)

th controller, suppose
that the rightmost non-fixed µ-modes s

1

, . . . , s

k

of the closed-
loop system ⌃

⇠+1

are to be shifted towards C�
µ

. These modes
can be collected in a set S such that S ⇢ ⌦

µ

(⌃

⇠+1

) \⇤c

µ

(⌃

⇠

)

and will be referred to as the controlled modes. Let ⇥
~p

⇠+1

and
⇥

~

h

⇠+1

be the sensitivity matrices of the controlled modes with
respect to the vectors ~p

⇠+1

and ~

h

⇠+1

, defined as
⇥

~p

⇠+1

:= [✓

r,l

] 2 Ck⇥m

⇠+1

, ⇥

~

h

⇠+1

:= [✓

r,i

] 2 Ck⇥�

⇠+1

, (9)

where ✓

r,l

:= @s

r

/@p

l

⇠+1

and ✓

r,i

:= @s

r

/@

¯

h

⇠+1,i

. Then,

displacements of the controlled modes, �s

1

, . . . ,�s

k

, with
respect to the changes, �~p

⇠+1

and �~h
⇠+1

, respectively, in the
vectors ~p

⇠+1

and ~

h

⇠+1

, can be approximated as

�S ⇡ ⇥
~p

⇠+1

�~p

⇠+1

+⇥

~

h

⇠+1

�

~

h

⇠+1

, (10)

where �S 2 Ck is the vector of the displacements of the
modes in S .

From stabilization point of view, the displacements of the
controlled modes must be towards C�

µ

. So, instead of control-
ling both real and imaginary parts of the modes, controlling
just the real parts will be sufficient to shift the modes towards
C�

µ

. On the other hand, the design process terminates when the
µ-stability is achieved, or the shifting of the controlled modes
is no more possible. It is possible to shift a group of modes
together towards C�

µ

only if the controller has a sufficient
number of free parameters. Thereby, controlling only the real
parts of the complex pairs may allow these modes to turn
into real modes at an iteration which will lead to the need for
greater freedom. Therefore, some constraints must be defined
in such a way that the imaginary parts of the complex pairs
close to the real axis do not decrease (in its absolute value).

Here, we should also mention the so-called parity-
interlacing property (pip) [12]. If there is an odd number
(counting multiplicities) of real µ-modes between any two
consecutive real blocking zeros in C+

µ

or to the right of the
rightmost real blocking zero in C+

µ

, a real controller cannot
move all the µ-modes towards C�

µ

, since a real mode cannot
be moved over a real blocking zero by a real controller. Then,
the system ⌃ is said to satisfy µ-parity-interlacing property (µ-
pip) if it has an even number of real non-fixed modes (counting
multiplicities) between any pair of elements in  

µ

(⌃)[ {1},
where  

µ

(⌃) is the set of real blocking zeros of ⌃ which are
greater than or equal to µ. So, to stabilize the system ⌃ by a
controller of the form (5), ⌃ must satisfy µ-pip. However, even
if ⌃ satisfies µ-pip, it is necessary to determine whether the
systems that are visible to specific input-output pairs satisfy µ-
pip since we consider sequential controller design for control
agents. When we consider the fixed modes, we can expect that
µ-pip is not satisfied for some input-output pairs. In this case,
in the sequential design, the controllers must first be designed
for the input-output pairs which satisfy the µ-pip, so there
will be no pip-related difficulties in the controller design (for
this purpose it may be necessary to change the sequence of
the input-output pairs). Otherwise, stabilizing controllers can
not be designed for some agents. If a system satisfies µ-pip,
then all the non-fixed modes of that system to the right of
the leftmost real blocking zero in C+

µ

can be combined as
complex-conjugate pairs and moved from above and below
the real blocking zeros towards C�

µ

.

Due to all these requirements, the set of controlled modes
S can be divided into three subsets Sr, Sc and Sother. Let
s

0

2 S , then
• s

0

2 Sr if Im(s

0

) = 0 and s

0

> ⇣,
• s

0

2 Sc if 0 < Im(s

0

) < %,
• s

0

2 Sother if Im(s

0

) � %, or s
0

< ⇣ with Im(s

0

) = 0

where ⇣ is the leftmost real blocking zero in C+

µ

and % is a
design parameter dependent on the stabilization problem. If
there is not any real blocking zeros in C+

µ

, then Sr

= ; and
Sc [ Sother

= S . Since complex-conjugate pair of controlled
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modes move in pairs, only the modes with positive imaginary
part are included in Sc and Sother among the controlled modes
in complex-conjugate pairs. Also, these subsets are sorted by
the real parts of the modes in a descending order.

Considering (9), let ⇥�

~p

and ⇥�

~

h

be the sensitivity matrices
of the modes in the set S� with respect to the vectors ~p

and ~

h where � can be ‘r’, ‘c’ or ‘other’. Then, the vector
of the displacements of the controlled modes in each subset
can be approximated as in (10). As mentioned above, the
displacement of the modes in each subset should satisfy certain
conditions:

i) Starting from the first mode in Sr, consecutive elements
in Sr are moved towards each other until each real mode
pair form a complex-conjugate pair.

ii) Any mode in Sc is moved towards up and left (since
complex-conjugate pair of modes move as a pair, the other
mode of the pair with negative imaginary part is moved
down and left) on the complex plane until its imaginary
part becomes greater than or equal to % or it enters C�

µ

.
iii) Any mode in Sother is moved towards C�

µ

on the complex
plane.

Let �

r

and �

c

be absolute value of minimum desired dis-
placement of real and imaginary part of a controlled mode.
Then, considering (10), these conditions can be written for the
(⇠ + 1)

th control agent as

W (Re(⇥

r

~p

⇠+1

)�~p

⇠+1

+Re(⇥

r

~

h

⇠+1

)�

~

h

⇠+1

) � �

r

~

1

k

r

Re(⇥

c

~p

⇠+1

)�~p

⇠+1

+Re(⇥

c

~

h

⇠+1

)�

~

h

⇠+1

� �

r

~

1

k

c

Re(⇥

other

~p

⇠+1

)�~p

⇠+1

+Re(⇥

other

~

h

⇠+1

)�

~

h

⇠+1

� �

r

~

1

k

o

�Im(⇥

c

~p

⇠+1

)�~p

⇠+1

� Im(⇥

c

~

h

⇠+1

)�

~

h

⇠+1

� �

c

~

1

k

c

(11)

where W := diag(1,�1, 1,�1, . . .), k
r

:= card(Sr

), k
c

:=

card(Sc

) and k

o

:= card(Sother

). Thus, finding a controller
which moves the non-fixed µ-modes of ⌃

⇠

towards C�
µ

become equivalent to finding �~p

⇠+1

and �~h
⇠+1

under the
constraints given in (11). This problem can be formulated as
an optimization problem where the objective can be chosen
as minimizing k�~p

⇠+1

k2
2

+ k�~h
⇠+1

k
2

2

with the inequality
constraints given in (11). Such an objective function aims to
shift the non-fixed µ-modes under the conditions i-iii with
the smallest possible changes in the free parameters of the
controller. Let

M

�

:=

2

6

6

4

WRe(⇥

r

�

)

Re(⇥

c

�

)

Re(⇥

other

�

)

�Im(⇥

c

�

)

3

7

7

5

,

~

� :=

2

6

6

4

��

r

~

1

k

r

��

r

~

1

k

c

��

r

~

1

k

o

��

c

~

1

k

c

3

7

7

5

(12)

where � denotes either ~p

⇠+1

or ~

h

⇠+1

. Then, one can com-
pute �~p

⇠+1

and �

~

h

⇠+1

by solving the following linearly
constrained quadratic programming problem:

min

�~p,�

~

h

⇠+1

k�~p

⇠+1

k2 + k�~h
⇠+1

k2

s.t. M

~p

⇠+1

�~p

⇠+1

+M

~

h

⇠+1

�

~

h

⇠+1

 ~

�

. (13)

Note that, when �

⇠+1

= 0, this problem reduces to minimizing
k�~p

⇠+1

k2 subject to M

~p

⇠+1

�~p

⇠+1

 ~

�. After finding a
solution �~p

⇠+1

and �~h
⇠+1

, a line search algorithm can be
used to find a step size � > 0 such that when the vectors ~p

and ~

h are updated as ~p+ ��~p

⇠+1

and nonneg(

~

h+ ��

~

h

⇠+1

)

respectively, the displacements of the controlled modes satisfy
the conditions i-iii.

Algorithm.

1) Fix upper limits, �⇤
1

, . . . , �

⇤
⌫

, on the number of time-delay
of the decentralized controllers. Also, fix an upper limit
on the number of the different initial values that will be
generated for each delay as j

⇤.
2) Let ⇠ = 0.
3) If ⌃

⇠

is µ-stable, stop: the µ-stabilizing decentralized
controller has been obtained (there is no need to use the
remaining control agents). Otherwise, continue with step
4.

4) If ⌦
µ

(⌃

⇠

) \ ⇤c

µ

(⌃

⇠

) = ;, choose a non-zero K

⇠+1

2
Rp

⇠+1

⇥q

⇠+1 such that ⌦
µ

(⌃

⇠+1

) \ ⇤c

µ

(⌃

⇠

) = ;, where
⌃

⇠+1

is the system obtained by applying u

⇠+1

(t) =

K

⇠+1

y

⇠+1

(t) to ⌃
⇠

(by the continuity of the modes with
respect to the feedback gains, there exists such a K

⇠+1

- see [13]), and go to step 20. Otherwise, continue with
step 5.

5) Let �
⇠+1

= 0 and initialize ~p

0

⇠+1

= 0

p

⇠+1

q

⇠+1

⇥1

.
6) Obtain ⌃

⇠+1

(~p

0

⇠+1

, [ ]) and compute (e.g., by the
method of [14] or [15]) ⌦

µ

(⌃

⇠+1

(~p

0

⇠+1

, [ ])). If
⌦

µ

(⌃

⇠+1

(~p

0

⇠+1

, [ ])) \ ⇤c

µ

(⌃

⇠

) = ;, go to step 20.
Otherwise, determine the rightmost non-fixed mode as
s

max

:= max{Re(s) | s 2 ⌦
µ

(⌃

⇠+1

(~p

0

⇠+1

, [ ]))\⇤c

µ

(⌃

⇠

)}
and determine the set of the controlled modes as S =

(⌦

s

max

�✏

(⌃

⇠+1

(~p

0

⇠+1

, [ ])) \ Cupper

) \ ⇤c

µ

(⌃

⇠

).
7) In case of multiple modes in S , perturb elements of ~p 0

⇠+1

,
so that all modes in S are simple and number of elements
of S remains unchanged. Then, obtain ⌃

⇠+1

(~p

0

⇠+1

, 0) .
8) Determine Sr, Sc and Sother subsets from S . Compute

the sensitivity matrices, ⇥r

~p

0

⇠+1

, ⇥c

~p

0

⇠+1

and ⇥

other

~p

0

⇠+1

as

defined in (9). Then form M

~p

0

⇠+1

matrix and ~

� as defined
in (12).

9) If the optimization problem (13) is feasible for current
subsets Sr, Sc and Sother, continue with step 10. Other-
wise, go to step 11.

10) Compute �~p

⇠+1

as the optimal solution to (13). By using
a line search algorithm, find a � such that the conditions
given in i-iii are satisfied and all the time-delays are non-
negative. If such a � can be found, update ~p

0

⇠+1

as ~p 0

⇠+1

+

��~p

⇠+1

and go to step 6. Otherwise, continue with step
11.

11) Let �
⇠+1

= 1 and choose a positive ¯

h

1

⇠+1,1

randomly.
12) Let j = 1.
13) Let ~p �

⇠+1

⇠+1

(j) =

⇥�

~p

�

⇠+1

�1

⇠+1

�

T

0

1⇥q

⇠+1

p

⇠+1

⇤

T (i.e., initial-
ize K

⇠+1,�

⇠+1

= 0

q

⇠+1

⇥p

⇠+1

). If �

⇠+1

> 1, initialize
~

h

�

⇠+1

⇠+1

(j) =

⇥�

~

h

�

⇠+1

�1

⇠+1

�

T

¯

h

j

⇠+1,�

⇠+1

⇤

T . Otherwise, initial-
ize ~

h

�

⇠+1

⇠+1

(j) =

¯

h

j

⇠+1,1

.
14) Obtain ⌃

⇠+1

(~p

�

⇠+1

⇠+1

(j),

~

h

�

⇠+1

⇠+1

(j)) by closing the con-
troller corresponding to the vectors ~p �

⇠+1

⇠+1

(j) and ~h�

⇠+1

⇠+1

(j)

with ⌃

⇠

. Compute ⌦

µ

(⌃

⇠+1

(~p

�

⇠+1

⇠+1

(j),

~

h

�

⇠+1

⇠+1

(j))). If
⌦

µ

(⌃

⇠+1

(~p

�

⇠+1

⇠+1

(j),

~

h

�

⇠+1

⇠+1

(j))) \ ⇤c

µ

(⌃

⇠

) = ;, go to step
20. Otherwise, determine the rightmost non-fixed mode
as s

j

max

:= max{Re(s) | s 2 ⌦

µ

(⌃

⇠+1

(~p

�

⇠+1

⇠+1

(j),

~

h

�

⇠+1

⇠+1

(j))) \ ⇤c

µ

(⌃

⇠

)} and determine the set of the
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controlled modes as S = (⌦

s

j

max

�✏

(⌃

⇠+1

(~p

�

⇠+1

⇠+1

(j),

~

h

�

⇠+1

⇠+1

(j))) \ Cupper

) \ ⇤c

µ

(⌃

⇠

).
15) In case of multiple modes in S , perturb elements of

~p

�

⇠+1

⇠+1

(j), so that all modes in S are simple and the
number of elements of S remains unchanged. Then,
obtain ⌃

⇠+1

(~p

�

⇠+1

⇠+1

(j),

~

h

�

⇠+1

⇠+1

(j)).
16) Determine Sr, Sc and Sother subsets from S . Compute

the sensitivity matrices, ⇥r

�

, ⇥c

�

, ⇥other

�

as defined in
(9) where � denotes either ~p

�

⇠+1

⇠+1

(j) or ~

h

�

⇠+1

⇠+1

(j). Then
form M

~p

�

⇠+1

⇠+1

(j)

and M

~

h

�

⇠+1

⇠+1

(j)

matrices, and ~

� vector as
defined in (12).

17) If the optimization problem (13) is feasible for current
sets Sr, Sc and Sother, go to step 19. Otherwise, continue
with step 18.

18) If j + 1  j

⇤, let j = j + 1, choose a positive ¯

h

j

⇠+1,�

⇠+1

randomly and go to step 13. If j + 1 > j

⇤, let j

min

be such that s

j

min

max

 s

j

max

, 8j 2 {1, . . . , j⇤}. Then, let
~p

�

⇠+1

⇠+1

= ~p

�

⇠+1

⇠+1

(j

min

), ~h �

⇠+1

⇠+1

=

~

h

�

⇠+1

⇠+1

(j

min

). If �

⇠+1

+

1  �

⇤
⇠+1

, �
⇠+1

= �

⇠+1

+1, and go to step 12. Otherwise,
let ~p

⇠+1

= ~p

�

⇠+1

⇠+1

, ~h
⇠+1

=

~

h

⇠+1

and go to step 20.
19) Compute �~p

⇠+1

and �

~

h

⇠+1

as the optimal solution
to (13). By using a line search algorithm, find a �

such that the conditions given in i-iii are satisfied and
all the time-delays are non-negative. If such a � can
be found, update ~p

�

⇠+1

⇠+1

(j) = ~p

�

⇠+1

⇠+1

(j) + ��~p

⇠+1

and
~

h

�

⇠+1

⇠+1

(j) = nonneg(

~

h

�

⇠+1

⇠+1

(j) + ��

~

h

⇠+1

) and go to step
14. Otherwise, go to step 18.

20) If ⇠ = ⌫ � 1, continue with step 21. Otherwise, set ⇠ =

⇠ + 1 and go to step 3.
21) If the overall closed-loop system ⌃

⌫

is µ-stable, stop: the
µ-stabilizing decentralized controller has been obtained.
Otherwise, let ⇠⇤ = min

�

⌘ | ⌦
µ

(⌃

⌘+1

) \ ⇤c

µ

(⌃

⌘

) 6= ;
 

.
Then let ⇠ = ⇠

⇤ and �

⇤
⇠

⇤
+1

= �

⇤
⇠

⇤
+1

+ 1, and go to step
5.

As indicated in [1], steps 7 and 15 are included in the
algorithm, since (8) is valid only for a simple mode and it is
possible to separate any multiple modes, by small perturbations
in the controller. These steps are almost never executed except
when the system ⌃ has multiple µ-modes. In steps 6 and 14,
set of the controlled modes S is determined as all the non-
fixed modes with real part greater than or equal to s

max

� ✏.
Here, ✏ is a design parameter dependent on the stabilization
problem.

IV. EXAMPLE

Consider an LTI retarded time-delay system described by
(1) with ⌫ = 2, � = 3, h

1

= 0.1, h
2

= 0.2, h
3

= 0.8,

A

0

=

2

6

4

�7.2 0.4 �2.4 0.2

�2.75 0.8 �4 2.9

3.6 �1.2 1.2 �0.6

5.8 �1.6 8.6 �5.8

3

7

5

, B

1,0

=

2

6

4

�2

�5.5

6

7

3

7

5

,

A

3

=

2

6

4

8.43 0 2.86 0

2.86 0 5.72 �3.5

�4.29 0 �1.58 0

�5.72 0 �11.44 7

3

7

5

, B

2,0

=

2

6

4

�0.4

�0.55

0.2

1.1

3

7

5

,

C

1,2

= [

�6 1 9 �6.5

] , C

2,1

= [

12 0 �4 6

]

and all other matrices being zero. Let us denote this system by
⌃. Our aim is to design µ-stabilizing decentralized controllers

Fig. 1. Real parts of the non-fixed �1-modes (left; red indicates controlled
modes) and the controller parameters (right), as a function of the iterations,
for the first control agent.

of the form (5) for µ = �0.3, ✏ = 0.01, % = 0.01, �
r

= �

c

=

0.001. By using the approach of [14], we obtain the �1-modes
of the system as ⌦�1

(⌃) = {0.3387, 0.1598,�0.0759 ±
0.5799i,�0.2004 ± 6.6701i,�0.2933 ± 6.7663i,�0.9251 ±
14.0962i,�0.9562 ± 14.1719i} which indicates that ⌃ is not
µ-stable. We determine that 0.1598,�0.2933 ± 6.7663i and
�0.9562 ± 14.1719i are centralized fixed modes for the first
control agent and �0.0759 ± 0.5799i are centralized fixed
modes for the second control agent. However, none of these
modes is a dfm. Hence, ⌃ is not stabilizable by any one of the
control agents alone, but it is stabilizable by a decentralized
controller.

Firstly, for ⌃
0

, which is the open-loop system with u

1

as
the only input and y

1

as the only output, it is determined
that  �0.3

(⌃

0

) = 0.2678 and ⌃
0

has an unstable real non-
fixed mode at 0.3387 which indicates that ⌃

0

does not satisfy
the �0.3-pip. When the sequence of the input-output pairs is
changed, let ˜

⌃

0

denote the open-loop system with u

2

as the
only input and y

2

as the only output. Then, it is determined
that  �0.3

(

˜

⌃

0

) = �0.1442 and ˜

⌃

0

has unstable real non-fixed
modes at 0.3387 and 0.1598 which indicates that ˜

⌃

0

satisfies
the �0.3-pip. In this case, the design should start with ˜

⌃

0

and
the controller

u

2

(t) = K

2,0

y

2

(t) +K

2,1

y

2

(t� ¯

h

2,1

)

= �3.8167 y

2

(t)� 1.6926 y

1

(t� 1.5747)

(14)

which moves all the non-fixed modes of ˜

⌃

0

into C�
�0.3

is
designed for the second control agent. The real parts of the
non-fixed �1-modes and the controller parameters as a func-
tion of the iterations, are shown in Figure 1. After closing the
second-loop with (14), the non-fixed rightmost modes of the
closed-loop system are found as �0.0759±0.5799i,�0.3122±
0.4670i,�0.3125 ± 7.2910i. Then, let ˜

⌃

1

denote the system
with u

1

as the only input and y

1

as the only output, obtained
by closing second-loop with the controller (14). Note that
⌦�0.3

(

˜

⌃

1

) = {�0.0759 ± 0.5799i} which indicates that the
controller (14) shifted all the non-fixed �0.3-modes seen by
the second control agent to C�

�0.3

.

Then, for ˜

⌃

1

, the controller
u

1

(t) = K

1,0

y

1

(t) +K

1,1

y

1

(t� ¯

h

1,1

)

= �0.0125 y

1

(t)� 0.0453 y

1

(t� 0.6680)

(15)
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Fig. 2. Real parts of the non-fixed �1-modes (left; red indicates controlled
modes) and the controller parameters (right), as a function of the iterations,
for the second control agent.

which moves all the non-fixed modes of ˜

⌃

1

into C�
�0.3

is
designed for the first control agent. The real parts of the non-
fixed �1-modes and the controller parameters as a function of
the iterations, are shown in Figure 2.

After closing both loops, the rightmost modes of ⌃
2

, which
is the overall closed-loop system, are found as �0.3011 +

0.7780i,�0.3043. Thus, the decentralized controllers of (14)
and (15) µ-stabilize the given system ⌃ for µ = �0.3. The
�1-modes of ⌃, ˜

⌃

1

and ⌃
2

are plotted in Figure 3.

Fig. 3. �1-modes of ⌃, ⌃̃1, and ⌃2.

V. CONCLUSION

The stabilizing LTI decentralized time-delay compensator
design problem for LTI decentralized retarded time-delay
systems have been considered. Recently proposed centralized
time-delay output feedback compensator design algorithm has
been generalized to design decentralized controllers. This
design approach is based on the continuous pole placement
algorithm and decentralized pole assignment algorithm. The
design procedure of the decentralized controllers is based
on designing a centralized controller for each control agent
sequentially. As indicated above, the resulting controllers in
the proposed approach depend on the sequence in which the
control agents are considered in the algorithm. This sequence
can be determined by parity interlacing property or some other

properties of individual control agents. Further research is
necessary to devise a procedure to select the best sequence.

The design of each controller is based on iterative updating
of the elements of the controller matrices and time-delays
of the controller. The simplicity of the controller structure
provides convenience in the algorithm but also introduces
some limitations. For this reason, a more general structure
of the controllers which are described by delay-differential
equations or even delay-differential algebraic equations should
also be considered. Therefore, the next step in the direction
of the present research is to develop algorithms to design
decentralized controllers described by delay differential and
delay-differential-algebraic equations.
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Abstract—Smith predictor-based and optimization-based con-

troller design for a DC-motor control system with a time-delay

in the feedback loop is considered. It is shown that, com-

pared to the Smith predictor-based controller, the optimization-

based controller can preserve stability against larger variations

in the system parameters and the time-delay. Furthermore,

by simulations and actual experiments, it is verified that the

optimization-based controller outperforms the Smith predictor-

based controller when the system parameters and, especially, the

time-delay varies.

Keywords—Time-delay systems, stabilization, robustness, Smith

predictor, optimization, DC-motor control

I. INTRODUCTION

Proportional-integral (PI), proportional-derivative (PD),
and proportional-integral-derivative (PID) controllers are the
most popular controllers used in industrial applications [1].
PD controllers can be replaced by proportional-velocity (PV)
controllers in position control systems when the velocity
measurement is available. Most of the time, those controllers
are designed assuming that the feedback system is delay-free.
However, time-delays arise in control systems due to the time
elapsed to acquire the information for decision-making, to
create control signals and to apply these control signals [2].
Even though a controller is designed properly for the delay-
free system, a certain amount of time-delay in the feedback
loop may destroy time-domain performance or may even cause
instability [3].

Unlike delay-free systems, time-delay systems have in-
finitely many modes [4]. Since the assignment of infinitely
many modes is infeasible, the well-known pole placement
methods can not be used for such systems which makes
the controller design task more challenging. The best known
method to compensate for a single input or output time-delay
in a single-input single-output system is perhaps the Smith
Predictor [5]. The main idea behind Smith Predictor is to
utilize a control structure which takes the delay out of the
feedback loop and allows a controller design based on the
delay-free part only [6]. The main advantage of using Smith
Predictor is its simplicity of use. However, it is well known that
Smith Predictor is not robust to variations in the time-delay or
the plant transfer function [7].

In [8], the non-smooth optimization-based design method
of [9] has been utilized to design PV and PI controllers for
a DC-motor system with a time-delay in the feedback loop.
In this approach, closed-loop stability is achieved through
minimizing the real part of the rightmost closed-loop mode,

This work is supported by the Scientific and Technical Research Council
of Turkey (TÜBİTAK) under grant number 115E379.

i.e., spectral abscissa, as a function of the controller parame-
ters. Although the proposed method is based on stabilization,
both simulations and experimental results show that the time-
domain response is satisfactory. Furthermore, a significant
amount of delay margin is also achieved.

In the present paper, we apply the PV controllers to regulate
the angular position of a DC motor system with a pointwise
time-delay in the feedback loop. The main objective is to
compare the optimization-based controller, considered in [8],
against the Smith Predictor-based controller in the sense of
tracking performance and robustness.

First, in Section II, we present the spectral properties of
retarded time-delay systems to form the necessary background.
In Section III, the time-domain performance and stability
characteristics of the DC-motor control system with a time-
delay in the feedback loop are analyzed. In Section IV, con-
sidering the time-delay in the feedback loop, a Smith Predictor
based controller is introduced. The optimization-based design
approach is outlined in Section V and designed controller
is given. Then, in Section VI, considering certain variations
on system parameters and time-delay, the performances of
both the Smith predictor-based controller and the optimization-
based controller are illustrated by both simulations and real-
time experiments.

Throughout the paper, R and C respectively denote the sets
of real and complex numbers. For s 2 C, Re(s) denotes the
real part of s. For ✏ 2 R, C+

✏ := {s 2 C | Re(s) � ✏}. For a
non-negative integer k, Rk denotes the space of k-dimensional
real vectors. I denotes the identity matrix of appropriate
dimensions. Also, det(·) and (·)T denote the determinant
and the transpose of (·), respectively. Finally, j denotes the
imaginary unit.

II. SPECTRAL PROPERTIES OF DELAY-DIFFERENTIAL
EQUATIONS

A linear time-invariant (LTI) retarded time-delay system
can be described by the (matrix) delay-differential equation
(DDE):

ẋ(t) = A0x(t) +
�X

i=1

Aix(t� hi) (1)

where x(t) 2 Rn is the state vector at time t. h1, . . . , h� > 0
are the time-delays, where � is the number of distinct time-
delays of the system. For any given ✏ 2 R, the set of ✏-modes
of (1) is defined as ⌦✏ = {s 2 C+

✏ | det (�(s)) = 0} where

�(s) := sI �A0 �
�X

i=1

Aie
�his

, (2)
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Fig. 1. Block diagram of the position control system with PV controller

is the characteristic matrix of (1). Any s

⇤ 2 ⌦✏ is said to be
an ✏-mode of the system (1).

It is well known that the system defined by (1) is stable
if and only if ⌦0 = ; [4]. This condition can equivalently be
stated in terms of the spectral abscissa, defined as

c := sup {Re(s) | det (�(s)) = 0} . (3)

Accordingly, (1) is stable if and only if c < 0. Therefore, to
determine the stability of (1), ⌦✏ must be obtained for some
✏ < 0.

Although, a time-delay system has infinitely many modes,
in general, since (1) is retarded, there are always a finite
number of modes in C+

✏ for any ✏ 2 R [10]. In this case,
for any ✏ 2 R, the ✏-modes of (1) can be calculated by the
spectral discretization method of [11]. Note that, since ⌦✏ is
always a finite set, the supremum in (3) can be reduced to a
maximum.

Since c is a continuous function of the system parameters
(including time-delays), it follows that a stable system can
become unstable only when at least one mode crosses imag-
inary axis as a system parameter changes [4]. In this sense,
one can determine a stability margin according to the changes
in the system parameters. In particular, a delay margin can
be defined as the minimum additional time-delay that cause a
stable system to become unstable.

III. DC-MOTOR POSITION CONTROL

As an experimental platform, we use SRV-02 rotary based
DC-motor system of Quanser [12]. We consider the position
control of the DC-motor system when there exist a delay in
the feedback loop.

The transfer function from the input motor voltage to the
load shaft can be described as:

P (s) :=
✓(s)

Vm(s)
=

K

s(⌧s+ 1)
(4)

where ✓ is the load shaft angle and Vm is the input voltage.
The system gain K and the time constant ⌧ are

⌧ = 0.0254[s] K = 1.53[
rad

V ⇥ s

] (5)

according to the system parameters given in [12].

In order to regulate the shaft angle, a PV controller is used.
As depicted in Fig. 1, the control structure is in the form of

Vm(t) = kp(✓d(t)� ✓(t� h))� kv ✓̇(t� h) , (6)

kp P(s)
Vm(s)

P̄ (s) e�sh̄kvs�1

✓d ✓

e�sh

+�

+
+

� +
+ +

Fig. 2. Block diagram of the position control system with Smith predictor-
based PV controller

which corresponds to a proportional plus negative velocity
feedback, where ✓d is the reference for the shaft angle, kv is
the velocity feedback gain, and kp is the proportional control
gain. Furthermore, there exists a pointwise time-delay, denoted
as h, in the feedback loop which renders Vm(t) to be a function
of delayed output variables.

The closed-loop transfer function of the system under the
control (6) becomes

✓(s)

✓d(s)
=

Kkp

⌧s

2 + s+Kkvse
�hs +Kkpe

�hs
. (7)

The corresponding DDE is

ẋ(t) =


0 1
0 � 1

⌧

�
x(t) +


0 0

�Kkp

⌧ �Kkv
⌧

�
x(t� h)

+


0

Kkp

⌧

�
✓d(t) (8)

where x(t) :=
h
✓(t) ✓̇(t)

iT
is the state vector at time t.

When we assume that h = 0, i.e., there is no delay, the
DDE given in (8) becomes an ordinary differential equation
(ODE). In this case, the controller gains can be determined
by assigning the desired closed-loop poles �d = �!n⇣ ±
j!n

p
1� ⇣

2, to meet required time-domain specifications. In
[12], a peak time less than or equal to 0.2s and an overshoot
less than or equal to 5% is required. These time-domain
specifications correspond to a desired damping ratio ⇣ = 0.690
and a desired natural frequency !n = 21.7rad/s. According
to that, the controller gains

kp = 7.82[
V

rad

] kv = �0.157[
V ⇥ s

rad

] , (9)

which assign �d = �14.97± 15.7j, can be directly calculated
by the formulas kp = !2

n⌧
K and kv = 2⇣!n⌧�1

K .

In [8], it was explicitly shown that the rightmost closed-
loop system modes cross the imaginary axis when h = 0.085.
Accordingly, the delay margin of the closed-loop system with
the controller parameters given in (9) is calculated as 0.085s.

IV. SMITH PREDICTOR-BASED CONTROL

According to the delay margin determined in the previous
section, neglecting the delay may cause instability if there exist
significant amount of delay. Therefore, we first consider the
Smith Predictor-based control structure depicted in Fig. 2.

The control structure of the Smith Predictor can be divided
into two parts: the controller and the predictor part. The
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Fig. 3. Spectral abscissa of the Smith Predictor-based controller (red line)
and the optimization-based controller (blue line) for increasing values of the
process gain, K.

predictor is composed of a model of the plant without time-
delay, P̄ (s), and a model of the time-delay, e�sh̄. Hence, the
complete process model is P̄ (s)e�sh̄. The model P̄ (s) is used
to compute an open-loop prediction. To consider the modeling
errors, the difference between the output of the process and
the model including time-delay is added to the open-loop
prediction. If there are no modeling errors, the error between
the current process output and the model output will be zero
and the error signal will be the delay-free output of the plant.
Under these conditions, the controller part can be tuned as if
the plant had no time-delay, i.e. h = 0.

According to the feedback control structure in Fig. 2, the
closed-loop transfer function of the system is

✓(s)

✓d(s)
=

N(s)

D(s)
. (10)

where
N(s) = n1s+ n2

D(s) = d1s
3 + d2s

2 + d3s+ d4 + (d5s
2 + d6s+ d7)e

�hs

+ (d8s
2 + d9s+ d10)e

�h̄s

and

n1 = K ⌧̄kp n2 = Kkp

d1 = ⌧ ⌧̄ d2 = K̄⌧kv + ⌧ + ⌧̄ d3 = K̄kv + K̄⌧kp + 1

d4 = K̄kp d5 = K ⌧̄kv d6 = K ⌧̄kp +Kkv

d7 = Kkp d8 = �K̄⌧kv d9 = �K̄⌧kp � K̄kv

d10 = �K̄kp ,

where K̄ and ⌧̄ are chosen as the nominal values of K and
⌧ , respectively, which are given in (5), and the nominal value
of h, h̄, is chosen as 0.1s. Note that the assumed value of the
time-delay is larger than the delay margin of the closed-loop
system designed in the previous section.

The DDE corresponding to the closed-loop system is

ẋ(t) = A0x(t) +A1x(t� h) +A2x(t� h̄) +B✓d(t) (11)

where

A0 =

2

64
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0 1 �d2
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3

75 , A1 =
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64
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Fig. 4. Spectral abscissa of the Smith Predictor-based controller (blue line)
and the optimization-based controller (red line) for increasing values of the
time-delay, h.
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Fig. 5. Spectral abscissa of the Smith Predictor-based controller (blue line)
and the optimization-based controller (red line) for increasing values of the
time-constant, ⌧ .

A2 =

2

64
0 0 �d10

d1

0 0 �d9
d1

0 0 �d8
d1

3

75 , B =

2

4
n2
d1n1
d1

0

3

5
.

Since (11) is in the form of (1), where � = 2, we can deter-
mine the stability margins by calculating the spectral abscissa
for increasing values of corresponding system parameters. As
shown in Fig. 3, the closed-loop system becomes unstable
when K is about 3.2. Furthermore, as shown in Fig. 4, the
closed-loop system becomes unstable when h is about 0.28.
As shown in Fig. 5, however, the closed-loop system remains
stable for all positive values of the time-constant ⌧ .

V. OPTIMIZATION-BASED CONTROL

In this section, the optimization-based PV controller design
method of [8] is outlined. Reader may refer to [8] for details
of the design method.

A. Controller Design Method

We aim to find controller parameters in (8) when h 6= 0.
Since (8) has an infinite number of modes, full assignment
of these modes is not possible. Therefore, the eigenvalue
assignment methods developed for the case of h 6= 0 can not
be applied. However, as indicated in Section II, ⌦✏ is a finite
set for any ✏ 2 R. Furthermore, the location of the ✏-modes
is a continuous function of the controller parameters. Relying
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Fig. 6. Simulated response of the angular position when K = 0.488. The
red and blue curves correspond to the Smith predictor-based controller and
the optimization-based controller, respectively, and the black dashed line is
the reference.

on that, the ✏-modes of the system can be moved by tunning
the controller parameters iteratively.

First, let us define the vector p 2 R2 which contains the
controller parameters in (8), i.e., p = [ kp kv ]. Since the
controller parameters are involved in the delayed part of (8),
the matrix A1 in (1) and, thus, the spectral abscissa c depend
on p. Therefore, from now on, we will show this dependence
explicitly as A1(p) and c(p).

In order to achieve a stable closed-loop system, the stabi-
lization problem can be reduced to minimization of the spectral
abscissa of the closed-loop system over the parameters of the
controller. As a result, the stabilizing controller parameters can
be found by solving

min
p2R2

c(p) . (12)

Then, a stabilizing controller is obtained if c(p) < 0 is
achieved.

As indicated in [9], spectral abscissa is a non-convex
and non-smooth function. Although (12) can be solved by
using a gradient based algorithm, standard gradient based
algorithms may fail because of the non-smoothness of the
objective function. Therefore, we use specialized algorithms,
namely the gradient sampling algorithm of [13] and the BFGS
method of [14]. The optimization algorithms have already been
implemented in a MATLAB-based software named as HANSO
[15]. HANSO requires only a user-provided routine which
returns the function value and the gradient vector at the current
iterate. Therefore, we need to evaluate the spectral abscissa
and the corresponding gradient. Also, HANSO requires an
initial parameter vector as a starting point. This vector can
be generated randomly by a normal distribution centered at
zero.

The spectral abscissa is simply the real part of the (one of
the) rightmost mode(s). To find the rightmost mode(s), we need
to find the ✏-modes for an appropriate ✏. These, in turn, can
be computed by the method of [11], which utilizes a spectral
discretization approach and Newton’s methods. Once the ✏-
modes are obtained, by definition (3), spectral abscissa can be
obtained by taking the real part of the (one of the) rightmost
mode(s).

To find the gradient of the spectral abscissa, we need to
calculate the partial derivatives of the (one of the) rightmost
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Fig. 7. Simulated response of the angular position when K = 1.7664. The
red and blue curves correspond to the Smith predictor-based controller and
the optimization-based controller, respectively, and the black dashed line is
the reference.

Gain (K) Time constant (⌧ )
Min 0.488 0.0224
Max 1.764 0.03599

TABLE I. MAXIMUM AND MINIMUM VALUES OF K AND ⌧

mode(s) with respect to the controller parameters. The explicit
calculation of the partial derivatives can be found in [8].

B. Position Control when h 6= 0

In order to design a controller for (8), we will solve (12)
for p := [kp kv].

Considering the delay margin of (8) with (9), i.e, the
controller designed for h = 0, we aim to design a controller
for h = 0.1. Furthermore, we let (9) be the initial parameters
for the optimization algorithm. By utilizing the optimization-
based design method, outlined in the previous subsection, the
controller with gains

kp = 2.8701[
V

rad

] kv = 0.1010[
V ⇥ s

rad

] , (13)

is designed. According to the designed controller, the spectral
abscissa is determined as c = �15.4471 for the closed-loop
system.

As for the Smith predictor-based controller, we can deter-
mine the stability margins by calculating the spectral abscissa
for increasing values of system parameters. As shown in Fig.
3, the closed-loop system becomes unstable when K is about
5.3. Furthermore, as shown in Fig. 4, the closed-loop system
becomes unstable when h is about 0.36. In both cases, better
stability margins are achieved with the optimization-based
controller, compared to the Smith predictor-based controller.
As for the Smith predictor-based controller, the optimization-
based controller also stabilizes the system for all positive
values of the time constant ⌧ , as shown in Fig. 5.

VI. SIMULATIONS AND EXPERIMENTAL RESULTS

The experimental platform consists of a mechanical unit
composed of a load shaft, a data acquisition device, a power
amplifier, an actuator that consists of a DC servo-motor driven
by a voltage amplifier, and sensors, an encoder and a tachome-
ter, which measure the angular position and angular speed of
the load shaft, respectively. The system is controlled using
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Fig. 8. Simulated response of the angular position when ⌧ = 0.0224. The
red and blue curves correspond to the Smith predictor-based controller and
the optimization-based controller, respectively, and the black dashed line is
the reference.
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Fig. 9. Simulated response of the angular position when ⌧ = 0.03599. The
red and blue curves correspond to the Smith predictor-based controller and
the optimization-based controller, respectively, and the black dashed line is
the reference.

Matlab/Simulink integrated with QUARC software which al-
lows implementing the control structures depicted in Fig. 1
and Fig. 2. In order to realize the time-delay in the feedback
loop, the sensor outputs are exposed to an artificial time-delay
which is introduced in Simulink. Note that, as a reference shaft
angle, we use a square wave with a certain amplitude and a
frequency.

In order to compare the performances of the Smith
predictor-based controller with the optimization-based con-
troller, several simulations and experiments are performed.
First of all, we consider the variations on the open-loop system
gain, K, and the time-constant, ⌧ , whose nominal values are
given in (5). In order to choose realistic parameters, we calcu-
lated the maximum and minimum K-⌧ values according to the
predicted variations in the system parameters which are given
by the manufacturer in [12]. The maximum and minimum
values are given in Table I. Notice that, the values given in
Table I does not exceed the stability bounds determined in the
previous sections.

By setting h = 0.1, we perform the simulations with
the Smith predictor-based controller and the optimization-
based controller for each K-⌧ values given in Table I. As
shown in Figs. 6–9, the optimization-based controller shows
conservative behavior compared to the Smith predictor-based
controller. On the other hand, Smith predictor-based controller
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Fig. 10. Simulated response of the angular position when h = 0.1 The red
and blue curves correspond to the Smith predictor-based controller and the
optimization-based controller, respectively, and the black dashed line is the
reference.
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Fig. 11. Simulated response of the angular position when h = 0.15. The
red and blue curves correspond to the Smith predictor-based controller and
the optimization-based controller, respectively, and the black dashed line is
the reference.

achieves shorter rise time at the price of overshoots.

Next, keeping the nominal values of K and ⌧ , we perform
simulations for h = 0.1, h = 0.15 and h = 0.2. As shown
in Figs. 10–12, The response of the Smith predictor-based
controller becomes nearly unstable, as the actual time-delay
is increased beyond its nominal value. The same result is also
observed in the experiments, as shown in Figs. 13–15,

VII. CONCLUDING REMARKS

The stability and performance analysis of the Smith
predictor-based and the optimization-based PV controllers
have been examined. The variations in the system param-
eters and the time-delay have been considered. As it has
been validated by simulations and experimental results, the
optimization-based controller outperforms the Smith predictor-
based controller when the system parameters and, especially,
the time-delay varies. Compared to the Smith predictor-based
controller, the optimization-based controller can preserve sta-
bility against larger variations in the system parameters and
the time-delay.

In the present study, only robustness against the system pa-
rameters has been considered. However, due to round-off errors
in numerical computations and analog to digital conversions,
there may be important variations in the controller parameters,
which may cause poor performance or even instability [16].
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Fig. 12. Simulated response of the angular position when h = 0.2. The red
and blue curves correspond to the Smith predictor-based controller and the
optimization-based controller, respectively, and the black dashed line is the
reference.
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Fig. 13. Measured response of the angular position when h = 0.1. The red
and blue curves correspond to the Smith predictor-based controller and the
optimization-based controller, respectively, and the black dashed line is the
reference.

Therefore, as a future study, the robustness analysis can be
expanded by considering the fragility of the controllers applied
in both the control structures depicted in Figs. 1 and 2.
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Optimal Decoupled Control of  
Two-Input Two-Output Systems 

Abstract—One of the situations where significant problems 
may arise in two-input two-output (TITO) systems is the 
existence of interactions with cross-couple of inputs and outputs. 
This situation may be challenging especially for the system 
analysis in process control. As long as the condition that the 
system should be decoupled is met, control problems to be 
investigated for this kind of systems become meaningful. This 
study deals with the design of non-interacting dynamic diagonal 
controllers for two-input two-output systems.  Here, it is aimed to 
obtain the needed filter for decoupling and then to design the 
controller to satisfy the necessary specifications. The decoupling 
filter and controller design procedure for disturbance 
attenuation and reference tracking is defined via general control 
configuration. Here, the main objective of the study is to keep the 
system decoupled where an optimal controller is designed to 
increase the reference tracking and disturbance attenuation 
performance of the overall closed loop system. The efficiency and 
success of the proposed method is illustrated via simulation 
studies. 

Keywords—Decoupled control; disturbance attenuation; reference 
tracking problem 

I.  INTRODUCTION

Two input two output systems gain increasing popularity 
recently in control literature due to the increasing demand for 
this kind of systems in process control. There exist numerous 
processes that can be mathematically modeled as TITO system 
from different engineering fields such as chemical 
engineering, mechanical engineering and bioengineering. 

Dealing with TITO systems, decoupling and decoupled 
control are important topics that the researchers focus on. 
Decoupled control is a topic of polynomial control, used to 
make the systems non-interactive. Decoupled control satisfies 
the requirement to make the inputs and outputs of MIMO 
systems non-interactive, especially in chemical industry 
processes. Some examples of MIMO systems in chemical 
industry where decoupled control is highly needed, include 
heat exchangers, chemical reactors and distillation columns [1, 
2]. Decoupled control also provides solutions for some 
problems from different engineering fields [3, 4]. 

In addition to decoupled control where the input and output of 
the systems are designed to be non-interactive, there exist 
different control problems that are taken into consideration 
involving TITO systems. Disturbance attenuation and 
reference tracking problems are known as popular research 

areas in control literature [5]. Moreover, there exist studies 
dealing with decoupled control and optimal control involving 
disturbance attenuation and reference tracking purposes 
together [6, 7]. These studies mostly cover decoupling the 
disturbance signal and the design of extended state observer 
based active disturbance rejection control. Moreover, the 
implementation of H∞ control and input-output decoupling to 
dynamical systems gain popularity among researchers in 
control literature [8, 9]. However, to the best of authors’ 
knowledge, there is a lack of studies where the system is 
decoupled and an optimal controller is designed to increase the 
disturbance attenuation and reference tracking performance of 
the closed-loop system using general control configuration. 

This paper studies decoupled control to eliminate undesirable 
interactions in two-input two-output systems. In addition to 
decoupled control, H∞ dynamical output feedback controller is 
designed via LMIs in order to attenuate disturbance and track 
the applied reference signal for the closed-loop TITO system, 
which is diagonal dominant. Different from the existing 
literature, the design of decoupling filter and H∞ dynamical 
output feedback controller is constructed via general control 
configuration. Here, the main objective of the study is to keep 
the system decoupled where an optimal controller is designed 
to increase the reference tracking and disturbance attenuation 
performance of the closed loop system. 

The rest of the study is organized as follows. The problem 
definition is given in Section 2. Then, the design of 
decoupling filter and the construction of generalized plant P in 
general control configuration for H∞ controller synthesis are 
given in Section 3. The simulation studies are carried out and 
illustrated in Section 4. Finally, conclusions are given in the 
last part of the study.   

II. PROBLEM DEFINITION

The main idea of this study is to solve the problem which can 
be defined as a combination of two different control 
engineering objectives that are decoupling and optimal 
controller design. It is a well-known fact that decoupling of 
systems is an important issue especially for process control, 
whereas H∞ controller synthesis is a well-known approach in 
robust and optimal control theory. 

TITO system is taken into consideration in this study. Since 
the system has two inputs and two outputs, there are four 
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transfer functions due to the crossing effect of the inputs on 
each other which can be defined as 

                                G(s) = [G11(s) G12(s)
G21(s) G22(s)]                            (1) 

where G(s) is a transfer function matrix. One of the major 
problems in TITO systems is the interaction of inputs and 
outputs which can be solved via the reduction of the 
interaction in the system. In order to do that, the decoupling 
control is needed to be implemented by designing a suitable 
filter for the system. Once the system is decoupled, then it is 
possible to utilize well-known approaches for disturbance 
attenuation and reference tracking problems. 

Here, the decoupled system taken into consideration is defined 
as 

  ẋ(t) = Ax(t) + B1u(t) + B2w(t)                            (2) 

 y(t) = C1x(t) + D11u(t) + D12w(t) 

 z(t) = C2x(t) + D21u(t) + D22w(t)      

in state-space representation. In order to meet the predefined 
specifications, H∞ dynamical output feedback controller is 
obtained by using well-known LMI based solutions. Hence, 
the disturbance attenuation and reference tracking 
performance of the closed-loop system is increased whereas it 
is ensured that the system remains decoupled.  

III. MAIN RESULTS 
 
The main results obtained in this study are classified into two 
parts as decoupling control and H∞ dynamical output feedback 
controller synthesis. 

A. Decoupling Control 
The general block diagram representation of a TITO system is 
given in Figure 1. 

 
Figure 1 Block diagram of the TITO system 

Here, U1 and U2 are the inputs, Y1 and Y2 are the outputs of 
the systems whereas four transfer functions are obtained to 
represent the system. 

The input-output relations of the system are written as 

  Y1(s) = G11(s)U1(s) + G12(s)U2(s)                      (3) 

 Y2(s) = G21(s)U1(s) + G22(s)U2(s) 

where G11, G12, G21 and G22 are the transfer functions of the 
system. In many control problems, the cross-interactions of 
input-output pairs lead to undesirable effects. Therefore, the 
objective is to eliminate these effects of loop interactions as 

much as possible. This can be achieved by designing a pre-
compensator based on decoupled control. Essentially, the 
purpose of the pre-compensator is to decompose a 
multivariable system into non-interactive single-loop sub-
systems. 

Due to the input-output representation of multivariable 
processes, different structures such as P-decoupler and V-
decoupler are possible for the form of decoupling network. 
Among these structures, P-decoupler seems are highly 
preferred in literature. 

 
Figure 2 Decoupling network structure [10] 

The decoupling network of Boksenbom and Hood [10] is 
given in Figure 2. Here, the matrix of decoupling network is 
defined as 
 

                 Gc
∗ = [

Gc,11
∗ Gc,12

∗

Gc,21
∗ Gc,22

∗ ]                                    (4) 

where Gc is the (2x2) process transfer function matrix, u is the 
input vector, y is the output vector and 𝑤 =  [𝑤1 𝑤2]𝑇 is the 
reference signal. 

The closed loop expression is given as y = [I + GGc
∗]−1GGc

∗w 
where the first part of the equation is defined as X which is 
supposed to be a diagonal matrix. As it is known that the sum 
and product of two diagonal matrices are diagonal matrices, 
and the inverse of a diagonal matrix is also a diagonal matrix, 
the equality given as X = [I + GGc

∗]−1GGc
∗ = diag[x1, x2] may 

be obtained. Hence, the diagonality of 𝐺𝐺𝑐
∗ which is defined as 

 
GGc

∗ = [G11 G12
G21 G22

] [
Gc,11

∗ Gc,12
∗

Gc,21
∗ Gc,22

∗ ]                            (5) 

 
= [

G11Gc,11
∗ + G12Gc,21

∗ G11Gc,12
∗ + G12Gc,22

∗

G21Gc,11
∗ + G22Gc,21

∗ G21Gc,12
∗ + G22Gc,22

∗ ]

= [
q1 0
0 q2

] 

 

can be guaranteed. Comparing each element of the matrices 
results in a set of four equation, it is revealed that the transfer 
functions of non-diagonal element of matrices are equal to 
zero [10]. 

In this study, it is aimed to provide the diagonal dominance at 
the system. The given definitions of diagonal dominant matrix 
are examined in detail via the following theorems. 
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One of the analysis methods in input-output decoupling design 
is to determine the row (or column) diagonal dominance of the 
system. Here, as the dominance ratio is larger, the interaction 
is higher in the system at that frequency. Hence, the ideal ratio 
value of elements are accepted as zero. 

Theorem 1 [11]: 

For a square-gain matrix G = {gi,j}, if ∀i, ∃ji such that ji ≠ jk 
where i ≠ k and 

                      gi,ji > ∑|gi,j|
j≠ji

                                         (6) 

then 
 

                     ϱi =
∑ |gi,j|j≠ji

gi,ji

< 1                                  (7) 

 
is satisfied where 𝜚𝑖 is row/column dominance ratio that 
means the row/column dominance of the system is satisfied.  
 
Another theorem for decoupling analysis in literature is 
Perron-Frobenius eigenvalue method [12]. This theorem 
intends to obtain a filter that provides the system being 
diagonal dominant. 
 
Lemma 1 [13]: 

For any p × p transfer-function matrix G(s), evaluated at some 
frequency s = j, a corresponding comparison matrix M can be 
defined as 

  M = {mij} = {|gij(jw)|}, for i, j = 1, … , p             (8) 

where the elements 𝑚𝑖𝑗 are the moduli of the corresponding 
elements of the matrix G. By definition, the comparison 
matrix M is element-wise nonnegative. 

A normalized form of M can be constructed as Γ = Ω−1𝑀 
where Ω = 𝑑𝑖𝑎𝑔{𝑚𝑖𝑖}. If  Γ is square, positive and irreducible, 
that is, there is no permutation matrix P such that  

                     PΓPT = [X 0
Y Z]                                        (9) 

where X and Z are square matrices. Then there exists an 
eigenvalue of called the Perron-Frobenius eigenvalue, λpf, that 
is always real and positive.  

Furthermore, if the eigenvalues are ordered so that |λ1| ≥
|λ2| ≥ ⋯ ≥ |λp|, then λpf > λi for i ≠ 1. If λpf < 2, then 
G̃(s) = SG(s)S−1 . 

If the scaler filter provided by PF-eigenvalue is not sufficient 
to maintain diagonal dominance in all the frequency bands of 
interest, the PF eigenvector must be present for dynamic filter 
design. In this study, it is aimed to provide diagonal 
dominance for the entire desired frequency range. Hence, a 
pre-filter is designed from the eigenvector graph. 

The least square theorem and curve fitting method are used to 
obtain the transfer function of pre-compensator via PF 
eigenvector plots [14, 15].             

 
Figure 3 General plant of compensator 

When the resulting compensator is applied to the system, it is 
expected to become diagonal dominant and decoupled. There 
exist some methods in literature for the detection of this 
situation. The diagonal dominance and decoupling of the 
system is examined in detail via these methods in simulation 
studies. 

As the system is guaranteed to be decoupled, it is aimed to 
design H∞ dynamical output feedback controller via general 
control configuration in order to meet the specifications in the 
next step of the proposed procedure. 

B. H∞ Controller Synthesis 

In this study, H∞ dynamic output feedback controller design is 
carried out via general control configuration, known as P-K 
configuration. Here, K represents the proposed controller and 
P denotes the generalized nominal plant where the controller is 
implemented. In this part of the study, the system that is 
decoupled in the previous section is used as the plant. 

 

 
Figure 4 P-K configuration 

 

The general plant configuration of the overall system is given 
in Figure 4. Here, exogenous inputs are defined as the 
reference signals and disturbance signals applied to the 
decoupled system. 

The nominal system introduced as P in general control 
configuration is illustrated in Figure 5. Here, W1 and W2 are 
the filters that defines the effective frequency band of the 
disturbance signals. Moreover, Wu1 and Wu2 denote the 
constraints on the control input applied to the system. 
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Figure 5 Construction of generalized plant P 

By using the constructed P given in Figure 5, H∞ dynamic 
output feedback controller is calculated via LMIs given in 
[16]. 

 
Figure 6 Overall system 

H∞ dynamic output feedback controller is implemented into 
the decoupled system as given in Figure 6. Here, the 
decoupling filter is included in the plant which is assumed to 
be the nominal system that the proposed controller is 
implemented in order to increase the reference tracking and 
disturbance attenuation of overall closed-loop system. 

IV. SIMULATION STUDIES 
During the simulation studies of this study, TITO system with 
the transfer function matrix given as  

 𝐺(𝑠) = [

𝑠 + 4
𝑠2 + 6𝑠 + 5

0.5𝑠 + 0.5
𝑠2 + 10𝑠 + 100

1
5𝑠 + 1

2
2𝑠 + 1

]  (10) 

is taken into consideration. The diagonal dominance of this 
system can be investigated by using several different methods 
to reveal whether it is necessary to apply decoupling or not. 

A. Decoupled Control 
Nyquist diagram is one of the alternative methods that 
illustrates the interaction between the two input-two output 
systems. If the system is diagonal dominant, radius of non-
diagonal elements are smaller than radius of diagonal 
elements. If an opposite situation is observed, the system is 
interactive. 

 
Figure 7 Nyquist diagram of system 

When the ratio graph is examined, it is realized that the 
column dominance ratio in the entire frequency band is 
smaller than 1. Hence, the system is said to be column 
dominant according to (7). If the system is diagonal dominant, 
the row dominance ratio must also be smaller than 1. 

 
Figure 8 Row dominance ratio plots of system 

The row dominance ratio plot given in Figure 8 shows that 
row 1 is not diagonal dominant at the lower frequencies. To 
make the system diagonal dominant and non-interactive, a 
filter is needed to be designed. 

 
Figure 9 Perron Frobenius eigenvalue plot of system 

As described in Lemma 1, the PF-eigenvalue must be less than 
2. The system observed in Figure 9 provides this condition. 

 
Figure 10 Perron Frobenius eigenvectors plot of system 
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The plots given in Figure 10 illustrate that the elements of the 
Perron-Frobenius eigenvector change considerably with 
frequency, explaining that a constant scaling compensator 
designed according to the Perron-Frobenius eigenvalue cannot 
achieve diagonal dominance over the respective bandwidth. 

So, during the filter is designed, the PF-eigenvector graph is 
examined because it is desirable that the system becomes non-
interactive in the entire frequency band ω ∈ [0.01,1000]. 

The Perron-Frobenius compensator given as 

F(s) = [

0.5011s2 + 7.271s + 26.37

s2 + 10.25s + 26.27
0

0
0.8716s2 + 1.719s + 0.5455

s2 + 6.768s + 11.45

]      (11) 

is obtained. Here, if the compensated system is diagonal 
dominant, designed filter is adequate for decoupling. 

When the Nyquist diagram given in Figure 11 is compared to 
Nyquist diagram of the uncompensated system shown in 
Figure 7, a significant change at 𝐺12 is observed. 𝐺12 is non-
digonal element and the radius of this element should be 
small. Here, Nyquist diagram of compensated system provide 
this condition. 

 
Figure 11 Nyquist diagram of system with compensator 

It should be noticed that the graph of Row1 in Figure 8 goes 
up to values greater than one. However, it is shown that row 
dominance ratio is smaller than 1 in the compensated system. 
This result proves that the decoupling is achieved. 

 
Figure 12 Row dominance ratio graph of system with compensator 

B. Optimal Decoupled Control 

One of the main objectives of this study is to find out an 
optimal controller in order to increase the reference tracking 

and disturbance attenuation performances of the closed loop 
system. Hence, by the help of the general control 
configuration, H∞ dynamic output feedback controller is 
designed via LMIs. In order to design the filters used in P in 
general control configuration structure as given in Figure 5, 
the frequency band that the plant operates, is considered. The 
transfer functions of the filters, designed for the disturbances, 
are chosen as 

 

  𝑊1(𝑠) =
0.001𝑠 + 514
100.1𝑠 + 6.24

,     𝑊2(𝑠) =
𝑠 + 490.9

100𝑠 + 0.1025
     (12) 

Moreover, two input constraints, in order to limit the control 
input signal magnitude, are added to the system inputs. The 
values of the input constraints, Wu1 and Wu2, implemented into 
P, are chosen as 0.001. 

The general control configuration of plant given in Figure 4 is 
constructed with the aforementioned pre-filters. Then, H∞ 
dynamic output feedback controller is designed via LMIs 
given in [16]. 

The objectives of H∞ optimal controller design for the process 
can be classified as tracking the reference signal applied to the 
system and attenuation of disturbance effect to the system 
output. Moreover, as the proposed controller is implemented 
into the system, the closed loop system is expected to be non-
interactive (decoupled) due to the Perron-Frobenius design 
carried out in the concept of this study. 

In different situations, the response graphs are provided by the 
system is examined to verify that whether the controllers are 
adequate and the system is decoupled. The parameter values 
of the disturbance and reference signal, which are applied to 
the system, are given in the Table I. 

TABLE I.  DISTURBANCE AND REFERENCE SIGNAL 
PARAMETERS 

  
Block Parameters 

Parameters of 
disturbance signals 

Parameters of 
reference signals 

Step time 1 1 
Initial value 1 0 
Final value 3 1 

 

The time-domain plots obtained as the proposed controller is 
implemented to the system are given in Figure 13 and 14. 

 

 
Figure 13 System output (Y1) 
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Figure 14 System output (Y2) 

As illustrated in the Figure 13 and 14, when the output signals 
of the overall system, Y1 and Y2 (solid line), are observed, it is 
shown that the system output track the reference signal in spite 
of the existence of disturbance signal. This result confirms that 
the designed controller significantly increases the reference 
tracking performance of the closed-loop system. 

The parameter values of the disturbance signal are also given 
in Table I. Firstly, the parameter value of ref1 signal is chosen 
as unit step signal whereas ref2 signal is applied as zero.  
Here, the main idea of this trial is to illustrate that the overall 
system is still decoupled.  

 
Figure 15 Performance outputs of system 

In Figure 15, it is observed that the first output (dashed line) 
tracks the reference value whereas the second output (solid 
line) approaches to zero which means that Y1 and Y2 are still 
non-interactive. 

 
Figure 16 Performance outputs of system 

Moreover, it is illustrated in Figure 16 that Y1 and Y2  are also 
proved to be non-interactive while step input is applied as 
reference value for second output whereas zero value is 
applied as the reference for first output which is actually the 
opposite of the previous trial given in Figure 15. 

V. CONCLUSION 
This study presents the design of a decoupling filter and H∞ 
dynamic output feedback controller design procedure for 
TITO systems in order to increase the disturbance attenuation 
and reference tracking performance of the closed loop system. 
The design procedure is carried out via general control 
configuration. The efficiency of the proposed method is 
illustrated with time-domain and frequency-domain plots in 
simulation studies. 
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Abstract—Adaptive filtering has been used in recent years in 
many areas such as control systems, prediction, system 
identification and modeling, signal processing, speech processing 
and communication systems. In order to implement the adaptive 
infinite impulse response (IIR) system identification problem 
efficiently, it is essential to calculate the optimal system 
parameters and select the identity structure. In this study, Firefly 
and Particle Swarm Optimization are used to calculate IIR 
optimal system parameters. In these algorithms, Integral 
Absolute Error (IAE) is chosen as the error criterion. The 
performance analysis was carried out by implementing the 
proposed methods in three different IIR systems. (Abstract) 

Keywords—particle swarm optimization; optimal; IIR system; 
firefly;Integral of Absolute Error 

I. INTRODUCTION 

An adaptive filter is called an identification system that 
behaves like a filter with the exception of iteration-based 
coefficient values, since an adaptive algorithm is included to 
adapt to ever-changing environmental conditions and / or 
unknown system parameters. In recent years, adaptive filtering 
control systems [1] have been extensively used in areas such 
as estimation [2], system identification and modeling [3], 
signal processing, speech processing and communication [4]. 
IIR filters use a finite number of parameters to create an 
infinite impulse response. When a system is designed, a more 
efficient one can be done using the adaptive infinite impulse 
response (IIR) system with fewer parameters than the FIR 
filter [5]. Due to this reason IIR filters are generally preferred 
for system identification. In this study, IIR system 
identification has been formulated as an optimization problem. 
Conventional optimization techniques cannot be applied to 
discontinuous, non-derivative, and multipoint cost functions. 
In such cases, different intuitive and meta-intuitive search 

algorithms are successfully applied. The optimization 
techniques that are suitable for system design in the literature 
are: genetic algorithm (GA), Optimization of Cat Stock 
(CSO), Bee Colony Algorithm (BCA), gravitational search 
algorithm [9], Bacterial Food Search Algorithm (BFSA), 
Particle Swarm Optimization (PSO), Flower Pollination 
Algorithm (FPA), Harmonic Algorithm (HA). 

In this study by Dash, distributed parameter estimation of 
IIR systems in the wireless sensor network was performed 
with the lowest average of diffusion gradient based least mean 
square (DLMS) and diffused PSO algorithm based. The 
optimal parameters of the IIR system are calculated by mean 
square error (MSE), sum of squared error (SE) and average 
percentage deviation (APD) objective function. According to 
simulation results, the proposed DPSO algorithms perform 
better in parameter estimation compared to DLMS algorithms. 
The DPSO algorithm provides fast convergence with less SE 
and APD values [6]. In this study by Vatansever et al., the 
designs of Chebyshev Type I and Type II IIR filters were 
made with back tracking search optimization (BS), 
electromagnetic field optimization (EFO) and vortex search 
(VS) algorithms and compared with classical design methods. 
The performances of the algorithms are compared with each 
other in terms of the best and average solution and 
convergence speed and a comprehensive analysis is given 
about which algorithm will show the best performance on 
which design problem, depending on the criteria used. [13]. In 
2016, Zou et al. used the PSO (IPSO) algorithm, which was 
developed to optimize the IIR system identification problem 
with mean square error (MSE) objective function. They used 
12 different system definitions to test the performance of the 
IPSO algorithm and compared them with developed 
algorithms such as frenzy-based PSO, global PSO, time-
varying acceleration coefficients PSO and IPSO. According to 
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the simulation results obtained, IPSO seems to converge faster 
than other algorithms [7]. In the study conducted by Singh et 
al., flower pollinating algorithm was used to obtain optimal 
system parameters of IIR filter. In order to demonstrate the 
effectiveness of the FPA, the mean square error and 
convergence rate were evaluated. The simulation results 
confirm the superior capabilities of the FPA compared to GA 
and PSO for system identification [8]. In the study conducted 
by Upadhyay et al., FFA is applied to numerical IIR filter 
designs and compared with PSO, DE and many optimization 
algorithms found in the literature and it is observed that it 
performs better in many designs [9].  In order to avoid the 
difficulties like local capture and different situations, the 
crossover cat stock algorithm (Cross-CSO) is designed by 
developing a cat stock algorithm to obtain the best global 
solution. It has been shown that Cross-CSO gives the best 
results in terms of the mean square error and the estimation of 
the coefficients according to the comparison results with PSO 
and CSO [10]. 

In this study, FA and PSO algorithms are used to calculate 
IIR optimal system parameters. In these algorithms, the 
Integral of Absolute Error (IAE) was chosen as the error 
criterion. The proposed methods were implemented in three 
different IIR systems and performance analysis was carried 
out. 

II. SYSTEM IDENTIFICATION  
In this study, IIR system identification has been formulated 

as an optimization problem. In the adaptive IIR system 
definition, the coefficients of the filter are obtained by 
optimization algorithms. The definition of the IIR system is 
shown in Fig 1. 

Fig. 1. Block diagram of Adaptive IIR filter for system identification. 

The input-output relationship of the IIR filter can be 
explained by the difference equation given in Equation (1): 
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In equation (1), x(n) and y(n) are the input and output 
values of the filter, respectively, and  � �L K t  is the degree 

of filtration. The transfer function of adaptive IIR filter when 
𝑎0 = 1 is given in Equation (2). 
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In design problems, the objective is to find coefficients a(1) 
and b(k). When these coefficients are calculated, H(z) must 
provide the desired characteristics in design. Integral function 
of Absolute Errors (IAE) was chosen as the objective function 
in the calculation of the coefficients. This purpose function 
minimizes the coefficients of the adaptive IIR system. 

Through the Integral function of Absolute Errors, the 
objective function to be minimized is given in Equation (3). 
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III. OPTIMIZATION ALGORITHM 

A. Parameter estimation by Firefly Algorithm 
The firefly method is an algorithm originally developed by 
Xin-She in 2008. Firefly method, a population based meta-
heuristic algorithm, is used to optimize multiple model 
functions. This method has been developed based on 
observing social behaviors of fireflies. 
This method has been chosen to obtain local maximum / 
minimum points. The most important difference between the 
use of firefly swarm optimization and other optimization 
algorithms in multimodal function optimizations is to 
efficiently place maximum / minimum points and dynamic 
decision making of the individuals in the swarm. 
When the behavior of fireflies is regulated, the following 
conclusions arise [11]; 
• Fireflies can attract other fireflies using regardless of their 
sex. 
• The attractiveness of fireflies is proportional to their light, 
their brightness. Those who are too bright according to their 
light, move the less bright ones towards themselves. 
• The value is determined by the fitness function to be used to 
solve the problem that will be optimized depending on the 
brightness of fireflies. 
There are two main issues in the FA. The first is to change the 
intensity of light and form the attractiveness. The other is the 
attractiveness of fireflies is determined by their brightness. 
The aim function is associated with the acquired appeal. 
The light intensity (I) of fireflies is given in equation (4). This 
value depends on the initial light intensity ( 0I ), the gamma (γ) 
and the distance (r). 

0
rI I e J�                                                                        (4)       
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In Equation (5), the initial value (𝛽0=0) that gives the 
attractiveness of fireflies (β) is the value at which the distance 
between two fireflies is zero. Attractiveness depends on square 
of the distance, gamma and initial value. 

2( )
0

re JE E �                                                                        (5) 

Equation (6) can be used to simplify operations, since 
calculation of attractiveness using Equation (6) can sometimes 
be difficult [12]. 

0
21 r

EE
J

 
�

                                                                         (6)          

The distances of the fireflies to each other are important, 
because both light intensity and attractiveness vary with 
distance. So these changes will determine the movement of 
fireflies. The distance can be calculated using equation (7). 

2

1

( )
d

ij i j ik jk
k

r x x x x
 

 �  �¦                                         (7)                                                                                                                                                                                                                                                   

Fireflies move towards fireflies, which are brighter and more 
attractive. This motion can be expressed by equation (8). The 
second expression in equality comes from the attractiveness 
formula. That is, it is expressed by the multiplication of the 
distance and the attractiveness between two fireflies. In the 
third expression, α is the random parameter and ε is a vector 
from the Gaussian distribution [11]. The α random parameter 
is usually generated randomly between [0,1].  

� �21
0

t r ij t
i i j i ix x e x xJE DH� � � � �                                  (8)                                                        

When 0 0E  , the motion is only dependent on the random 
walk. On the other hand, γ parameter has a very important 
effect on convergence speed. The value of this parameter can 
theoretically take any value from the range of [0, )J � f . 
Optimization varies depending on the problem. It is usually 
between 0.1 and 10. In Fig. 2., the pseudo code of FA is given. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Pseudo code of FA 

B. Parameter Estimation by Partical Swarm Optimization  
Particle Swarm Optimization is an algorithm developed by 

Kennedy and Eberhart, inspired by the ability of birds, fish and 
herbs to adapt to their environments, to find rich food sources, 
and to escape from hunters [13]. 

In each iteration, the direction in which the particle will 
travel and at which speed it will travel in the solution space is 
the combination of the best coordinates of other particles 
(positions) and best personal coordinates of the particle. As the 
particle reaches the optimum, it adjusts the next step to both the 
best position for it (closest to the optimum) and the position of 
the particle with the best fitness value in the swarm. 

Each individual in the swarm is called particle, and each 
particle has information about position (p) and velocity (v) in 
the swarm. This position and velocity information is updated in 
every iteration according to the best position (pbest) of the 
particle in the iteration, the best position in the swarm (gbest) 
and the velocity information at that moment. At each iteration, 
as the speed of the individuals is updated with equation (9), 
their positions are updated according to equation (10) [14, 15]. 

� � � �1 1 1 2 2t t best t best tv vw c r p p c r g p�  � � � �               (9)                                            

1 1t t tp p v� � �                                                                   (10)                                                                                                          

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Pseudo code of PSO 

 

IV. SIMULATIOUN RESULTS 
The optimization of coefficients (𝑎𝑘, 𝑏𝑘) of the IIR filter 

designed in this study is performed by FA and PSO 
algorithms. Three different benchmark transfer functions were 
chosen to evaluate the performance of the implemented 
algorithms. Optimization limit ranges are determined based on 
benchmark functions. Simulation studies have been carried out 
to demonstrate the effectiveness of the developed method. 
Simulation studies are run on Ubuntu 14.04.5 LTS operating 
system on a computer with Intel (R) Core (TM) i5-5200U 
CPU @ 2.70 Ghz, 64 Bit, 4GB RAM. 

The control parameters used in the FA and PSO algorithms 
are determined as given in Table Table 1.  to obtain the best 

The objective function is determined. f(x), x = (x1, ..., xd)T . 
n number firefly initial population values are produced. 

Light intensity in𝑥𝑖′ is calculated by  ( )iI ( )if x  

Light absorption is determined by ( J ) 
while (stopping criterion), 
for i = 1 : n  
      for j = 1 : n  
           if (Ii < Ij) 
              Fireflies move from i to j. 
           end if 
      The attractiveness changes through r and exp[−γr2] . 
      New solutions are calculated and light intensity is updated. 
      end for j 
end for i 
Fireflies are sorted and the global best (g *) is found. 
end while 
The results are displayed. 

 
 
 
 
 
 
 

Assign initial parameters 
Create initial population 
For each particle; 
Calculate eligibility value 
Find pBest, find gBest 
Do 

For each particle; 
Calculate the particle velocity according to equation (1) 
Calculate the particle position according to equation (2)  
Calculate eligibility value 
Update pBest, update gBest 
Update v value   

While stopping criterion 
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optimal results in IIR system identification. In order to 
compare the successes of the algorithms, each algorithm is run 
100 times and the error values and standard deviations are 
observed. 

TABLE 1.  PARAMETERS OF ALGORITHMS 

Parameter PSO FA 
Population Dimension 20 20 
İteration 500 500 
C1 1.8 - 
C2 1.8 - 
Omega 0.9 - 
Alfa (α) - 0.2 
Beta (β) - 0.8 
Gamma(γ) - 1 

 
To solve the IIR system identification problem, FA and 

PSO was compared with the results obtained from the FPA, 
PSO, GA algorithms in the literature to compare the 
performance of the algorithms. Simulation results are 
examined in terms of the integration of absolute errors and 
convergence. 

System 1: The second-order transfer function is defined as 
Equation (11) given in Reference [16]. 

 

� �
1

1 2

0.05 0.4
1 1.1314 0.25p

zH z
z z

�

� �

�
 

� �
                               (11) 

    
 

This second order system is modeled using the second 
order transfer function as in Equation (12). 
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One thing to consider when calculating the numerator and 
denominator coefficients in an unknown IIR system is that it is 
optimized to approximate the values of the benchmark 
function. The coefficients leading to the best approximation to 
the unknown system calculated using PSO and FA algorithms 
are given in Table 2. Genetic Algorithm and Flower Pollution 
Algorithm obtained from different studies done in the 
literature and results obtained from PSO studies are also given 
in this table. When we look at the results, it is seen that PSO 
and FA algorithms give more successful results among the 
parameters obtained. In addition, the averages and standard 
deviations of the errors are shown in Table 3. So that the 
success of the algorithms can be measured. Table 2 shows that 
the PSO algorithm gives good value at one point when the best 
parameter values are considered. However, it can be seen from 
Table 3. that PSO algorithm's error value and standard 
deviation are higher than FA algorithm in general. Since FA is 
attached to many local points, it is seen that the FA algorithm 
gives better results for this work in general. 

 
 

TABLE 2.  PARAMETER AND ERROR VALUES OF SYSTEM 1 FOUND BY PSO 
AND FA ALGORITHM 

 
Algorithm 

Numerator Coefficients Denominator coefficients  
IAE 
Error b0 b1 a1 a2 

Real 
Values 0,0500 -0.4000 -1.1314 0.2500  

PSO 0,0500 -0,4000 -1,1301 0,2501 0,008 

FA 0,0501 -0,4001 -1,1299 0,2499 0,022 

GA[1] -0.1160 -0.4700 -0.5296 0.1019 134,3 

PSO[1] 0,059 -0,4246 -1,0899 0,2137 4,108 

FPA[1] 0,0499 -0,3999 -1,1314 0,250 1,259 

 

TABLE 3. ANALYSIS RESULTS FOR PSO AND FA ALGORITHMS FOR SYSTEM 1 

Algorithm Mean Error Standard Deviation 

PSO 2,9674 3,7341 

FA 1,2339 1,1088 

 
System 2: The third-order transfer function is defined as 

Equation (13) given in Reference [16]. 
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  This third order system is modeled using the third order 
transfer function as in Equation (14).  
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The best parameter values of the FA and PSO algorithms 
used to determine the parameters of the system given in 
Equation (3) and the results obtained from the literature are 
given in Table 4. Moreover, the average of errors and standard 
deviations for measuring the success of the algorithms in the 
experiments are given in Table 5. The PSO algorithm gives 
the best value by converging well at one point according to the 
study performed and the literature results when the best 
parameter values are considered from Table 4. However, when 
we look at the results from Table 5 in general, it can be seen 
that the error value and the standard deviation of the PSO 
algorithm are higher than the FA algorithm. 
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TABLE 4.  PARAMETER AND ERROR VALUES OF SYSTEM 2 FOUND  
BY PSO AND FA ALGORITHM 

Algorithm 

Numerator 
Coefficients 

Denominator 
coefficients IAE 

Error b0 b1 b2 a1 a2 a3 

Real 
Values -0,20 -0,40 0,50 -0,60 0,25 -0,20  

PSO -0,20 -0,40 0,50 -0,60 0,25 -0,20 3,17e-05 

FA -0,20 -0,40 0,50 -0,60 0,25 -0,20 0,000 

GA[1] -0.11 -0.46 0.15 -0.13 0.38 0,12 39,842 

PSO[1] -0.19 -0.40 0,49 -0,59 0,25 -0,19 0,339 

FPA[1] -0,20 -0,40 0,50 -0,60 0,25 -0,20 0 

TABLE 5. ANALYSIS RESULTS FOR PSO AND FA ALGORITHMS FOR SYSTEM 2 

Algorithm Mean Error Standard Deviation 

PSO 2,5952 3,3349 

FA 0,0010 0,0002 

 

System 3: The fourth-order transfer function is defined as 
Equation (15) given in Reference [16]. 
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This fourth order system is modeled using the fourth order 
transfer function as in Equation (16). 
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The best parameter values of the FA and PSO algorithms 

used to determine the parameters of the system given in 
Equation (5) and the results obtained from the literature are 
given in Table 6. Furthermore, the average of errors and 
standard deviations for measuring the success of the 
algorithms are given in Table 7. It is seen that the FA 
algorithm gives the best value when the best parameter values 
are considered. When we look at the results of Table 7 in 
general, it is seen that the error value and standard deviation of 
the FA algorithm are lower. This shows that it performs better 
in global and local search. 

 

 

 

 

TABLE 6.  PARAMETER AND ERROR VALUES OF SYSTEM 3 FOUND 
BY PSO AND FA ALGORITHM 

Algorithm 
Numerator Coefficients Denominator coefficients IAE  

Error b0 b1 b2 b3 a1 a2 a3 a4 
Real 

Values 
1 -0,90 0,81 -0,72 0,04 0,27 -0,21 0,14  

PSO 0,99 -0,90 0,80 -0,73 0,03 0,27 -0,21 0,13 0,23 

FA 1,00 -0,89 0,80 -0,72 0,04 0,27 -0,20 0,14 0,04 

GA[1] 0,91 -0,79 0,80 -0,59 0,17 0,46 -0,03 0,22 25,12 

PSO[1] 0.99 -0.88 0.80 -0.71 0.04 0.30 -0.18 0.15 5,08 

FPA[1] 0,99 -0,90 0,81 -0,72 0,03 0,27 -0,21 0,14 0,39 

TABLE 1.  ANALYSIS RESULTS FOR PSO AND FA ALGORITHMS 
 FOR SYSTEM 3 

Algorithm Mean Error Standard Deviation 

PSO 4,2077 3,2872 

FA 0,8825 0,5837 

V. SIMULATIOUN RESULTS 
In this study, parameter values of IIR filter are determined 

by using PSO and FA algorithms. For this, heuristic 
algorithms are used for the Gaussian distributed signal applied 
to the system and they have also been applied to the IIR filter 
to minimize the Absolute Error Criterion between the system 
and the IIR filter. For this reason, the parameters of the 
algorithms and the system parameters are selected from the 
same parameters as those in the literature for comparison. In 
addition, in order to test the success of this problem, each 
algorithm is run 100 times and its standard deviations and 
expected values are examined. The parameters of 3 different 
IIR filters for 3 different systems are determined by PSO and 
FA algorithms. According to these results, FA algorithm 
seems to find the IIR filter more accurate as it represents the 
system better by making better convergence in the global 
search as its expected value and standard deviation are lower. 
Since the PSO algorithm can not move away from some local 
points, the average of errors and standard deviations are 
higher. Thus, it is seen that the FA algorithm is more 
successful than Genetic algorithm, Particle swarm 
optimization and Flower pollination algorithm in this problem 
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Abstract— Predicting accurate efforts at the early stages of 
the Software Life Cycle is one of the greatest challenges in 
software industry. Effort estimation remains a very difficult 
task since the software requirements are not well known and 
understood/or the details have not yet been specified. Thus, 
most of software effort estimation models are built on using 
historical project data. For this purpose, CBR based prediction 
models have been extensively used. In CBR techniques, 
choosing the most similar case has a strong impact on the 
prediction accuracy, nevertheless, it remains a hard task 
especially on the presence of alternatives projects; projects that 
are equally similar. This paper proposed a new method to 
select the most appropriate case by using ant colony 
optimization algorithm. The ACO algorithm will be used to 
search for the best case of past cases based on the different 
features similarity values (FR_similarity, NFRs_similarity and 
DPs_similarity). To  verify  the  efficiency  and  performance 
of  the  proposed  model,  an  example  was conducted and the 
results were compared with that of the real estimation. The 
results of the example show that proposed model in this paper 
is an attractive alternative to retrieve the most appropriate 
case and is useful and beneficial for decision making during the 
effort estimation. 

Keywords—CBR, ant colony optimization, effort estimation, 
FR, NFR, DP. 

I. INTRODUCTION

Having reliable estimates at an early stage in a project’s 
lifecycle enable project managers to perform proper planning 
of the Software Life Cycle activities. In the past decade, 
various models have been proposed to help solve the 
problem of making accurate, yet early, software project 
predictions [1] [2] [3]. This paper focuses on case based 
reasoning, which has become a very popular and also one of 
the most advantageous and successful AI techniques [4]. It is 
an analogy-based methodology, based on the assumption that 
problems can be solved efficiently by reusing knowledge 
about similar, previous experiences. 

In order to solve a new problem, R5 CBR model is 
defined [5] that composed of 5 phases: representation, 
retrieval, reuse, revision, and retain, which is the model 
adopted in this approach. In the first step cases have to be 
identified taking into consideration a comprehensive set of 
different types of project parameters and requirements – 
functional requirements (FRs: all the functions that the 
system has to perform,), non-functional requirements (NFRs: 
always related to FRs, and we cannot verify them 
independently of FRs, and they concern Quality attributes 
and constraints [6] (Quality attributes: connected to the 
quality of the services and the functions offered by the 
system (e.g safety, security…), and Constraints; restrictions 
on the features offered by the system (e.g team capability and 

experience, methodology followed to build the system (RUP, 
agile...)…).), constraints and domain properties (DPs: the 
characteristics of the context in which the requirement is 
carried out) [7], and also the relationships among them; as 
each NFR has to be related to one or several FRs, to be 
performed within the associated list of DPs. In the second 
step, the most similar solved problem should be found 
(source case). Then the solution to this problem might be 
directly reused, but, in some cases, some adaptation is 
required, which is mostly based upon the differences 
between the previous problem and the problem to be 
resolved. Once the solution to the new problem has been 
verified, it will be used and the description of the problem 
and its solution will be added to the case based to solve new 
problems in the future.  

The key accuracy of CBR based software effort 
estimation is having reliable similarity measurement values 
[8]. In the context of developing software effort estimates 
using CBR, traditional methods and similarity metrics were 
extended to help managers in similarity measurement 
activity [8] [9]. Although some approaches to optimize 
similarity measures automatically have already been applied, 
these approaches still have several limitations.  On the one 
hand, they are restricted to some features (generally to 
Functional requirements). On the other hand, they do not 
take into consideration the relationships between 
requirements during the similarity measurement.  

In order to optimize the similarity assessment in CBR we 
have proposed a novel algorithm which is based on Ant 
Colony Optimization (ACO) [10].  The  aim  of  the 
algorithm  is  to  search  for  an appropriate case in the case 
base, based on the behavior of ant walks in the path  from 
the  source  to  the  destination; initially ants moves 
randomly to find the food laying down pheromone trails 
while moving.  Other ants find their way based on the 
pheromone concentration deposited on the path. In our ACO 
algorithm, firstly, we extract the requirements candidates 
from data set based on the nearest values of FR_similarity (in 
order to measure the similarity we use the Semantic textual 
similarity STS [11]). Secondly, we measure the similarity 
between the NFRs and the DPs (NFR_similarity and 
DP_similarity) related to each FR of the requirements 
candidates and those related to the FR of the requirement to 
be estimate.  

As a result, the prediction model is built to take the 
different types of requirements, FRs and NFRs and DPs, and 
their relationships. The objective of this paper is to present 
an approach that optimizes the accuracy of CBR effort 
estimation model by optimizing the accuracy of the 
similarity measures.    
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The rest of this paper is organized as follows: Section 2 
gives an overview to Case based effort estimation and 
adjustment methods. Section 3 presents the proposed 
method. Section 4 presents an applicative example. Finally, 
section 5 summarizes our work and outlines the future 
studies 

II. RELATED WORK 
Machine learning methods have recently gained attention 

in software development effort estimation research [12] [13]; 
one of these methods is Case-Based Reasoning (CBR) 
approach [14] [15], in which effort estimates are made by 
retrieving similar project from the past and adapting its 
actual effort for estimating the effort of a new project.  

CBR technique was found to have certain advantages 
over other machine learning techniques; because of its 
capability of handling large and multimodal datasets [16] 
better than other machine learning techniques, and offering 
the ability for the data to be easily updated continuously; 
moreover, it is more reliable and more preferable than other 
methods because it simulates human problem solving 
behavior [17] [18]. In case-based reasoning (CBR), problems 
are solved by adapting the solutions of similar previous cases 
stored in a case base. So, it is possible to conclude that the 
software similarity accuracy has significant impact on the 
accuracy of CBR models. 

There are many ways of measuring similarity and 
different approaches have been proposed in the literature. 
Traditional way to compute the similarity in CBR is on using 
distance metrics, which measure the distance between a new 
and a stored case, to indicate how close these two projects 
are. From the most common distance metrics in the field of 
software similarity measurement there are Euclidean 
distance, Manhattan and Weighted Euclidean distance [19]. 
In addition, one of the widely used techniques in analogy-
based estimations is semantic-based measures [20], which 
consists of the sum of the semantic similarity value of 
features in the description of the new problem and the 
previous problem; measuring the similarity between words, 
sentences…etc. In our process of comparison, we use the 
STS [11] to measure the degree of semantic equivalence 
between two features. STS seeks to measure the degree of 
semantic equivalence between two segments of text. This 
measurement is performed using a scale between 0 and 1. It 
is based on a hybrid approach; distributional similarity and 
Latent Semantic Analysis (LSA – that relies on the 
hypothesis that words occurring in the same contexts tend to 
have similar meanings). STS adopt, on the one hand, align 
and penalize algorithm, i.e. that gives penalties to the word 
that are poorly aligned, and on the other hand it uses a 
support vector regression model [11].  

In literature various authors have put forward various 
proposal to adjust determining the best similarity 
measurement technique of analogies such as nearest 
neighbor algorithms; k-NN [21], also suggested using 
similarity fuzzy C-means clustering and fuzzy logic [9] and 
others investigated the use of Genetic Algorithms (GA) [22]. 

Concerning the adjustment, there have been various 
methods developed for effort adjustment in context of 
analogy and CBR [23] [24] [25], and models based on 
swarm intelligence [26]. In this paper, we propose a new 
CBR technique that relies on ant colony optimization (ACO), 

that has been widely used for optimization problems; used 
previously for the purpose of planning, analyzing the 
progress and the completion of projects [27]. Moreover ACO 
has been also used for predicting the effort [28] [29]. 

This study proposes an improved Case-Based Reasoning 
(CBR) approach integrated with ant colony algorithm to 
retrieve similar projects (similar requirements) from the case 
base, taking into consideration the different types of 
requirements. 

III. METHODOLOGY 
In this paper, Ant Colony Optimization algorithm is used 

to increase the accuracy in estimating the effort of software 
projects.  

A. CBR Cycle 
The CBR cycle is described as follows: 

Elaborate. This phase is not included in the classic CBR 
cycle [30]. It aims to elaborate and formalize the description 
of the current project to be measured. In this stage, 
requirements are represented as follow: Each NFR (quality 
attribute or constraint) is related to a FR(s) that depend 
heavily on the context properties: the DPs. This 
representation is common to requirements of completed 
projects stored in the case base.This step helps understand 
exactly what you will be measuring and helps visualize the 
software requirements.  

Retrieve. It consists of searching the most similar cases 
to the target problem, based on similarity measures. Some 
systems use several stored cases and combine them to solve a 
problem (like in our method).The case found, used, is called 
the source case. To measure the similarity, we use STS. The 
system finds cases FR1,…,FRk similar to the target FRi. Then 
we proceed to the comparison of NFRs and DPs associated 
to the FR to be measured. We take all the features in 
consideration during the similarity measurement process. 
Thus, when comparing requirements, we get for each 
comparison a vector of similarity composed of the value of 
similarity of FR, the value of similarity of NFRs and the 
value of similarity of DPs. The vector is given as 
(FR_similarity, NFRs_similarity, DPs_similarity). 

Reuse. Attempt to solve the target problem, and to 
generate a solution to it by using the source case solution. 
After measuring the global value of similarity SIM, to 
estimate the effort, we apply the following formula: 

( ) ( )   A
B

effort(B)
Effort A/B = priority * SIM A,B *

priority
 (1) 

SIM(A,B) is the value of simalirity between A and B. 

The effort measurement formula takes into consideration 
the priority information given in the problem description 
(determined during requirements analysis) and obtained from 
the use of our framework based on AHP [31]. 

Revise. After the adaptation is completed, the solution is 
presented to the user of the system, to be tested, and it can be 
accepted, to modify, or even refused.  

Retain. Retain the new problem and its confirmed 
solution as a new case. Concerning the use of CBR, this 
model offers the use of ACO technique for enhancing the 
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accuracy of similarity measures among cases of multiple past 
projects that are similar to the current software project, 
towards determining and selecting the most similar one 
among them, especially, in the presence of a set of 
alternatives. This proposed solution depends not only on the 
FRs similarity values or on the requirements similarity 
values in global, but also mostly on the degree of similarity 
between different component (FR, NFRs, DP), knowing that 
these components are in interdependencies between each 
other.  After we apply a semantic similarity between the 
different component, using STS, ACO algorithm will be used 
for measuring the final similarity value of the entire 
requirement to be estimated. The illustration of the proposed 
approach is described in the next section. 

B. Ant colony optimization algorithm 
ACO is one of the most known meta-heuristic 

algorithms, inspired from the natural life of the ants. The ants 
are able to produce pheromone to find the nearest path to the 
food. The ants selecting the nearest path create more 
pheromone than the ones selecting the longer paths. As the 
more pheromone attracts more ants, the more and the more 
ants will select the shorter path and then all ants will find the 
shorter path, and move on it. The probability of the ant to 
pick up a node is calculated according to the following 
equation: 

, ,

, ,

.( ) ( )

( ) .( ) ( ),

0

   

                                

i k i k

i k i k

k

t t

kP t if j allowedkt ti j
j allowed

otherwise

  (2) 

Where the starting point is i, the ending point is j, ,i j is 
the visibility which is  (the nearer cities will be selected with 
higher probability) 

The pheromone factor, 
, ( )i k t is the pheromone volume, 

and allowedk is a set of nodes that have not yet been 
accessed. 

The constant α is the weighted value of the pheromone 
factor, and the constant β is the weighted value of the 
heuristic factor. 

After each ant has constructed a complete solution, we 
update the pheromone trails based on a pheromone updating 
equation. 

Basic idea of the algorithm 
The algorithm starts by creating several ants (greater than 

or equal to the number of requirements candidates). The 
ACO algorithm parameter are initialized during the 
initialization phase; for example, the initial value of the 
pheromone is set to FR_similarity value. In the solution 
construction phase, first, each ant randomly selects a 
requirement. Then, the ant chooses the next requirement to 
access based on the state transition probability function P 
composed of pheromone information, (taking into 
consideration NFRs_similarity value and DPs_similarity 
value), and heuristic information. Subsequently, each ant 
continues to choose the next requirement to visit in the same 
way until it has constructed a complete walk. 

The general idea of our ACO approach is to apply the ant 
algorithm for determining the most similar requirement Ms 
from a list of requirements candidates R={R1,R2..,Rn}.   On 
each node of R, we set the pheromone and heuristic 
information.  In the walk of an ant, the ant at node i chooses 
the next node j according to a probability Pi,j. Some nodes 
may be visited multiple times, and some nodes may not be 
visited. 

The value of Pi,j is defined according to the pheromone 
and heuristic information on the node.  The node has higher 
probability to have a link will get larger values of 
pheromone.  In  every  iteration,  after the ants finish a round 
of walk and form a solution; each  of  m   ants  constructs  
one  solution  by  calculating the similarity of the 
requirement. For the measurement of the similarity value of 
selected requirement candidate j, a SIM function is defined 
to measure the similarity of each requirement and will be 
used to update the pheromone information. A node with 
higher FRs_similarity, higher NFRs_similarity value and 
higher DPs_similarity value, will have higher quantity of 
pheromone. 

Generally the importance of a node is measured by its 
”SIM” value that refers to the global similarity value, as it 
takes into consideration the value of similarity of different 
features of the requirement. In general, greater SIM degree of 
a node means that it is the most similar. Therefore, the SIM 
degree of a requirement candidate can be measured in three 
aspects, namely, the degree of similarity of FR, the degree of 
similarity of NFRs and the degree of similarity of DPs.  The 
updating of the pheromone trails is a key element to the 
adaptive learning technique of ACO and the improvement of 
future solutions. The quantity of pheromone on each 
requirements is updated as follow: First, pheromone updating 
is conducted by increasing the amount of pheromone on 
edges to most similar requirements (A node with higher 
FRs_similarity, higher NFRs_similarity value and higher 
DPs_similarity), in order to simulate the natural trail of the 
pheromone and to ensure that the path becomes too 
dominant. This is done with the following pheromone 
updating equation: 

( ), ,
* 1( ) ( )i j i j

P Qt t               (3) 

max( _ ( , ) max( _ ( , ), , ,' 1, ' 1
1 1*

n m
yzSTS similarity NFR NFR STS similarity DP DPi A i A Bi B

i i
n m

P

i

max( _ ( , ) max( _ ( , ), , ,' 1, ' 1
1 1

n m
yzSTS similarity NFR NFR STS similarity DP DPi A i A Bi B i

i i
n m

Q  

Where n is the number of NFRs related to the 
requirement A, to be estimated, and z is the number of NFRs 
related to the requirement B. m is the number of DPs related 
A, and y is the number of DPs related to B. 

In the proposed approach, the similarity is measured 
using STS [5]. 

Obviously, the edge with larger pheromone and heuristic 
value will have higher probability to be chosen by the ants. 
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Figure 1. Algorithm ACO similarity measurement 

The proposed method first phase computed the 
probability of each selected factors by ant colony system.  
Second  phase combines  the  value  of  these  factors  to  
calculate  the  similarity value overhead  for  the  
requirements by  using  STS.   

After each iteration only the ant visiting the similar 
requirement is allowed to add pheromone to its trail. This 
allows for a better exploitation of the best solution found. 

The pheromone list formed is output as the final 
similarity measurement values of the requirements 
candidates. Which plays significant role in identifying 
closest requirements to a requirement under-estimation, 
which in turn affects estimation accuracy.  

Once the most similar requirement has been selected the 
next step is to calculate the effort by reusing the effort and 
the information of the retrieved requirements.   

Figure1 and Figure 2 show the algorithm and steps of 
ACO based model for deriving the most similar requirement.   

IV. EXAMPLES AND RESULTS 
To verify the accuracy of the algorithm, an example 

derived from a meeting scheduler system (MSS) project was 
implemented according to the proposed model.  

Table 1 shows the description of the requirement under-
estimation and description of the requirements candidates 
(previous requirement that are functionally similar). 

In accordance with the above mentioned steps, a 
pheromone measurement is conducted. 

  The network modeling, the nodes, and the values of 
similarity are implemented in Figure 3. 

 

 

 

Table 1 Relevant information of example 
Ri FR NFRs DPs 
C The meeting scheduler 

system (initiator ) shall be 
able to schedule a meeting 
with a meeting topic, date 
range, duration, and location 
for a list of participants. 

The user 
interface of the 
system should 
be easily usable 
by non-experts 
 
 
 
 

-Initiator can be 
one of the 
participants or 
some 
representative 
(e.g. secretary). 
 

R1 The meeting scheduler 
system (initiator )  shall 
determine the meeting date 
and location under the 
constraints of the 
participants; it shall be 
outside of any exclusion 
sets, within as many 
preference sets as possible, 
within the date range as set 
by the meeting initiator, and 
with enough lead time 
before the date range. 

NFR1-
Usability:The 
user interface of 
the system 
should be easily 
usable by non-
experts. It 
means that the 
SDMSTM 
system should 
reflect as closely 
as possible to 
the way non-
automatic 
meetings are 
typically 
managed 
 
NFR2-
Performance: 
the elapsed time 
between the 
submission of a 
meeting request 
and the 
determination of 
the 
corresponding 
date/location 
should be 
minimal 
 

A meeting 
initiator will ask 
all potential 
meeting 
attendees for the 
following 
information 
based on their 
personal agenda. 
 

R2 The system shall ask all 
potential meeting attendees 
for set of dates they cannot 
attend the meeting 
(exclusion sets) and the set 
of dates they would prefer 
the meeting to take place 
(preference sets). 

NFR2-1-

Convenience – 

All the 

participants of 

the meeting 

should be 

comfortable 

with the meeting 

date and the 

location 

NFR2-2- 

Usability - The 

system should 

have a good 

user interface. 

 

The definitions 
would be as 
follows:  
-The active 
participants are 
those who will 
talk during the 
meeting. 
-
 Impo
rtant 
participants are 
those who may 
or may not talk, 
but whose 
presence in the 
meeting is 
important. All 
active 
participants are 
important 
participants 
also. 
-Potential 
attendees 
include the 
active 
participants, 
important 
participants and 
the other 
optional 
participants of 
the meeting. 

Input R:set of all Requirements candidates 
      C:current Requirement 
      Ms:the most similar Requirement 
      i:Requirement  // i in R 
  
output: Ms: the most similar requirement and 
pheromone distribution 
 
Begin: 
Ms←ø 
Set the initial value of pheromone of 
requirements to the value of FR_similarity 
While(R!= ø) 
C ← i 
If(SIM(C)> SIM (Ms)) 
MS ← C 
UpdatePheremone(C) according to (2) 
End if 
Remove C from R 
end while 
return Ms 
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R3 Any user is allowed to 

initiate a request for a new 
meeting using the MSS, 
provided he/she is registered 
with the system. A user who 
initiates a meeting is 
referred to as the Initiator. 
To initiate a new meeting, 
the initiator shall 
provide the following as 
input to the MSS: 
-Agenda of the meeting. 
- ate-range, consisting of 
three 'date and time' pairs 
 -Participant list 
-Active participant (if any). 
-Room (one for each date) 
for the meeting to be 
conducted in.  

NFR3-1-
flexibility: The 
meeting 
scheduling 
process is 
flexible in the 
sense that the 
participants are 
allowed to 
change their 
Preference Sets 
any number of 
times until the 
Freeze date. 
 
NFR3-2-The 
system should 
be easy to use; 

- Active 
participant is an 
important 
candidate for a 
meeting. 
- Who decides 
participant or 
active 
participant is 
potential 
candidate to 
decide 
room location 
for a meeting. 
- Initiator is an 
authority to 
major decision 

 
Table 2 Results of STS similarity measurement  

           C 
  FR NFR DP 

R1 FR 0.775 - - 
NFR1 - 0.863  max - 
NFR2 - 0.05 - 

DP - - 0.26 
R2 FR 0.63 - - 

NFR2-1 - 0.088    - 
NFR2-2 - 0.733  max - 

DP - - 0.785 
R3 FR 0.675 - - 

NFR3-1 - 0.143 - 
NFR3-2 - 0.714 - 

DP - - 0.607 
 

Table 2 shows the similarity values between the different 
features of the current requirement C, and previous 
requirements R1n R2 and R3.  

As shown in Figure 3, the network comprises a set of 
alternatives, among which we have to select, according to the 
global degree of similarity “SIM(Ri)”, Since not all 
similarity values are equal, neither the requirements 
candidates are equally similar, so pheromone is used to 
express the global degree of similarity of each criterion , and 
help select the most similar requirement. 

From the example, first the ants select the three paths by 
the same probability. See Figure 3. Pheromone value of each 
edge is initialized to its FR_similarity. Then we apply the 
formula (2) to update the pheromone. 

, 1
2.0718( )C R t                       

  , 2
2.5105( )C R t  

, 3
2.28( )C R t  

After applying the ACO algorithm, the most similar 
requirement is R2 with an average of similarity value of 
0.716(taking into consideration the FR_similarity, 
NFR_similarity and DP_similarity). 
According the CBR model, and by applying the formula (1); 
 

Effort(C/R2)=10.732 (man-hours). 
 

Real_Effort(C)=9.4437 (man-hours). 
 
 
 

 
 

Figure 3. The network of example 
  
 
The results of the example show that the proposed model 

based  on  ACO  algorithm  can  produce  the  global optimal  
solution  by  searching  the most similar requirement taking 
into consideration the degree of similarity of FRs and NFRs 
and DPs related to the requirement to be estimated and those   
related to the retrieved requirement. 

V. CONCLUSION 
This paper has presented a model which can be used to 

improve the reliability of CBR effort estimates. This model 
uses an ACO algorithm to generate a global degree of 
similarity, and to select the most similar requirement from 
alternatives. To verify the efficiency and performance of the 
proposed model, an example derived from a Meeting 
Scheduler System was conducted and the results of the 
example show that the proposed model based on ACO 
algorithm can produce better results. Hence, we conclude 
that the ACO model is relatively best predictor, provides 
estimates with less uncertainties, than otherwise would have 
been. 

One line of future work concerns carrying out case 
studies involving industrial projects. Exploration of 
deploying other techniques; other swarm optimization 
techniques and other machine learning techniques, is another 
area of research, which could be used for comparative 
purposes. 
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Abstract— In this paper, a robust guaranteed cost 
observer-based state feedback controller design problem 
is studied for a class of linear uncertain systems with 
norm-bounded uncertainties. Employing the Lyapunov 
stability theorem, the criteria of robust stabilization are 
investigated within the framework of linear matrix 
inequalities (LMI). The feasibility problem of the 
stabilization criteria is solved using the technique of cone 
complementary minimization algorithm. Moreover, the 
minimization of the guaranteed cost is also obtained. 
Finally, two numeric examples are presented to illustrate 
the proposed stabilization which provides a considerable 
improvement.       

Keywords—robust control, lyapunov stability theorem, 
guaranteed cost control, observer-based  design 

I. INTRODUCTION
All dynamical systems which are of physical and 
engineering are related with the subject of 
uncertainties that are not known exactly because of the 
modelling errors. Robust controllers for linear 
uncertain system have received considerable attention 
for decades. A Riccati Matrix approach has been used 
in [1] with the notion of quadratic guaranteed cost 
control   for linear uncertain systems in order to 
determine robust controller guaranteeing a cost 
pertaining to the upper bounding by initial condition. 
A Lyapunov approach was proposed in [2] to develop 
guaranteed cost controllers which lead to stability not 
only in the time domain but also in the frequency 
domain. 

Recently, it has attracted considerable attention for 
reducing variety problems via optimization involving 
linear matrix inequality in [4]. Linear matrix inequality 
(LMI) approach has been presented in [3] for the 
design of robust control which provides a minimized 
guaranteed cost for linear uncertain systems with 
convex optimization using LMI constraints. A robust 
delay guaranteed cost controller for linear uncertain 
system has been introduced in [4] which minimizes 
upper bound of the cost with a convex optimization.  

On the basis of developing a guaranteed cost has been 
derived in [5] for a class of linear time-delay system 
with norm bounded uncertainties. The design of robust 

control for nonlinear uncertain system obtained using 
a guaranteed cost approach has been presented in [6] 
LMIs optimization with off-the shelf algorithms. 

The condition for a guaranteed cost in [7] state 
feedback controller is transformed into LMI based on 
the Lyapunov stability theorem and the performance 
index has been minimized. 

Robust observer-based control has been investigated 
in [11] for time-delay uncertain systems and it showed 
the stability analysis. Furthermore, the uniformly 
asymptotic stability analysis is introduced in [12] for 
the time delay uncertain system. 

Robust control is examined based on the disturbance 
observer-based in [13] for time delay uncertain 
system. This system is proved the stability on the basis 
of  Lyapunov method. 

Sliding mode control is viable for robust control of 
constant time delay systems in [14] with mismatched 
uncertainties and disturbance. 

In this paper, a robust stability guaranteed cost 
observer-based controller is developed for linear 
uncertain systems with norm bounded uncertainties 
using the Lyapunov stability theorem. The criteria of 
stabilization are formulated within the context of 
LMIs. The guaranteed cost using the technique of cone 
complementary linearization minimization algorithm 
is introduced. Finally, numerical examples 
demonstrate the feasible solutions for both nominal 
linear system of equations and for linear uncertainty in 
order to exhibit significant development. 

II. PROBLEM STATEMENT
Let us consider a class of linear uncertain system 
described as 

 �̇�(𝑡) = [𝐴 + ∆𝐴(𝑡)]𝑥(𝑡) + [𝐵 + ∆𝐵(𝑡)]𝑢(𝑡)     (1) 

𝑦(𝑡) = 𝐶𝑥(𝑡)                                                                    (2)     
where , 𝑥(𝑡) ∈ 𝑅𝑛 is the state vector, 𝑢(𝑡) ∈ 𝑅𝑚𝑥𝑝 is
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the control input, 𝑦(𝑡) ∈ 𝑅𝑛𝑥𝑝 is output vector, 𝐴 ∈ 
𝑅𝑛𝑥𝑛  and  𝐵 ∈ 𝑅𝑛𝑥𝑚 are constant system matrices, 
𝐶 ∈ 𝑅𝑝𝑥𝑛 is the constant output matrix and 
∆𝐴(𝑡) , ∆𝐵(𝑡) represent the uncertainty matrix which 
are considered to be of following form 

[∆𝐴(𝑡) ∆𝐵(𝑡)] = 𝐷𝐹(𝑡)[𝐸𝑎 𝐸𝑏]                                  (3) 

where 𝐷, 𝐸𝑎 , 𝐸𝑏  are unknown constant matrices with 
relevant dimensions and 𝐹(𝑡) is uncertain matrix with 
Lebesgue measurable elements satisfying 

𝐹𝑇(𝑡)𝐹(𝑡) ≤ 𝐼                                                               (4) 

A quadratic performance index for linear system is 
introduced as follows 
𝐽 = 1

2 ∫ [𝑥𝑇(𝑡)𝑆𝑥(𝑡) + 𝑢𝑇(𝑡)𝑅𝑢(𝑡)∞
0 ]𝑑𝑡                     (5) 

where the 𝑆 and 𝑅 are positive-definite real symmetric 
matrices to be specified appropriately. 

A state feedback controller is introduced by using state 
estimate of 𝑥 

𝑢(𝑡) = 𝐾�̂�(𝑡)                                                                  (6) 

where 𝐾 ∈ 𝑅𝑛𝑥𝑛 is the control gain matrix and �̂�(𝑡)  is 
the estimate of x(t) governed by the following  

�̇̂�(𝑡) = 𝐴�̂�(𝑡) + 𝐵𝑢(𝑡) + 𝐿[(𝑦(𝑡) − �̂�(𝑡)]                 (7) 

where 𝐿 ∈ 𝑅𝑛𝑥𝑝  is the observer feedback matrix 

Hence, the error dynamics is obtained as observer 
dynamics, 

�̇�(𝑡) = (𝐴 − 𝐿𝐶) 𝑒(𝑡)                                                     (8) 

where 

𝑒(𝑡) = 𝑥(𝑡) − �̂�(𝑡)                                                         (9) 

III. MAIN RESULT 
In this section, we first employ the Lyapunov stability 
theorem. We assume that there is no uncertainty that is 
we consider nominal linear system namely, ∆𝐴(𝑡) =
0 𝑎𝑛𝑑 ∆𝐵(𝑡) = 0 in (1)  

Lemma 1:  If there exist real and symmetric positive 
definite matrices 𝑋, 𝑄 and matrices 𝑌 and 𝑊 all with 
appropriate dimensions satisfying 

 

Ʃ =

[
 
 
 
 Ʃ11 0 𝑌𝑇 𝑋 −𝐵𝑌

∗  Ʃ22 0 0 0
∗ ∗ −2𝑅−1 0 −𝑌
∗ ∗ ∗ −2𝑆−1 0
∗ ∗ ∗ ∗ −𝑋𝑍𝑋]

 
 
 
 

< 0      

                                                                               (10)        

where  

Ʃ11 = 𝐴𝑋 + 𝑋𝐴𝑇 +  𝐵𝑌 + 𝑌𝑇𝐵𝑇 , Ʃ22 = 𝑄𝐴 +
𝐴𝑇𝑄 − 𝑊𝐶 − 𝐶𝑇 𝑊𝑇 + 𝑍  

then, a stabilizing observer-based state feedback 
controller gain is defined as 𝐾 = 𝑌𝑋−1. 

Proof: We choose a candidate Lyapunov functions 

𝑉(𝑥(𝑡), 𝑡) = 𝑥𝑇(𝑡)𝑃𝑥(𝑡)+𝑒𝑇(𝑡)𝑄𝑒(𝑡)                     (11)          

where 𝑃 and 𝑄 are real symmetric positive definite 
matrices then, we calculate the following quadratic 
expression 

�̇�(𝑥(𝑡), 𝑡) + 1
2
𝑥𝑇(𝑡)𝑆𝑥(𝑡) + 1

2
 𝑢𝑇(𝑡)𝑅𝑢(𝑡)             (12) 

Substituting (6) into (12) allows to  

�̇�(𝑥(𝑡), 𝑡) + 1
2
𝑥𝑇(𝑡)𝑆𝑥(𝑡) + 1

2
 𝑢𝑇(𝑡)𝑅𝑢(𝑡)                                                 

= 2𝑥𝑇(𝑡)𝑃�̇�(𝑡) + 2𝑒𝑇(𝑡)𝑄�̇�(𝑡) +  1
2
𝑥𝑇𝑆𝑥 +

1
2
�̂�𝑇(𝑡)𝐾𝑇𝑅𝐾�̂�(𝑡)                                                               (13) 

Substituting �̂�(𝑡) = 𝑥(𝑡) − 𝑒(𝑡) the equation in (12) 
is rewritten in view of (1), (2), (6) we obtain, 

2𝑥𝑇(𝑡)𝑃[ 𝐴𝑥(𝑡) − 𝐵𝐾𝑒(𝑡) + 𝐵𝐾𝑥(𝑡)] +
2𝑒𝑇(𝑡) 𝑄(𝐴 − 𝐿𝐶) 𝑒(𝑡) + 1

2
𝑥𝑇𝑆𝑥 +

1
2
�̂�𝑇(𝑡)𝐾𝑇𝑅𝐾�̂�(𝑡) =  𝑥𝑇(𝑡)𝜓 𝑥(𝑡)                              (14)                                        

where  𝑥(𝑡) = [𝑥𝑇 𝑒𝑇]𝑇 

 

𝜓 =

[
 
 
 
 
 
 𝑃𝐴 + 𝐴𝑇𝑃
+ 𝑃𝐵𝐾 + 𝐾𝑇𝐵𝑇 𝑃

+   1
2
 𝑆

−𝑃𝐵𝐾 − 1
2
𝐾𝑇𝑅𝐾

∗    
 𝑄𝐴 + 𝐴𝑇𝑄

−𝑊𝐶 − 𝐶𝑇 𝑊𝑇

+ 1
2
  𝐾𝑇𝑅𝐾 ]

 
 
 
 
 
 

              

with 𝐿 = 𝑄−1𝑊 .In order to guarantee (12) to be less 
than zero, we need to satisfy, 

𝜓 < 0                                                                                       (15) 

 
If we apply Schur complement [8] to the bilinear 
matrix inequality (BMI) in (15) then, we get an 
equivalent BMI, 
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          𝜓 =

[
 
 
 
 
 
  𝑃𝐴 + 𝐴𝑇𝑃
+ 𝑃𝐵𝐾 + 𝐾𝑇𝐵𝑇 𝑃 

+   1
2
 𝑆

−𝑃𝐵𝐾 𝐾𝑇

∗  𝑄𝐴 + 𝐴𝑇𝑄
−𝑊𝐶 − 𝐶𝑇 𝑊𝑇 −𝐾𝑇

∗ ∗ −2𝑅−1

 

]
 
 
 
 
 
 

                                                                                 

                                                                               (16) 

 Denoting, 𝐾𝑋 = 𝑌 where 𝑋 = 𝑃−1 we apply a 
congruent transformation via pre-and post-multiplying 
(16) with 𝑑𝑖𝑎𝑔 {𝑋, 𝐼, 𝐼} to get 
 

[
 
 
 
 
 
  𝐴𝑋 + 𝑋𝐴𝑇

+ 𝐵𝑌 + 𝑌𝑇𝐵𝑇

+  1
2
   𝑋𝑆𝑋

−𝐵𝑌𝑋−1 𝑌𝑇

∗   𝑄𝐴 + 𝐴𝑇𝑄
−𝑊𝐶 − 𝐶𝑇 𝑊𝑇 −𝑋−1𝑌𝑇

∗ ∗ −2𝑅−1 ]
 
 
 
 
 
 

< 0                   

 
                                                                                        (17)                                                                                                                                                                        
                                                                                                                                                                            
Applying a Schur complement [8] again in (17) we get,  
 
Ω =

[
 
 
 
 
  𝐴𝑋 + 𝑋𝐴𝑇

+ 𝐵𝑌 + 𝑌𝑇𝐵𝑇 −𝐵𝑌𝑋−1 𝑌𝑇 𝑋

∗  𝑄𝐴 + 𝐴𝑇𝑄
−𝑊𝐶 − 𝐶𝑇 𝑊𝑇 −𝑋−1𝑌𝑇 0

∗ ∗ −2𝑅−1 0
∗ ∗ ∗ −2𝑆−1]

 
 
 
 
 

  

                                                                                                      
                                                                               (18) 
Let us reexpress Ω in the following form 
 

Ω = Ω0 + Ω1
𝑇+Ω1                                                  (19)                                                                                                                                                                                   

  where 

Ω0 =

[
 
 
 
 
  𝐴𝑋 + 𝑋𝐴𝑇

+ 𝐵𝑌 + 𝑌𝑇𝐵𝑇 0 𝑌𝑇 𝑋

∗  𝑄𝐴 + 𝐴𝑇𝑄
−𝑊𝐶 − 𝐶𝑇 𝑊𝑇 0 0

∗ ∗ −2𝑅−1 0
∗ ∗ ∗ −2𝑆−1]

 
 
 
 
 

            

and                                                                               

    Ω1 = [
0 −𝐵𝑌𝑋−1 0 0
0 0 0 0
0 −𝑌𝑋−1 0 0
0 0 0 0

] 

Now we shall rewrite  Ω1 

      Ω1 = [

−𝐵𝑌
0

−𝑌
0

]  𝑋−1  [0 𝐼 0 0]                          (20)                                                                                                                                                                                      

            = Ԥ𝑇 𝑋−1Ɵ                                            

 where  

Ԥ = [−𝑌𝑇𝐵𝑇 0 −𝑌𝑇 0]𝑇  

Ɵ = [0 𝐼 0 0]  

Substituting  Ω1 in (20) into (19) and applying the 
well-known bounding inequality, we get 

Ω = Ω0 + Ԥ𝑇 𝑋−1 Ɵ + Ɵ𝑇 𝑋−1 Ԥ  

≤  Ω0 + (Ԥ𝑇 𝑋−1) 𝑍−1 (𝑋−1Ԥ) + Ɵ𝑇𝑍 Ɵ                  (21)                                                                                                                                                                       
Applying Schur complement [8], we get obtain (10). 
Thus, this completes the proof. We realize that the 
equation in (21) is not in the form of convex LMI 
because of the nonlinear term which is −𝑋𝑍𝑋. 
Therefore, we now consider an iterative algorithm in 
order to get a feasible solution set for (10).  

Let us choose real symmetric and positive definite 
matrix that is  𝑀𝑇 = 𝑀 > 0  such that 

 −𝑋𝑍𝑋 < −𝑀                              (22)                                                                                                                                                                                
After applying Schur complement, we obtain where 
𝑍 > 0 

 (𝑀
−1 𝑋−1

∗ 𝑍
)  ≥ 0                                                         (23)                                                                                                                                                                         

Next, we present some new variables 𝑀−1 =
𝑁, 𝑋−1 = 𝑇 . We obtain a feasible solution due to 
employing cone complementary technique [9] that 
provides the following nonlinear minimization within 
the framework of LMI conditions [10].  

Minimize 𝑡𝑟(𝑀𝑁 + 𝑋𝑇)  

(𝑀 𝐼
∗ 𝑁) >  0,    (𝑋 𝐼

∗ 𝑇) >  0,   (𝑁 𝑇
∗ 𝑍) > 0     and                                         

 

[
 
 
 
 Ʃ11 0 𝑌𝑇 𝑋 −𝐵𝑌

∗  Ʃ22 0 0 0
∗ ∗ −2𝑅−1 0 −𝑌
∗ ∗ ∗ −2𝑆−1 0
∗ ∗ ∗ ∗ −𝑀 ]

 
 
 
 

 < 0  (24)                                                                                                                                                                       

Next, the following theorem 1 summarizes the results 
on the robust observer-based stabilization criteria for 
the linear uncertain system. 

Theorem 1: If there exist real and symmetric positive 
definite matrices P, Q and matrices Y, W all with 
appropriate dimensions and positive 
scalars Ф, 𝜀1, 𝜀2 and 𝛼 satisfying. 
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Ф =

[
 
 
 
 
 
 
 Ф11 0 𝑌𝑇 𝑋 −𝐵𝑌 𝑋𝐸𝑎

𝑇 0
∗  Ф22 0 0 0 0 𝑄𝐷
∗ ∗ −2𝑅−1 0 −𝑌 0 0
∗ ∗ ∗ −2𝑆−1 0 0 0
∗ ∗ ∗ ∗ −𝑀 𝑌𝑇𝐸𝑏

𝑇 0
∗ ∗ ∗ ∗ ∗   𝜀1𝐼 0
∗ ∗ ∗ ∗ ∗ ∗  𝜀2𝐼]

 
 
 
 
 
 
 

 <

0                                                                                               (25a)       

[𝛼 + 0.5𝑒𝑇(0)𝑄𝑒(0) 𝑥𝑇(0)
∗ −2𝑥

] < 0                       (25b)       

where 

Ф11 =  𝐴𝑋 + 𝑋𝐴𝑇 +  𝐵𝑌 + 𝑌𝑇𝐵𝑇 +  𝜀1𝐷𝐷𝑇 , Ф22 =
𝑄𝐴 + 𝐴𝑇𝑄 + −𝑊𝐶 − 𝐶𝑇 𝑊𝑇 + 𝑍 + 𝜀2𝐸𝑎

𝑇𝐸𝑎 

Proof: If we now consider the norm-bounded 
uncertainty in (3) then, we replace 𝐴, 𝐵 with 𝐴 +
𝐷𝐹(𝑡)𝐸𝑎 and 𝐵 + 𝐷𝐹(𝑡)𝐸𝑏  respectively in (10) to get,   

Ʃ𝑢 =

[
 
 
 
 Ʃ𝑢(1,1) 0 𝑌𝑇 𝑋 Ʃ𝑢(1,5)

∗ Ʃ𝑢(2,2) 0 0 0
∗ ∗ −2𝑅−1 0 −𝑌
∗ ∗ ∗ −2𝑆−1 0
∗ ∗ ∗ ∗ −𝑋𝑍𝑋 ]

 
 
 
 

<

0  (26)                                                                                                                                                                       
where                                   

Ʃ𝑢(1,1) = 𝐴𝑋 + 𝑋𝐴𝑇 +  𝐷𝐹(𝑡)𝐸𝑎𝑋 +
(𝐷𝐹(𝑡)𝐸𝑎𝑋)𝑇 +  𝐵𝑌 + 𝑌𝑇𝐵𝑇 +  𝐷𝐹(𝑡)𝐸𝑏𝑋 +
(𝐷𝐹(𝑡)𝐸𝑏𝑋)𝑇, 

 Ʃ𝑢(1,5) = −𝐵𝑌 − 𝐷𝐹(𝑡)𝐸𝑏𝑌  

Ʃ𝑢(2,2) = 𝑄𝐴 + 𝐴𝑇𝑄 +  𝑄𝐷𝐹(𝑡)𝐸𝑎𝑋 +
𝑄(𝐷𝐹(𝑡)𝐸𝑎𝑋)𝑇 − 𝑊𝐶 − 𝐶𝑇 𝑊𝑇 + 𝑍  

We rewrite as follows 

Ʃ𝑢 = Ʃ𝑢0 + Ʃ𝑢1
𝑇 + Ʃ𝑢1                                             (27)                                                                                                                                                                       

where the Ʃ𝑢0 is linear part, and Ʃ𝑢1 is the nonlinear 
part  

Ʃ𝑢1 =

[
 
 
 
 Ʃ𝑢1(1,1) 0 0 0 −𝐷𝐹(𝑡)𝐸𝑏𝑌

∗ Ʃ𝑢1(2,2) 0 0 0
∗ ∗ 0 0 0
∗ ∗ ∗ 0 0
∗ ∗ ∗ ∗ 0 ]

 
 
 
 
                     

                                                                               (28)                                                                                                                                                                                                        
where  

Ʃ𝑢1(1,1) = 𝐷𝐹(𝑡)𝐸𝑎 + (𝐷𝐹(𝑡)𝐸𝑎𝑋) + 𝐷𝐹(𝑡)𝐸𝑏𝑋𝑇

+ (𝐷𝐹(𝑡)𝐸𝑏𝑋)𝑇 

Ʃ𝑢1(2,2) = 𝑄𝐷𝐹(𝑡)𝐸𝑎𝑋 + 𝑄(𝐷𝐹(𝑡)𝐸𝑎𝑋)𝑇  

We rewrite Ʃ𝑢1 in the following form as  

Ʃ𝑢1 = Ԥ𝑇
1 𝑋

−1 𝜃1 + Ԥ𝑇
2 𝑋

−1 𝜃2  (29)                                                                                                                                                                      

where         Ԥ1 =

(

 
 

𝐷
0
0
0
0)

 
 

𝐹(𝑡)   

 𝜃1 = (𝐸𝑎𝑋 0 0 0 −𝐸𝑏𝑌) , Ԥ𝑢2 =

(

 
 

0
𝑄𝐷
0
0
0 )

 
 

  

 𝜃2 = (0 𝐸𝑎 0 0 0)                                              

Hence, using the well-known bounding inequality 
allows to rewrite (26) as follows 

 Ʃ𝑢 ≤  Ʃ𝑢0 + 𝜀1Ԥ𝑇
1Ԥ1 + 𝜀1

−1 𝜃1
𝑇 𝜃1 + Ԥ𝑇

2Ԥ2 +
𝜀2 𝜃2

𝑇 𝜃2      (30)                                                                                                                                                                       
Then by Schur complement [8] one obtains (25a). We 
shall also demonstrate that the performance index (5) 
has an upper bound shown as the following equivalent 

𝑉(𝑥(0))  = 1
2
𝑥𝑇(0)𝑃𝑥(0)+ 1

2
𝑒𝑇(0)𝑄𝑒(0)                     

≤ 1
2
𝜆𝑚𝑖𝑛(𝑃) ∥ 𝑥(𝑜) ∥2+  1

2
𝜆𝑚𝑖𝑛(𝑄)  ∥ 𝑒(𝑜) ∥2 =

𝐽∗                                                                                            (31)                                                                                                                                                                       
In order to minimize the guaranteed cost in (31) we 
introduce a positive scalar α such that 

1
2
𝑥𝑇(0)𝑃𝑥(0)+ 1

2
𝑒𝑇(0)𝑄𝑒(0) ≤ 𝛼                               (32)                                                                                                                                                                       

Implying that 

−𝛼 + 1
2
𝑥𝑇(0)𝑋−1𝑥(0)+ 1

2
𝑒𝑇(0)𝑄𝑒(0) ≤ 0           (33)                                                                                                                                                                      

The equivalent (33) can be converted into the LMI of 
(25b) by Schur complement. The performance index 
will have minimized upper bound once α is the 
smallest. This completes the proof. The feasibility 
problem of theorem 1 can be solved using the cone 
complementary approach outlined following Lemma1. 
Thus, the aim of the minimization of guaranteed cost 
is satisfied. 

IV. NUMERICAL EXAMPLES 

In this section, two numerical examples are presented 
to show the application of lemma 1 and theorem 1. 

Example 1: The nominal form of system guaranteed 
cost observer-based state feedback controller [4] is 
described as follows  
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�̇�(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡)                                  

𝑦(𝑡) =  𝐶𝑥(𝑡)  

where 𝐴 = [0 0.5
0 1 ], 𝐵 = [ 0

0.5] , 𝐶 = [1 0] 

The initial condition is defined as follows 𝑥_0 = [ 1
0.5]. 

We can get a feasible solution set for (24) with the 
following Lyapunov matrices 

 𝑃 = [9.8525 1.1911
1.1911 9.4857],   

𝑄 = 108𝑥 [ 3.2917 −0.7656
 −0.7656 0.2493 ] 

The upper bound of the guaranteed cost function is 
calculated as 𝐽∗ = 6.7075  and the control gain of the 
state feedback controller is obtained as 

𝐾 = [−1.7309 −10.1860]  

Example 2: We now consider linear uncertain system 
defined in (1) [4] with 

 𝐴 = [0 0.5
0 1 ], 𝐵 = [ 0

0.5] , 𝐶 = [1 0], 

𝐷 = [0.5
0.3], 𝐸𝑎 = [0.1 0.2], 𝐸𝑏 = 0.1 𝐹 = 𝑠𝑖𝑛(𝑡)  

A feasible solution set is obtained for (25) with the 
following Lyapunov matrices. 

𝑃 = [ 42.5610 4.6125
4.6125 31.5982],  

𝑄 = 107𝑥 [ 1.7869  −0.3948
  −0.3948 0.1141 ]  

The state feedback gain matrix is found as  𝐾 =
[ −2.4085  − 10.5507].The upper bound of 
performance index is achieved as  𝐽∗ = 27.5365. This 
indicates that the minimization of the guaranteed cost 
has been succeeded via theorem 1. The observer-based 
control law for nominal and uncertain system are 
illustrated in Figure 1 and Figure 3 respectively. It 
follows from Figure 2 and Figure 4 that the process of 
estimating the state vectors has been achieved quite 
well with a satisfactory form of steady-state accuracy. 

 

Figure 1:  Control law for the nominal system 

  

Figure 2: A state feedback observer design variables 
for nominal system 

 

Figure 3: Control law for uncertain system  
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Figure 4: A state feedback observer design variables 
for uncertain system 

V. CONCLUSION 

This paper has analyzed an observer design based on 
robust control guaranteed cost for linear uncertain 
system. A state feedback control law has been 
introduced using the estimated state from the observer 
design. This system has been investigated on the basis 
of employing Lyapunov stability theorem within the 
framework of LMIs. LMI conditions are shown to 
provide feasible solution set using a convex 
optimization by the cone complementarity 
linearization algorithm. Furthermore, this algorithm 
also employs the minimization of guaranteed cost. 
Consequently, two numerical examples which are of 
nominal and uncertain system description have 
demonstrated that the proposed stabilization method 
provides a satisfactory guaranteed cost. 
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Abstract—This paper presents the balance control design

using Robust Generalized Dynamic Inversion (RGDI) for Rotary

Double Inverted Pendulum (RDIP) system. The RGDI control

comprised of the particular part and the robust control element.

The particular part is responsible to enforce the constraint

dynamics based on the attitude deviation functions, and is

inverted using Moore-Penrose Generalized Inverse (MPGI) to

obtain the control law. An additional robust term based on the

concept of sliding mode is integrated to enhance the robust

characteristics against system nonlinearities, uncertainties and

disturbances. The singularity problem is addressed by incorpo-

rating a dynamic scale factor in the expression of MPGI. The

proposed RGDI control will guarantee semi-global practically

stable angular position tracking of the horizontal rotary arm and

the stabilization of the two pendulums at the upright position.

Numerical simulations are carried out on the RDIP simulator to

analyze the controller performance.

Index Terms—generalized dynamic inversion, robust control,

sliding mode control, double inverted pendulum, Lyapunov sta-

bility

I. INTRODUCTION

The Rotary Double Inverted Pendulum (RDIP) system is
a renowned laboratory equipment, which can be used exten-
sively for educational purposes or research applications. It
is highly complex and under-actuated system which mimics
numerous open loop unstable systems such as robotic arm,
missile launcher, aircraft landing system, attitude control of a
space booster rocket and a satellite, aircraft stabilization in the
turbulent air-flow, etc.

The RDIP system provides an excellent platform for the
control design engineers to analyse and verify the modern
control techniques. It consists of the three degrees of freedom
(horizontal rotary arm with two pendulum links) with only one
control input [1], [2], which makes it a highly complex, under-
actuated nonlinear control problem. Therefore it becomes a
challenging task for the control design engineers to stabilize
the under-actuated nonlinear system.

Numerous linear and nonlinear control algorithms were
proposed in the literature for RDIP system. In linear control,
Linear Quadratic Regulators (LQR) was designed with a local
region of convergence, see [2]. However it is difficult to
control the system by using classical control methods due
to coupled dynamics, system nonlinearities and uncertainties.

As a result, nonlinear control algorithms are significantly
important and inevitable to deal with the system nonlinearities
and uncertainties.

Several nonlinear control methods have been examined
for DRIP system, such as Sliding Mode Control (SMC),
which is famous for its inherent robustness characteristics and
disturbance rejection property, [1], [3]. Additionally intelligent
control techniques based on Fuzzy Logic and Neural Networks
are employed to improve the convergence performance [4]–
[6]. Optimal control was also proposed in literature for RDIP
system by minimizing the quadratic cost function, [7].

Moreover Nonlinear Dynamic Inversion (NDI) is a popular
feedback linearization control technique, in which the system
nonlinearities are eliminated by means of feedback [8]. As a
result this methodology will allow linear control methods to
design the effective control systems. However NDI control has
some limitations and shortcomings such as blind cancellation
of useful nonlinearities, large control effort, obtaining the
inverse model of dynamical system, etc.

On the contrary, Generalized Dynamic Inversion (GDI) is a
novel inversion based control technique, in which rather to in-
vert the whole dynamical system, dynamical constraints in the
form of differential equations are defined which encapsulates
the control objectives, see [9]–[12]. The control law is then
realized by inverting the prescribed constraint dynamics using
Moore-Penrose Generalized Inverse (MPGI) based Greville
method, see [13]. The GDI methodology is comprised of the
particular part which enforces the constraint dynamics and
the null control vector which provides extra degree of control
design freedom.

To enhance the robustness and adaptive attributes, several
modifications were made in the conventional structure of
GDI. The modified version of GDI methodology has been
implemented for various aerospace engineering and robotic
problems, see [14]–[18].

In this paper, balance control system based on the Robust
Generalized Dynamic Inversion (RGDI) is presented for RDIP
system. In RGDI, dynamical constraints have been formu-
lated based on the deviations functions of the attitude angles
that encapsulates the control objectives. The control law is
extracted by inverting the constraint dynamics using MPGI.
To enhance robust attributes against modelling uncertainties,
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TABLE I: Quanser’s RDIP system specifications

Parameters Value Unit

Lr , Rotary arm length 0.2159 m

mr , Mass of rotary arm 0.257 kg

Jm, Rotary arm and SRV02 moment of inertia 0.0041 kg.m

2

m1, Mass of link 1 0.257 kg

B1, Viscous damping link 1 0.0024 N.m.s/rad

L1, Length of link 1 0.2 m

l1, Length from pivot to center of mass 0.1635 m

m2, Mass of link 2 0.127 kg

mh, Mass of encoder hinge between two links 0.1410 kg

B2, Viscous damping link 2 0.0024 N.m.s/rad

L2, Length of link 2 0.3365 m

l2, Length from pivot to center of mass 0.1778 m

Kenc, Encoder resolution 4096 counts/rev

system nonlinearities and parametric variations, an additional
SMC based control loop is augmented, that will guarantee
semi-global practically stable attitude tracking. The singularity
problem associated with non-square inversion is addressed by
modifying the definition of MPGI using dynamic scale factor.
For controller’s performance evaluation, numerical simulations
are conducted on the linearized mathematical model of the
RDIP system which is developed in Simulink/ Matlab envi-
ronment.

The remaining parts of the paper are organized as follows.
The mathematical modeling of RDIP system is given in section
II. The general control structure of RGDI control is explained
in section III. The application of RGDI for balance control
of RDIP system is presented section IV. Finally, simulation
results and conclusion are discussed in sections V and VI
respectively.

II. ROTARY DOUBLE INVERTED PENDULUM MODELING

In this section, the dynamical model of Quanser’s SRV02
Rotary Double Inverted Pendulum (RDIP) is developed, whose
major design parameters along with their numerical values are
given in Table I, see [19], [20]. The RDIP system has two
main components, i.e., a horizontal rotating arm attached to
the servo motor, and the two inverted pendulums as shown
in Fig. 1. The double pendulum system consists of the lower
pendulum (link 1) attached to the hinge point of the rotary
arm and the upper pendulum (link 2) which is attached to
the lower pendulum. The servo motor actuates the double
pendulum system by virtue of the gear transmission system.
To measure the angular position of the rotary arm, i.e., ✓ and
the respective angular positions ↵ and � of the two pendulum
links, three rotary encoders are placed at the arm shaft and the
hinge points of the two pendulums respectively. The coordinate
reference frame XYZ as shown in Fig. 1 is fixed to the end of
the rotary arm.

The control system computed the required controlled volt-
age based on the measurements of the encoders such that
the two links will be balanced at the upright positions while
simultaneously tracking the desired angular position of the
horizontal rotary arm. The dynamical equations that describes
the motions of the rotary arm and the two pendulums with

 

 

 

 

 
Rotary arm 

 

Link 1 

Link 2 

Fig. 1: RDIP schematic diagram

respect to the servo motor voltage are obtained by using
the Euler-Lagrange method, see [19]. For current application,
the equations of motion are linearized about the equilibrium
points, i.e., ✓ = 0, ↵ = 0, � = 0, ˙✓ = 0, ↵̇ = 0 and ˙� = 0,
which leads to the following state space model

˙

x = Fx+ GVm (1)

where x = [✓ ↵ � ˙✓ ↵̇ ˙�]2 represents the state vector, the
controlled voltage is denoted by Vm, the state transition matrix
F is given by

F =

1

JT

2

6

6

6

6

6

6

4

0 0 0

0 0 0

0 0 0

0 a42 �m1l1Lrm2g(�l1 + L1)

0 a52 �m2g(�L2
rL1m1 + L1L

2
rm1 + JrL1)

0 a62 a63

1 0 0

0 1 0

0 0 1

0 0 0

0 0 0

0 0 0

3

7

7

7

7

7

7

5

(2)

where a42, a52, a62 and a63 are found in [19], and the control
input matrix G is given as

G =

1

JT

2

6

6

6

6

6

6

4

0

0

0

mhL
2
1 +m1L

2
1

Lr(mhL1 +m1L1)

�Lr
L2

�

�m1L
2
1 +m1L1L2 +mhL1L2 +m1L

2
1

�

3

7

7

7

7

7

7

5

(3)
where the subscripts 1 and 2 representing the parameters
associated with link 1 and link 2 respectively.

III. RGDI CONTROL

In RGDI control, the time varying constraint dynamics in
the form of differential equation represents the objectives of
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the control system. To begin the formulation of the RGDI
control law, the general form of nonlinear system dynamics is
given by

˙

x = f(x) + g(x)u (4)

where x 2 Rn is the state vector, f and g are the uncertain
smooth function vectors and u 2 Rm is admissible control
input. To construct the constraint differential equation, the
weighted error norm of the controlled state variables is defined
as

⇠ = a1(x1 � x1d)
2
+ a2(x2 � x2d)

2
+ ...

+ a(n�1)(x(n�1) � x(n�1)d)
2
+ an(xn � xnd)

2

= e

T diag(a1, a2, .., an)e (5)

where the subscript d represents the desired value and the error
vector e is given as

e = [(x1 � x1d)
2

(x2 � x2d)
2... (x(n�1) � x(n�1)d)

2

(xn � xnd)
2
]

T (6)

Based on the weighted error norm, the asymptotically stable
time-varying constraint differential equation is constructed,
whose order is equivalent to the relative degree of the con-
trolled state variables. The rth order constraint differential
equation takes the following form

⇠r + c1⇠
r�1

+ c2⇠
r�2

+ ...+ cr⇠ = 0 (7)

where the coefficients c1, c2, ..cr are chosen such that the
equilibrium point ⇠ = 0 is uniformly asymptotically stable
[21]. By placing the time derivatives in the constraint differ-
ential equation given by (7), yields the following linear matrix
algebraic system

A(x, t)u = B(x, t) (8)

The control law is realized by inverting the algebraic form
of the constraint dynamics by employing the MPGI, which
implies

u = A+
(x, t)B(x, t) (9)

where A+ is the MPGI of A, given by

A+
(x, t) =

AT
(x, t)

A(x, t)AT
(x, t)

(10)

A. Robust Term Integration

To achieve the robust performance, an additional SMC
control loop is augmented with GDI [22], [23] in order to
compensate the effects of parametric uncertainties, system
nonlinearities and the external disturbances. The hybrid GDI-
SMC control law is constructed to be of the following form

u = A+
(x, ⌫, t)B(x, t)� CA+

(x, ⌫, t)
s

ksk (11)

where CA⇤ is the gain to enforce sliding and the variable s
denotes the sliding surface defined as

s = ⇠r�1
+ c1(t)⇠

r�2
+ ...+ cr(t)

Z

⇠dt (12)

The time derivative of s is evaluated as

ṡ = ⇠r + c1⇠
r�1

+ c2⇠
r�2

+ ...+ cr⇠
1
= 0 (13)

Notice that asymptotic (or finite time) convergence of ṡ to zero
implies asymptotic (or finite time) realization of the constraint
dynamics given by (7) and its algebraic equivalence given by
(8). Therefore,

ṡ = A(x, t)u� B(x, t) (14)

B. Singularity Avoidance

In RGDI control, the singularity problem arises when the
inverted matrix tends to change its rank, which causes dis-
continuities, and allow its elements to go unbounded. This
problem is addressed by redefining the definition of MPGI by
including a dynamic scaling factor ⌫ [24], defined as

⌫̇(t) = �⌫(t) +
✏

ke(t)k2
, ⌫(0) > 0 (15)

where ✏ in the forcing term is a positive real constant. Based
on this, the Dynamically Scaled Generalized Inverse (DSGI)
of AT

(x, t) is given as

A⇤
(x, ⌫, t) =

AT
(x, t)

A(x, t)AT
(x, t) + ⌫(t)

(16)

and the control law given by (9) is written as

u

⇤
= A⇤

(x, ⌫, t)B(x, t)� CA⇤
(x, ⌫, t)

s

ksk (17)

The detailed proof of the bounded of the elements of
A⇤

(x, ⌫, t) is found in [25].

C. Stability Analysis

To prove the asymptotic convergence of the error dynamics,
place the control law u

⇤ given by (17) in the expression of ṡ
given by (14), resulting in

ṡ = A(x, t)A⇤
(x, ⌫, t)B(x, t)� CA(x, t)A⇤

(x, ⌫, t)
s

ksk
� B(x, t)

= {�A(x, ⌫, t)� 1}B(x, t)� C�A(x, ⌫, t)
s

ksk (18)

where �A(x, ⌫, t) = A(x, t)A⇤
(x, ⌫, t). It follows from the

definition of A⇤
(x, ⌫, t) given by (16) that

0 < �A(x, ⌫, t) < 1 (19)

for all A(x, t) 6= 01⇥m, and that

lim

t!1
�A(x, ⌫, t) = 0 , lim

t!1
A(x, t) = 01⇥m (20)

Consider the following Lyapunov function

V =

1

2

s2 (21)

which is employed to design the sliding mode gain variable
C. The time derivative of V is computed as

˙V = s {�A(x, ⌫, t)� 1}B(x, t)� Cs�A(x, ⌫, t)
s

ksk (22)
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Therefore, a function C(x, ⌫, t) that satisfies

C(x, ⌫, t) >
�A(x, ⌫, t)� 1

�A(x, ⌫, t)
|B(x, t)| (23)

would guarantee ˙V to be negative definite follows from
Lyapunov’s direct method [26]. However the condition given
by (20) concludes that for negative definiteness of ˙V , the
variable �A(x, ⌫, t) must also converge to zero. Therefore,

lim

e!0n⇥1

�A(x, ⌫, t)� 1

�A(x, ⌫, t)
= �1 (24)

which requires the function C(x, ⌫, t) to reach infinite values
as e approaches zero. Therefore, it is not appropriate to achieve
the asymptotic stability, however SMC gain C(x, ⌫, t) can be
designed to achieve the practical stability.

Let �A(x, ⌫, t)⇤ be a prescribed constant real scalar in the
range of �A(x, ⌫, t), i.e., �A(x, ⌫, t)

⇤ 2 (0, 1). Also, define
¯C(x, ⌫, t) as

¯C(x, ⌫, t) =
�A(x, ⌫, t)

⇤ � 1

�A(x, ⌫, t)⇤
|B(x, t)| (25)

It follows that ¯C(x, ⌫, t) > C(x, ⌫, t) whenever �A(x, ⌫, t) >
�A(x, ⌫, t)

⇤. Accordingly, let D be a neighborhood of e =

0n⇥1, and choose a sliding gain variable C(x, ⌫, t)⇤ such that

C(x, ⌫, t)⇤ > maxD ¯C(x, ⌫, t) (26)

Then ˙V < 0 holds true along any closed loop trajectory that
initiates within D whenever �A(x, ⌫, t) � �A(x, ⌫, t)

⇤ and
C(x, ⌫, t) > C(x, ⌫, t)⇤. The detailed stability analysis of the
RGDI control has been given in [18], [22].

IV. BALANCE CONTROL DESIGN OF RDIP SYSTEM USING
RGDI

The application of RGDI control for angular position track-
ing of the horizontal rotary arm while stabilizing the two
pendulum angles ↵ and � at the upright position of the
RDIP system is presented in this section. To construct the
constraint differential equations, the deviation functions of the
state variables ✓, ↵ and � are defined as

⇣✓ = ✓ � ✓d, ⇣↵ = ↵� ↵d, ⇣� = �� �d

The constraint differential equations based on the controlled
state deviation functions are formulated, which yields

¨⇣✓ + c1 ˙⇣✓ + c2⇣✓ = 0 (27)

¨⇣↵ + c3 ˙⇣↵ + c4⇣↵ = 0 (28)

¨⇣� + c5 ˙⇣� + c6⇣� = 0 (29)

where the coefficients c1, c2, ..c6 are chosen such that the
constraint differential equations given by (27), (28) and (29)
are asymptotically stable. The time derivatives of (27), (28)
and (29) are evaluated as

˙⇣✓ =

˙✓ � ˙✓d, ¨⇣✓ =

¨✓ � ¨✓d (30)

˙⇣↵ = ↵̇� ↵̇d, ¨⇣↵ = ↵̈� ↵̈d (31)

˙⇣� =

˙�� ˙�d, ¨⇣� =

¨�� ¨�d (32)

By placing the time derivatives in their respective constraint
differential equation, yields the following equivalent algebraic
system

2

4

A1

A2

A3

3

5Vm =

2

4

B1

B2

B3

3

5 (33)

or
AVm = B (34)

where the elements of the controls coefficient vector function
A : Rn ⇥ [t0,1) ! R3⇥1 are given by

A1 =

1

JT

n

mhL
2
1 +m1L

2
1

o

A2 =

1

JT

n

Lr(mhL1 +m1L1)

o

A3 =

1

JT

n

� Lr

L2

�

�m1L
2
1+m1L1L2+mhL1L2+m1L

2
1

�

o

and the vector elements of the controls load function B : Rn⇥
[t0,1) ! R3⇥1 are inferred as

B1 =

¨✓d � F✓̇ � c1 ˙⇣✓ � c2⇣✓

B2 = ↵̈d � F↵̇ � c3 ˙⇣↵ � c4⇣↵

B3 =

¨�d � F�̇ � c5 ˙⇣� � c6⇣�

where F✓̇, F✓̇ and F�̇ are the expressions represents by the
fourth, fifth and sixth rows of (2). The RGDI based controlled
voltage is realized by inverting the algebraic system given by
(34) using DSGI, and augmenting the SMC based robust term,
resulting in

V ⇤
m = A⇤B �A⇤

C

s

ksk (35)

where A⇤ represents the DSGI of A. The values of the positive
sliding gain 3 ⇥ 3 diagonal matrix C is computed by using
the relation given by (25), which yields

kdiag(C)

⇤k2 = maxDkdiag( ¯Ck2 (36)

where ¯

C is computed by using the expression given by (26),
which implies

kdiag(¯C)k2 =

�⇤A � 1

�⇤A
kBk2 (37)

The vector s representing the integral form of the constraint
dynamics given by (27), (28) and (29), defined as

s =

2

4

s✓
s↵
s�

3

5

=

2

4

˙⇣✓ + c1⇣✓ + c2
R

⇣✓
˙⇣↵ + c3⇣↵ + c4

R

⇣↵
˙⇣� + c5⇣� + c6

R

⇣�

3

5 (38)

The controlled voltage given by (35) enforce the constraint
dynamics to provide stable attitude tracking performance while
providing robustness against system uncertainties, nonlineari-
ties and unknown bounded disturbances.
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Fig. 2: Sinusoidal profile tracking

V. SIMULATION RESULTS

To visualze the tracking performance of the RGDI control
law, numerical simulations are conducted for the following
scenarios.

A. Sinusoidal Profile Tracking

In this scenario, the rotary arm is commanded to follow
the reference sinusoidal trajectory having the amplitude of
±30deg with the frequency of 0.05Hz, while maintaining
the pendulum angles ↵ and � at the upright position, i.e.,
↵ = 0 and � = 0. The rotary arm angular position tracking is
shown in Fig. 2a, whereas the stabilization of the pendulum
link angles ↵ and � at the upright position are shown in
Figs. 2b and 2c respectively. The controlled voltage produced
by the RGDI control required for maintaining the attitude
angles towards their commanded values is shown in Fig. 2d,
which exhibits the smooth tracking capabilities of the proposed
control approach.

B. Square Waveform Tracking

In the second plot, the rotary arm of the RDIP system is
required to track the squared waveform profile, having the
amplitude of ±30deg with the frequency of 0.05Hz, while
maintaining the two pendulum angles ↵ and � at zero vertical
position. The square profile tracking performance of the rotary
arm angle ✓ and the stabilization of the two pendulum angles
↵ and � at zero vertical positions are demonstrated in Figs.
3a, 3b and 3c respectively. The simulation results exhibit faster
convergence of the attitude trajectories towards their desired
values. The generated controlled voltage required to maintain
the attitude trajectories towards their respective input profiles
is shown in Fig. 3d.
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Fig. 3: Square waveform tracking

VI. CONCLUSION

In this paper, the balance control of RDIP system has
been implemented successfully by employing RGDI control
methodology. The control law responsible to track the rotary
arm angular position while stabilizing the two pendulum
angles at the upright positions, is realized by inverting the
prescribed constraint dynamics using DSGI. The robustness
against modeling uncertainties and nonlinearities is provided
by integrating the robust term based on the concept of SMC in
the control loop, that will guarantee practically stable attitude
tracking performance. To visualize the controller’s perfor-
mance, computer simulations are conducted on the developed
RDIP simulator, which exhibits smooth tracking performance
and faster error convergence capabilities.
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Abstract—In this study, anti-sway control of an experimental
overhead crane system is proposed with acceleration control
approach. In this approach, acceleration of the cart is considered
as control input. In order to satisfy transient performance
objectives in the presence of parameter variations, a robust pole
placement controller is designed. The parameter variations are
modelled with a linear polytopic model. Hence, controller design
is formualted as a convex optimization problem under linear
matrix inequalities (LMIs) constraints. LMI regions are employed
to restrict closed-loop pole locations in prescribed convex domains
in complex plane. Performance of the proposed control has been
verified in both simulation and experimental studies.

I. INTRODUCTION

Crane systems are extensively used to transport heavy
loads and hazardous materials in factories, shipyards, nuclear
installations and industrial fields [1]. In general, the main
tasks are carrying the payload as fast as possible to the
desired position; meanwhile, avoiding overshoot and keeping
residual oscillations as small as possible during the translation.
However, it is extremely challenging to position the trolley and
to eliminate the payload sway at the same time. Thus, crane
operators prefer to slow down the operations to ensure above
purposes and reduce the risk of damage to the surrounding
objects and people. However, slowing down operations results
in increased cost and reduced productivity [2]. Therefore,
using control systems on overhead crane systems is becoming
necessary.

The problem of position control with minimum sway has
attracted a great deal of interests over the past decades by
researchers. Control of 2D cranes have mainly focused by re-
searchers. For instance, feed forward input shaping techniques
have been used by many researchers [3], [4]. In spite that
this, input shaping methods provide considerable reduction

of residual payload oscillations, robustness against changing
operational conditions may not be ensured due to their open-
loop nature. Hence, closed-loop techniques have been recently
employed to achieve superior performance for wide range
of operational conditions. Highly sophisticated closed-loop
algorithms have been applied to position control of cranes
such as, Yoshida and Tabata applied a visual feedback control
and its combination with time optimal control [5]. A fuzzy
logic anti-swing control problem has been investigated by
Lee and Cho [6]. They used a servo control to control crane
position and rope length, and the fuzzy logic control is used to
suppress payload sway. Jafari et al. [7] has been implemented
the linear quadratic regulator (LQR) to control position of an
overhead crane. Wang and Surgenor [8] has investigated the
efficiency of an LQ optimal controller for different payload
values. In their study, it is shown that optimal controllers
can cope with parameter variations when they are carefully
tuned. It is well known that robust controllers are naturally
insensitive to uncertainties and has disturbance attenuation
property at the same time. Therefore, more and more attention
has been devoted to robust control of cranes and several studies
have been reported. Karkoub and Zribi [9] have compared
three different robust control laws which are sliding mode,
sliding mode in conjunction with a state feedback and µ-
synthesis based H1 control scheme, respectively. Although
the performance of the sliding mode controller is significantly
improved by integrating a linear state feedback, µ-synthesis
based control scheme exhibits satisfactory control performance
without residual vibrations and chattering in control. Almutairi
and Zribi proposed a sliding mode control scheme and using
a full order Luenberger type observer designed to estimate
the states of the 3D overhead crane [10]. Linear Matrix
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Inequalities (LMIs) based on H1 controller with regional pole
location constraints has been used to control overhead crane
system by Tumari et. Al. [11].

All aforementioned studies have significantly contributed
to the literature for the crane control, it is still fairly open
topic [12]. The model based design procedures can be very
problematic due to inaccurate knowledge of model parameters
such as friction coefficient, load mass etc. Therefore, an
alternative model based control approach which only requires
the rope length information is formulated with acceleration
control strategy. In the accelaration control approach, cart
acceleration is considered as a control input instead of a force
input applied on cart [13], [14]. Acceleration control approach
allows us to obtain a dynamic model where cart and payload
masses are not included. Then, a state feedback controller
is designed to meet desired transient response characteristics
by employing LMI region constraints to restrict the closed
loop poles into desired locations in complex plane. Besides, to
ensure the robustness against to the cable length uncertainties
are defined as a polytopic set. Performance of the proposed
model based robust acceleration control strategy, is validated
with experimental studies. Experimental results illustrate that
proposed control strategy is robust against parameter variations
and quite practical.

Outline of the paper is organized as follows: Section II
briefly reviews the mathematical model of the crane system.
Then, controller design with LMI Regions is given in Section
III. Section IV deals with the experimental setup. Numerical
simulation results with discussions are given in Section V.
Finally, Section VI concludes the paper.

II. MATHEMATICAL MODEL OF OVERHEAD
CRANE SYSTEM

There are many studies on mathematical modeling of crane
systems in the literature [1], [12]. A high-fidelity model might
be useful to describe process behavior, but it is only possible
when all parameters are precisely known. In this paper a linear
model will be derived for the practical realization of driving
and control methods. A 2D mathematical model is used. As it
shown in Section V with experimental studies, it is practical
and applicable.

In this study, a two degree of freedom overhead crane is
modelled as shown in Figure 2, which has been used in the
literature due to its simplicity while capturing many essential
characteristics of a real overhead crane system. The payload
will be replaced by a point mass and the friction will be
neglected. The movement of the cart will only take place in
one dimension and the sway of the payload is assumed to move
in a plane. The payload is not rigidly connected to the cart and
can move at any angle. In the Figure 1, the crane consists of a
cart, a cable and a payload. Variables x

c

(t), ✓, L respectively
denote the cart displacement, the swing angle of the payload,
and length of the cable. Here, m

L

and m are the masses of
the payload and the cart, respectively. F is the control force
applied to the cart and g is gravitational acceleration constant.

Fig. 1. Physical model of the overhead crane

The cart position is positive if the cart situates at the right side
of the rail axis.

The dynamic equations of the system can be obtained[13]
under consideration of small values of sway angle and constant
cable length,

F (t) = (M +m
L

)ẍ
c

(t)�m
L

L✓̈(t) (1)

ẍ
c

(t) = g✓(t) + L✓̈(t) (2)

The linearized equations of motion can be represented with
Linear Time Invariant(LTI) model in state space form while
using global acceleration control type modelling [13] given
below.

Remark: The choice of an acceleration control allows
the decoupling of the system and independency from system
masses by using the acceleration as an input.

ẋ(t) = Ax(t) +Bu(t) (3)

Here, x(t) 2 <m is the state vector

x(t) =
⇥
x
c

(t) ẋ
c

(t) ✓(t) ✓̇(t)
⇤
T

(4)

and u(t) 2 <m is the control input of the system

u(t) = ẍ
c

(t) (5)

Then A 2 <nxn and B 2 <nxm respresent the state and
the control input matrices, respectively and are defined as [13]

A =

2

664

0 1 0 0
0 0 0 0
0 0 0 1
0 0 � g

L

0

3

775 ,B =

2

664

0
1
0
1
L

3

775 (6)

III. LMI BASED STATE FEEDBACK REGIONAL
POLE LOCATION CONTROLLER

A. LMI Based State Feedback Controller

In this section, we consider a state feedback controller
synthesis problem. The state feedback control law is

u(t) = Kx(t) (7)
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Fig. 2. Simplified block diagram of state feedback controller

where K 2 <mxn is the controller gain matrix. The purpose
of state feedback control law(7) is stabilizing the closed loop
system(8)

ẋ(t) = (A+BK)x(t) (8)

In order to perform reference tracking, the state feedback
control law can be adapted as,

u(t) = K(x(t)� x

d

(t)) (9)

where x

d

(t) is reference input vector. Closed loop system
become,

ẋ(t) = (A+BK)x(t)�BKx

d

(t) (10)

The error between x(t) and x

d

(t) has to be driven to zero.
Since the internal stability of the system (10) also stabilizes
the reference tracking error. The block diagram of the state
feedback controller as shown in Figure 2. Stability is one of
the main goal in controller design but it is not enough to ensure
all performance needs. It is natural to restrict the closed loop
pole locations into a specific region to guarantee prescribed
performance requirements. LMI regions are frequently used
to include additional constraints on the closed-loop pole loca-
tions. Cart positioning response can be made faster by placing
the closed-loop poles to the left side of a value �1.Undesirably
high controller gains can be avoided by setting an upper bound
�2, on the negative real part of the leftmost closed-loop pole.

Lemma 1: Any domain in complex plane can be repre-
sented as a LMI region [15], if there exist a symmetric matrix
T 2 <dxd and an unstructured matrix M 2 <dxd

D(L,M) = {s 2 C | T+ sM+ s̄M

T} (11)

where s is a complex number and superscript s̄ is the complex
conjugate of s. Then D(L,M) associated with T and M, a
matrix N 2 <dxd is D-stable if if and only if there exist a
symmetric positive definite matrix P 2 <dxd which satisfies

T⌦P+M⌦NP+M

T ⌦ (NP)T � 0 (12)

where ⌦ is the Kronecker product. To emplace the poles
of the closed loop system into a region, suitable selection of
related matrices T and M are chosen as follows.

T = 1,M = 2� (13)

In the light of Lemma 1, LMI based pole placement with
state feedback control law for system achieved by following

inequality

T⌦P+M⌦ [A+BK]P+M

T⌦P[A+BK]T � 0 (14)

Substitute (13) into (14) and apply a change of variables in
the form of F := KP to obtain equivalent regional constraints
(15), (16):

2�1P+AP+PA

T +BF+ F

T

B

T � 0 (15)

2�2P+AP+PA

T +BF+ F

T

B

T � 0 (16)

A state feedback control law can be designed to place
the closed-loop poles into LMI regions by solving F and P
together. Finally, the resulted state feedback control law solved
as

u(t) = K(x(t)� x

d

(t)) = FP

�1(x(t)� x

d

(t)) (17)

Robustness is an important issue for a control system which
systems have changing parameters. In crane systems the cable
length (L) is constantly changing or sometimes unknown.
Hence, the changing on the cable length expressed as a
polytopic set. Variations on the cable length can be expressed
as

ẋ(t) = A(L)x(t) +B(L)u(t) (18)

on dynamics of the crane system. A(L) and B(L) are
real valued matrices with uncertain entries. Here, matrices
A(L) and B(L) are determined by assuming that the cable
length is between the upper and lower bounds which are
previously known. To enable the controller design, the uncer-
tain system and control input matrices are rewritten in state
space representation having polytopic uncertainties. For the
analytical expression of the polytopic coordinates, Pellanda et
al. [16] have suggested an analytical demonstration. Primarily
normalized coordinates and can be calculated as,

A(L) = {A(L) 2 <nxn | A(L) =
NX

i=1

↵
i

A

i

2 � (19)

B(L) = {B(L) 2 <nxm | B(L) =
NX

i=1

↵
i

B

i

2 � (20)

where A

i

and B

i

are the vertices of the matrix polytope
and N=2 is the number of the polytopic vertices. A

i

and B

i

matrices are

A

1

= A(L
min

),A
2

= A(L
max

) (21)

B

1

= B(L
min

),B
2

= B(L
max

) (22)

Polytopic coordinates ↵
i

given as,

↵1 =
1/L

max

� 1/L(t)

1/L
max

� 1/L(min)
(23)

↵2 =
1/L(t)� 1/Lmin

1/L
max

� 1/L
min

(24)

Consequently, controller design is formulated with LMIs
with polytopic uncertainties. The following theorem sum-
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Fig. 3. Experimental model of the crane

marizes the robust pole placement controller design as a
feasibility problem with LMI constraints for reference tracking
and anti-sway control problem on an overhead crane.

Theorem [17]: The control law (9) can be easily obtained
by the use of following problem for given scalars �1 and �2.

2�1P+PA

i

P+PA

T

i

+B

i

F+ F

T

B

T

i

� 0

2�2P+PA

j

P+PA

T

j

+B

j

F+ F

T

B

T

j

� 0

P � 0

i = 1, 2

By solving these LMIs the robust state feedback control law
is calculated as

u(t) = K(x(t)� x

d

(t)) = FP

�1(x(t)� x

d

(t))

IV. EXPERIMENTAL SETUP

An experimental laboratory scale 2D overhead crane shown
in Figure 3, is used to test the performance of the proposed
state feedback controller. As shown Figure 3, it consists of
a cart and the payload mounted to the bottom of the trolley
with a metal rod. The model is equipped with the necessary
sensors to measure the states of the system.

The cart is driven by a Brushless DC servo motor which is
attached at the end of girder. Position, velocity and accelera-
tion of the cart are obtained by an incremental encoder. A rod
is attached on a cart to represent payload. Payload sway angle
is measured with another incremental encoder. The encoder is
connected between payload rod and cart.

In order to realize acceleration control, anti-sway and po-
sition controller programmed in Siemens SIMOTION which
offers many benefits in terms of programming and data ac-
quisition, with the integration of intelligent drives and Motion
Controller (MC). The intelligent drive used in our setup is
a SINAMICS S120 that is connected to the MC via an

internal profibus. Setup is programmed with SIMOTION Scout
environment.

V. NUMERICAL SIMULATIONS

In this section, simulations are executed in order to illustrate
the effectiveness of proposed controller in reference tracking
and anti-sway control. The performance of the controller is
numerically simulated and obtained results compared with
experimental results. All the computations and simulations are
carried out using MATLAB with SIMULINK. For the solution
of resulting LMIs, YALMIP Parser and SEDUMI solver are
used [18], [19].

Applying the LMI conditions, �1 = 1 and �2 = 10, the
resulted state feedback controller gain matrix is:

K =
⇥
�7.1970 �8.3252 �23.2171 �1.8033

⇤

Simulation and experimental results of the proposed con-
troller are shown in Figures 5, 6 and 7. The cart is driven
to move from its initial position (0 m) to the 1 m desired
displacement. The initial conditions were set to zero for
each of the simulations. The proposed controller has been
implemented through the real-time controller with T

s

= 0.003
s, cycle time.

For reference tracking, the reference trajectory can be
obtained by using a quintic function [20]. The reference
trajectory is chosen as [21]

r(t) = at5 + bt4 + ct3 + dt2 + et+ f (25)

Equation (25) is considered as candidate function to design
reference trajectory. At the beginning of the movement, the
position, acceleration and velocity are assumed zero. And at
the end of the movement the position is equal to desired
destination again with zero acceleration and zero velocity.
Boundary conditions are given in (26). t1 is the starting time
of movement and T is the ending time.

ṙ |
t=t1= 0

r̈ |
t=t1= 0

ṙ |
t=T

= 0 (26)

r̈ |
t=T

= 0

r =|
t=T

= 1

By applying boundary conditions (26) to candidate function
(25), the following equation is obtained [20]:
2

6666664

t51 t41 t31 t21 t1 1
5t41 4t31 3t21 2t1 1 0
20t31 12t21 6t1 2 0 0
T 5 T 4 T 3 T 2 T 1
5T 4 4T 3 3T 2 2T 1 0
20T 3 12T 2 6T 2 0 0

3

7777775

2

6666664

a
b
c
d
e
f

3

7777775
=

2

6666664

0
0
0
1
0
0

3

7777775

(27)
By solving the above matrix equation, path coefficients are

obtained in terms of starting time (t1= 0 s) and ending time
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Fig. 4. Simulation and experimental results for L=0.4 and mL=[0.25, 0.85]

(T= 3 s) of reference profile. The simulations and experimental
results have obtained by using this reference profile.

The reference tracking control results of the proposed
method are given to illustrate the tracking effectiveness. In
order to show the controller responses under parameter vari-
ations, six different parameter set is used throughout the
experiments. In the Figure 4, controller responses for L= 0.4
m and m

L

= 0.25 and m
L

= 0.85 are given.
When the wanted acceleration signal and actual acceleration

signals are compared, SIMOTION successfully provide de-
manded acceleration. Hence, the experimental results indicate
that considering acceleration as a control input is practically
realizable. When Table1, Figure4, Figure5 and Figure6 are
analyzed, it is obviously seen that proposed controller allows
very small payload sway against wide range of cable lengths
and payload masses. In Figure 5, controller responses for
L=0.7 m and m

L

= 0.25 and m
L

= 0.85 are given.
As it previously mentioned Section II, redesign of the

controller is not necessary for mass variations, since their
effects are eliminated from model with acceleration control
approach. It is revealed that state feedback controller is able
to control the position and avoid sway simultaneously. In the
Figure 6, controller responses for L=1 m and m

L

= 0.25 and
m

L

= 0.85 are given.

VI. CONCLUDING REMARKS

In this study, the problem of anti-sway control of 2D
overhead crane system with cable length and payload uncer-
tainties is realized by acceleration control approach. A linear
polytopic uncertain model representing cable length variations
is obtained for controller design. Then, a robust pole placement

Fig. 5. Simulation and experimental results for L=0.7 and mL=[0.25, 0.85]

Fig. 6. Simulation and experimental results for L=1 and mL=[0.25, 0.85]

state feedback controller is designed to meet desired transient
response requirements. By using LMI regions to restrict the
closed loop pole locations into specific domains in complex
plane, a feasibility problem with LMI constraints is formu-
lated. Performance of the proposed controller is examined
in both simulation and experimental studies. Experimental
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studies verify that using acceleration as a control input is
practically realizable approach, since the wanted and actual
acceleration signals matched perfectly. Experimental results
revealed that proposed control strategy combines robust sta-
bility and robust performance in terms of transient response
properties at the same time.

TABLE I
VARIATIONS ON SWING ANGLE AND CONTROL INPUT PEAK

VALUES VERSUS LOAD AND ROPE LENGTH CHANGES

m
L

=0.25 m
L

=0.85 kg
L=0.4 L=0.7 L=1 L=0.4 L=0.7 L=1 m

max| ✓ | 2.12 2.25 2.40 2.16 2.28 2.37 �
max| u | 0.48 0.46 0.45 0.49 0.47 0.44 m/s2
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Abstract—This paper presents a controller structure for the
continuous and robust modification of motion for multi body
systems encountering contact with an environment during free
motion. The presented algorithm relies on the reformulation
of the position tracking error with a term proportional to
the reaction force. With the proposed method, fusion of the
position and the force controllers can be achieved which provide
the robot with certain level of compliance. The derivation of
the proposed method is followed by experiments made on a
pantograph mechanism actuated by direct drive linear motors.
The results obtained from the experiments illustrate the success of
the proposed control architecture in providing a natural behavior
for the robotic systems working in constrained environments.

Index Terms—Motion Modification, Constrained Motion Con-
trol, Force Control, Hybrid Control

I. INTRODUCTION

The scope of applications that require robots interacting
with the surrounding environment continues to evolve parallel
to the technological achievements. Today, numerous types of
robots are being used for a variety of tasks including but not
limited to car washing, arc welding, assembly and materials
handling [1]. For the applications where robots are desired
to interact with a physical environment, algorithms based on
pure position control or pure force control cannot perform
satisfactory task execution. Hence, vast amount of research
effort is made to address this problem and come up with
novel algorithms making use of both of the position and the
force signals in the control loop. In [2], authors proposed a
hybrid control algorithm where the force and the position
of the end effector were controlled together. This method
was further studied in [3] with the proposed dynamic hybrid
position/force control algorithm. Other approaches based on
impedance control and parallel control methods have been
respectively studied in [4] and [5] in order to control the
position and the force simultaneously.

The case where the end-effector of the robot contacts with
a completely rigid environment has been studied in [6]. In this
study, the control approach was based on limiting the force in
the environment constrained axes, while position control takes
care of the unconstrained trajectories. Hence; neither of the
end effector or the environment is harmed during execution of

This research is partially supported by the Internal Research Grant
2017.01.004 of Istanbul Bilgi University

the desired task. An alternative approach has been proposed
in the studies in [7] and [8], where the control objective is
achieved by establishing a relationship between the position of
the manipulator and the corresponding interaction forces. It has
been shown in [9] that this relationship enforces manoeuvring
in a constrained environment while tracing the desired contact
forces. A relatively recent study in which robots interact with
rigid surfaces has been proposed in [10] for systems where
the parameters of the constraint surface and the robot are
unknown. In that study, the stable tracking is achieved by an
adaptive position/force control scheme.

A structurally different approach is adopted in [11] and [12]
benefiting from the application of the Disturbance Observer
(DOB) for the estimation of the uncertainties in the motion
control system. Implementation of DOB helps decoupling of
the force and the position signals by enforcing the robust
tracking of the accelerations [13], [14]. It has also been shown
that estimating the force signal with a DOB helps to increase
the bandwidth, hence provide further stability margin in the
force control applications [15].

The study presented in this paper originates from the
DOB based approach and proposes a new method to control
position and force of a robot manipulator simultaneously.
In the proposed framework, the tracking error of a robot
manipulator is modified to contain the position and the force
signals together and the controller is designed to enforce the
error converge to zero value. This way, the end effector of
the robot traces the position references in free motion and
modifies the position trajectory when there is contact with
the environment. With the proposed algorithm, continuous
transition from position control to force control is obtained
without the requirement of a discrete switching strategy. This
idea was first proposed in [16] for a single-DOF motion
control system. Here, reformulation of this control structure
for a general multi-DOF motion control system is made and
the proposed control structure is experimentally validated.
The proposed algorithm is tested on a pantograph mechanism
consisted of direct drive linear motors and the results are
illustrated in the experiments. The responses shown in the
experiments confirm the natural behavior of the system under
constraints and precise trajectory tracking in free motion.

The organization of the paper is as follows: In Section II
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preliminary information for a multi-DOF motion control sys-
tem and robust acceleration control framework is summarized.
Section III presents the derivation of the proposed control
algorithm. In Section IV the experimental platform and the
experiment results are illustrated. Finally, in Section V the
concluding remarks are presented.

II. SYSTEM DEFINITION

The controller structure presented in this paper relies on
a derivation made for a multi-DOF motion control system
behaving with nominal parameters. Such nominal behavior can
be achieved once the disturbances acting on the joint space of
the system are properly compensated. In order to present a
complete framework, the method for the compensation of the
disturbances and the transformations between the joint and
the task space coordinates are summarized in the following
subsections.

A. Disturbance Compensation for Multi-DOF Systems

Assuming a general n-DOF fully actuated system, the
equations of motion representing the joint space dynamics can
be given as follows:

A(q)q̈ + B (q, q̇) + G(q) = Tref − Text (1)

where q ∈ Rn×1, A(q) ∈ Rn×n, B (q, q̇) ∈ Rn×1,
G(q) ∈ Rn×1 and T ∈ Rn×1 respectively represent the
vector of generalized coordinates, the inertia matrix, vector
of dissipative forces, vector of forces due to gravitation and
the vector of action forces generated directly on the joints. The
superscripts ∗ref and ∗ext of equation (1), on the other hand,
stand for the reference and the external variables, respectively.
The generalized model given in equation (1) includes all of
the undesired forces which can be perceived as the total
disturbance acting on the system. Realization of robust motion
control requires system operation around nominal operating
conditions via compensation of these disturbances. In order
to achieve that target, the dynamics of the system can be
reformulated as:

Anq̈ = Kniref − Tdis (2)

Tdis =
!
∆Kiref +∆A(q)q̈ + B (q, q̇) + G(q) + Text

"
(3)

Here, An ∈ Rn×n, Kn ∈ Rn×n and iref ∈ Rn×1 respectively
represent the diagonal matrix consisted of the nominal inertias,
the diagonal matrix including the nominal torque constants
and the input current vector. In (2), the term Tdis ∈ Rn×1

lumps all of the disturbances acting on the system whose
detailed content is given in (3). In that equation, the matrices
∆K ∈ Rn×n and ∆A(q) ∈ Rn×n stand for the variations
of the torque constant and the inertia around their nominal
values. These matrices are responsible for the current and
the acceleration induced disturbances, respectively. Further,
the term Text ∈ Rn×1 of (3) contains the external forces
contributing on the total disturbance of the system.

The disturbances in (2) can be estimated using the nominal
plant structure and a low-pass filter as also detailed in [17].

The estimated disturbance can then be given in the Laplace
domain as follows:

T̂
dis
(s) =

#
KnIref(s)− Ans

2Q(s)
$

H(s) (4)

where Iref(s) and Q(s) stand for the Laplace transformed
time domain variables iref and q, respectively. The term
H(s) ∈ Rn×n, on the other hand, stand for the diagonal
matrix consisted of low-pass filters (i.e. hii = gi/(s + gi)
for i = 1, ..., n). Enforcement of robust motion control can be
made in the configuration space once the estimated disturbance
in (4) is fed back to the system under consideration. Hence,
the dynamics given in (2) can be modified for the system with
estimated disturbance feedback as:

Kniref = Anq̈ + δTdis (5)

In this equation, the term δTdis ∈ Rn×1 stand for the effect of
the uncompensated disturbance over the system. The norm of
the remaining disturbance, ∥δTdis∥, is affected from the selec-
tion of the disturbance observer filter cut-off frequency gi as
also analyzed in [18]. Thus, selecting the highest possible val-
ues for the DOB filter cut-off frequencies will help satisfying
∥δTdis∥ ≈ 0, resulting in an acceleration controllable system.
Hence, the derivation of the motion modification algorithm
will target the acquisition of the desired joint accelerations
for the system under consideration. In order to present a full
perspective of robust acceleration control, a depiction of the
structure of the DOB for a multi-DOF system is shown in
Fig. 1.

Fig. 1: Block Diagram of Multi-DOF DOB Structure

B. Kinematic Relationships

The controller proposed in this study is designed in the
task (i.e. operational) space and implemented in the joint (i.e.
configuration) space. In order to realize the controller, one
needs to formulate appropriate transformations between these
two spaces. For a fully actuated system, given the task space
coordinates η ∈ Rn×1 and the joint space coordinates q ∈
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Fig. 2: Schematic Representation of the Proposed Control Algorithm

Rn×1 with n ≤ 6, the position relationship can be given as:

η = F(q) (6)
q = I(η) (7)

where F(·) and I(·) respectively stand for the forward and the
inverse kinematics functions. Differentiating the position level
kinematics, one can obtain the velocity and the acceleration
level kinematics as follows:

η̇ = J(q)q̇ (8)
η̈ = J̇(q)q̇ + J(q)q̈ (9)

where J(q) ∈ Rn×n is the kinematic Jacobian of the system
under consideration. Further, the relationship between the
forces can also be defined using the Jacobian as follows:

τ = JT F (10)

τ̇ = J̇T F + JT Ḟ (11)

where τ ∈ Rn×1 and F ∈ Rn×1 represent the forces felt in the
joint space and the task space, respectively. The relationships
defined in equations (6)-(11) will be used extensively for the
derivation of the joint space desired accelerations of the system
under consideration.

III. CONTROLLER DERIVATION

The method proposed in this study fuses the position and
the force control defined in the task space via application of
acceleration control in the joint space. In order to satisfy the
control objectives, i.e. the goal of smooth motion modification,
the task space tracking error can be defined as follows:

ϵϵϵ = (ηref − ηres) + β(η̇ref − η̇res) + λFe (12)

where ϵϵϵ ∈ Rn×1, η ∈ Rn×1 and Fe ∈ Rn×1 stand for the
vector of the generalized error, vector of task space coordinates
and the vector of the task space interaction (i.e. environment)
forces, respectively. In (12) β = diag{β1, · · ·βn} ∈ Rn×n

and λ = diag{λ1, · · ·λn} ∈ Rn×n represent the diagonal
matrices respectively standing for the weights of the velocities
in the generalized error and for the proportional motion mod-
ification coefficients. The main contribution of the proposed
scheme lies in the term λFe. In order to minimize the tracking
error, the controller modifies the positions of the end effector
when it interacts with an environment. Enforcement of a zero
value for the tracking error given in (12) can be realized with
the following error dynamics:

ϵ̇̇ϵ̇ϵ+ Kϵϵϵ = 0 (13)

where K = diag{k1, · · · kn} ∈ Rn×n is the diagonal matrix
with all positive entries which define the error convergence
rates to zero value (i.e. ki > 0 for i ∈ {1, · · · , n}).
Substituting (12) into (13) results in the following identity:

β(η̈ref − η̈res) + (Kβ + I)(η̇ref − η̇res) + K(ηref − ηres)

+λḞe + KλFe = 0 (14)

The expression given in (14) yields in a task space error expo-
nentially converging to zero in free motion. On the other hand,
in contact motion, this dynamics modifies the position of the
end effector such that the error in (12) is minimized. The com-
ponents of the diagonal matrix λ = diag{λ1, · · ·λn} ∈ Rn×n

are all positive coefficients which can be perceived as the
design parameters determining the modification ratio during
contact motion. In order to obtain the controller reference for
the actuators, the expression given in (14) can be converted
to the joint space coordinates using appropriate kinematic
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transformations as follows:

βJ(q̈ref − q̈res) + (βJ̇ + KβJ + J)(q̇ref − q̇res)

+K
#
F(qref)− F(qres)

$
+ λJ-Tτ̇

+(KλJ-T − λJ-TJ̇TJ-T)τ = 0 (15)

Under the assumption that proper disturbance compensation
exists, equation (15) enforces the actuators of the system
modify the motion proportional to the contact force felt at the
end effector. The realization of the controller can be made by
feeding the disturbance compensated plant with the following
desired accelerations:

q̈des = q̈ref + Cq1(q̇ref − q̇res) + Cq2
#
F(qref)− F(qres)

$

+Cf1τ̇ + Cf2τ (16)

where the coefficients Cqi and Cfi for i ∈ {1, 2} have the
following contents:

Cq1 =
#
J-1J̇ + J-1β-1KβJ + J-1β-1J

$
(17)

Cq2 = J-1β-1K (18)

Cf1 = J-1β-1λJ-T (19)

Cf2 =
%

J-1β-1KλJ-T − J-1β-1λJ-TJ̇TJ-T
&

(20)

A depiction of the block diagram of the proposed control
algorithm is given in Fig. 2.

IV. EXPERIMENTS

In order to validate the proposed algorithm, several exper-
iments are carried out. The following subsections explain the
platform on which the experiments are made and the results
obtained from these experiments.

A. Experiment Setup

The experiments are made on a 2-DOF parallel mecha-
nism consisted of direct drive linear actuators from Faulhaber
LM2070 series having a maximum force response of 11.6
N. The joint space measurements are made using incremen-
tal optical encoders from Renishaw RGH41 series having a
resolution of 500 nm. The motors are connected with the
arms of a linear pantograph mechanism. The selection of a
parallel mechanism was basically due to its reduced inertia,
allowing the transmission of forces vividly between the task
space and the joint space. Before the implementation, the
kinematic formulation of the pantograph mechanism was made
and was optimized to have the largest possible workspace.
The real-time execution of the proposed algorithm is made
on a control board from Dynomotion using C coding. The
loop execution frequency of the algorithm was set to 1 KHz.
The force measurements, on the other hand, are made using
Reaction Force Observers (RFOBs) in the joint space [19].
Furthermore, the smooth derivative of the measured force
signal (i.e. the yank signal) is obtained by differentiating the
RFOB output with an α-β-γ filter. During the experiments,
the reaction forces are thresholded to give zero values below
certain magnitude, preventing perception of the friction force

Fig. 3: Depiction of the Experiment Setup

as part of the interaction force. A depiction of the experiment
setup is given in Fig. 3.

B. Organization of the Experiments

The validation of the proposed algorithm is made using
two different sets of experiments with each set having 3
different experiments. In both of the experiment sets, the
same Cartesian trajectory is given as the position reference
to be traced. For each experiment set, first, the free motion
(i.e. trajectory tracking without any obstacles) responses are
recorded. The second experiments of each set are carried out
using only position control and the third experiments are made
using the proposed control algorithm. The difference between
these two experiment sets is basically in the geometry of the
environment. In the first experiment set, the end effector came
in contact with a round surface while in the second experiment
set, the end effector interacted with a flat surface with certain
inclination. For each experiment within these two experiment
groups, two different plots are taken: The first plots (i.e. (A)
type plots) show the Cartesian motion response of the end ef-
fector along with the location of the constraining environment.
On the other hand, the (B) type plots are illustrating the end
effector forces and motion responses over the same graph.
In the (B) type plots, the normal reaction force on the end
effector (i.e

'
f2
x + f2

y ) is shown in black color, the norm of
the vector of reference position with respect to home position
(i.e

'
x2
ref + y2ref ) and the norm of the vector of response

position with respect to home position (i.e
(
x2
res + y2res)

are shown with blue and red colors, respectively. In order to
better describe the results acquired from these experiments,
the experiment data is summarized in Table I.

C. Experiment Results & Discussion

The results obtained from the experiment sets 1 and 2 are
shown in Fig. 4 and Fig. 5, respectively. Looking at the (A)
type plots on the left column, one can observe the precise
tracking performance of the pure position control algorithm
when there are no obstacles. Further, the (B) type plots on
the left column show zero interaction force response in free
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Fig. 4: Results of Experiment Set-1: Free Motion with No Obstacles (Left Column), Pure Position Control with Circular
Obstacle (Middle Column), Proposed Algorithm with Circular Obstacle (Right Column).
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Fig. 5: Results of Experiment Set-2: Free Motion with No Obstacles (Left Column), Pure Position Control with Linear Obstacle
(Middle Column), Proposed Algorithm with Linear Obstacle (Right Column).
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Set Exp. No. Obstacle Type Controller
1 1 None Pure Position Control
1 2 Circular Pure Position Control
1 3 Circular Proposed Method
2 1 None Pure Position Control
2 2 Linear Pure Position Control
2 3 Linear Proposed Method

TABLE I: Variation of Obstacle Geometries and Controllers
Between Experiments

motion, as expected. When the plots in the middle column
(i.e. Exp. 2 plots) are investigated, the drawback of pure
position control algorithm can easily be observed. As the end
effector comes in touch with a constraining environment, the
motion stops (Exp. 2-(A)) and the interaction force increases
to the force limit of the actuators (Exp. 2-(B)). On the other
hand, inspecting the responses on the right column, one can
observe that the end effector motion is modified once it
contacts with the environment (Exp. 3-(A)). As the motion
of the end effector is modified, the interaction force does
not reach the limit. Instead, the controller balances between
the position tracking and interaction force and modifies the
motion by a factor of λ (Exp. 3-(B)). These plots clearly
show the contribution of the proposed method in constraining
environments as opposed to pure position control.

V. CONCLUSION

In this paper, a novel algorithm is proposed for robust
motion modification of robot manipulators in constrained en-
vironments. The proposed algorithm reformulates the tracking
error such that it contains a term proportional to the interaction
force. The controller is designed to enforce convergence of
error to zero value exponentially. The proposed method allows
smooth transitions between the position and the force control
schemes without any switching technique, hence, yields in a
system mimicking the natural human behavior during interac-
tion. The contribution of this new control scheme is validated
with a series of experiments made on a parallel robot.
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Abstract—A robust scheme for the attitude stabilization and
trajectory tracking in presence of parameter uncertainties and
perturbations of the 3 DOF Hover is presented. The proposed
control is based on an adaptive Super Twisting algorithm
(ASTW) and a continuous differentiator. The continuous dif-
ferentiator can estimate the unmeasurable states and fixe the
problem of chattering in the output signals. The proposed control
is validated by experimental tests under external disturbances
and parameter uncertainties using the Quanser Hover platform.
Experimental results show the smoothness of the continuous
differentiator’s signals even with noised measurements induced
by sensors. Morever, in spite of uncertainties and disturbances,
the robustness, accuracy and finite-time convergence are shown
by the experimental tests.

Index Terms—Adaptive Super Swisting, robust control, atti-
tude control, Continuous Differentiator, Quanser quadrotor.

I. INTRODUCTION

UNmanned aerial vehicles (UAVs) are a part of the
future.

They are more often used for military and civilian purposes
such as traffic monitoring, patrolling for forest fires,
surveillance, and rescue, in which risks to pilots are often
high.
The most used class of the UAVs is the quadrotor, it has an
evident advantage comparing to the other classes for various
applications because of its vertical landing/take-off capability,
payload, great maneuverability and easy manufacturing.
For this, the quadrotor becomes an interesting area of
research. Various methods are developed to control the
quadrotor position. We find the linear algorithms which deal
locally with the system around its equilibrium point as LQR
[1] and PID [2].
Since the quadrotor is a highly coupled underactuated system,
meaning that it has six degrees of freedom to be controlled
and only four inputs, nonlinear controls were taken into
consideration to deal with this latter. Several approaches
are developed in this direction such as backstepping [3],
sliding mode control [4] and Super twisting control [5].
Nonlinearities are not the only problem, so is the inability
of sensors to measure all the angular velocities, which
complicates the design of those robust controls. As a solution
an important share of research was carried out to design
observers and estimators with both linear and nonlinear types.

Many papers addressed this issue like the extended observer
[6] and the high order sliding mode observer [7].
This paper presents a robust control scheme combining an
adaptive Super Twisting with a Continuous differentiator.
Althought the super twisting algorithm developed by Levant
[8] contains chattering phenomena, it is still a robust control.
To solve this chattering, the adaptive gains were introduced
by Yuri Shtessel et al [9].
Furthermore, the classical differentiator developed in [10]
also suffers from many problems that are solved in [11].
This work is addressed for a Quanser 3-DOF Hover plateform
quadrotor, where an adaptive Super Twisting and a continuous
differentiator are combined. The approach uses adaptive gains
which increase when the disturbances are applied and
decrease to their minimum value when no external forces act
on the system. Moreover, the differentiator solves the limit
of sensors by estimating unmeasurable states. The solution’s
high performances lie in the continuous smooth signal with
good accuracy.

The paper is organized as follow: the quadrotor model
using the Euler angle representation associated with the fixed
and mobile frames is defined in section II. In section III,
the control law is determined by defining a sliding variable
and using the ASTW. Then the continuous Differentiator is
introduced to estimate the unmeasurable states which are the
angular velocities. In section IV, the closed loop stability
is discussed and finally, the experimental results that show
the validation of the theoretical conclusions about stability,
robustness, smoothness, accuracy and finite time convergence
are presented in section V.

II. MATHEMATICAL MODEL OF QUADROTOR

The 3-DOF Hover used in this paper is shown in fig1. It
consists of four DC motors driving four propellers, where
opposite motors rotate in the same direction (front and back in
counter-clockwise (CCW) direction, left and right in clockwise
(CW) direction). When a positive voltage is applied to the
motors a positive thrust force is generated and this causes the
corresponding propeller assembly to rise. The thrust forces
generated by the front, back, right, and left motors are denoted
by F1, F2, F3, and F4, respectively. The thrust forces generated
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by the front and back motors primarily control the motions
about the pitch axis while the right and left motors primarily
move the hover about its roll axis. Notice that the pitch angle
(✓) increases when the thrust force from the front motor is
larger than the back motor F1 > F2. The roll angle (�)
increases when the thrust force from the right motor is larger
than the left motor, F3 > F4.
The motion about the yaw axis, illustrated in fig.1, is caused by
the difference in torques exerted by the two clockwise and two
counter-clockwise rotating propellers. When ⌧

l

+ ⌧
r

> ⌧
f

+ ⌧
b

the yaw angle ( ) increases.

Fig. 1: Quanser Quadrotor platform

A. Dynamic

In order to obtain a simplified attitude dynamic model,
some assumptions related to the 3-DOF quadrotor need to
be defined while taking into account the constraints of the
named platform.

Assumption 1: The signals �, ✓, and �̇, ✓̇,  ̇ can be mea-
sured or estimated by on-board sensors.

Assumption 2: The roll, pitch and yaw angles are limited to
(�⇡/2 < � < ⇡/2), (�⇡/2 < ✓ < ⇡/2) and (�⇡ <  < ⇡).
It means that the acrobatic behavior is not allowed.

Assumption 3: Joint friction, air resistance and centrifugal
forces are neglected

Assumption 4: The thrust forces and torques are proportional
to the motor voltage, and motors/propellers dynamics are
neglected
Using Newton-Euler’s laws and the previous assumptions, we
find the dynamic equations of attitude motion as follow :

J
x

�̈ = (J
y

� J
z

)✓̇ ̇ + Lu1 +G
�

(1)
J
y

✓̈ = (J
z

� J
x

)�̇ ̇ + Lu2 +G
✓

(2)
J
z

 ̈ = (J
x

� J
y

)�̇✓̇ + u3 +G
 

(3)

Where G
�

, G
✓

, G
 

regroupe all the disturbances and param-
eters uncertainties which are assumed to be bounded .

The quadrotor’s parameters are given in table 1.

TABLE I: Quanser parameters [14]

parameter description value Unit
m Mass 2.85 Kg
L Distance between Pivot to each Motor 0.1969 m
K

f

Thrust factor 2.98e-6 N/V
K

t

Drag factor 1.14e-7
J
x

Roll inertia � 0.0552 kgm2

J
y

Pitch inertia ✓ 0.0552 kgm2

J
z

Yaw inertia  0.1104 kgm2

Assumption A4 induces that the produced thrusts and
torques are proportional to the voltages applied to DC motors,
that is,

u1 = F1 � F2 = K
f

(V1 � V2) (4)
u2 = F3 � F4 = K

f

(V3 � V4) (5)
u3 = �⌧1 + ⌧2 � ⌧3 + ⌧4 = K

t

(�V1 � V2 + V3 + V4) (6)

Where the F
i

are the thrusts generated by each i motors and
⌧
i

are torques, i = 1, 2, 3, 4.

III. CONTROL DESIGN

The objective of this part is to design a control in order to
stabilize the quadrotor and track the desired angles. Moreover,
as there are only three measured states we introduce a con-
tinuous differentiator to estimate the rest of states to complete
the control design.

Fig. 2: Attitute contol and estimation scheme for trajectory
tracking

A. Adaptive Super Twisting (ASTW)

The aim is to design a robust scheme to control the three
degree of freedom (DOF) of the Quadrotor’s attitude. The
control algorithm [9] is based on adapting gains to deal
with the unknown disturbances and parameters uncertainties
without control gain over estimation. The advantage of the
Super Twisting is to generate continuous control (chattering
attenuation) and less control effort that means more autonomy
for the machine.
The design of the ASTW controller requires that the relative
degree of system (1)�(3) with the sliding variable s with
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respect to the control input (u1, u2, u3) equals one.
Let us define the sliding surface which is the first step of
the design, so that the sliding variable of the attitude model is :

2

4
s
�

s
✓

s
 

3

5 =

2

4
(�̇� �̇

d

) + �
�

(�� �
d

)
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d
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d
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( ̇ �  ̇

d
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( �  
d
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3

5 (7)

With �
�

,�
✓

,�
 

positive constants chosen to make the system
converging.
Derivating (7) we find :
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The problem is to drive the sliding variable s and its

derivative ṡ to zero in finite time in presence of the bounded
perturbations by means of continuous control.
The following ASTW control is considered [9] :
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With !⇤ is the correction term of ASTW given by :

!⇤ = �K1⇤(t)|s⇤|1/2sign(s⇤)�
Z

t

0
K2⇤(⌧)sign(s⇤)d⌧ (12)

With ⇤ = [�, ✓, ] respectively
The adapted gains are given by :

K̇1⇤ =

⇢
C

a⇤sgn(|s⇤|� µ⇤) if K1⇤ > ↵
m

↵
m

if K1⇤  ↵
m

(13)

K2⇤ = C
b⇤K1⇤ (14)

Parameters C
a⇤, Cb⇤ are positive gains that ensure the high rate

of increase and decrease in K1 and K2, the ↵
m

is a positive
gain, it makes sure that the gains are always positives.
The parameter µ⇤ is the detector gain which is devloped in
[9], this detector is defined by introducing a domain |s|  µ
that is used as follows: as soon as this domain is reached, the
gains K1 and K2 dynamically decrease. Due to lower gains
or important perturbations, the system trajectories can leave
the domain, which means that the second order sliding mode
is lost. Then, the gains start dynamically increasing in order
to force the trajectories back to the domain in finite time.

B. Continuous Differentiator

In order to implement the designed control we need to
measure all the states of the system. This is not possible in
our case because the angular velocities are unmeasurable
states. So that, the continuous differentiator is introduced
to estimate these states. The main advantages of this latter
are the smoothness of the outputs of signal tracking and the
derivative estimation, simplicity, and avoidance of chattering
phenomenon.

We apply the Continuous Differentiator developed in [11]
to the 3-DOF plateform to estimate the Euler angles and
velocities. The differentiator equations are given by:

˙̂� = ˆ̇�� �1�|�̂� �|
�

�

+1

2 sgn(�̂� �) (15)
˙̇̂
� = ��2�|�̂� �|��sgn(�̂� �) (16)
˙̂✓ = ˆ̇✓ � �1✓|✓̂ � ✓|

�

✓

+1
2 sgn(✓̂ � ✓) (17)

˙̇̂
✓ = ��2✓|✓̂ � ✓|�✓sgn(✓̂ � ✓) (18)
˙̂ = ˆ̇ � �1 | ̂ �  |

�

 

+1

2 sgn( ̂ �  ) (19)
˙̇̂
 = ��2 | ̂ �  |� sgn( ̂ �  ) (20)

Where �1⇤,�2⇤ are positive gains and 0 < �⇤ < 1

IV. CLOSED LOOP STABILITY

This section introduces a stability analysis for the system
set (ASTW + Continuous Differentiator). The closed loop
system stability has been verified in Herman Castaneda [12].
This stability proof is based on the separation principle where
the stability of the ASTW has been proved in Sheetsel’s
paper [9] and the finite time convergence of the continuous
differentiator, has already be proven in Wong [11]. The con-
dition’s validation of this stability analysis is explain in [12]
which is : The observer has to be tuned such that its finite
time convergence is lower than the finite time convergence
of the controller. However, the sum of these both finite times
(observer and controller) must be sufficiently small such that
the finite time escape phenomenon cannot occur, in order to
avoid that system trajectories escape outside of the operating
domain. From a pratical point-of-view, a standard process is:
at the initial time, the control input is fixed at zero, and the
differentiator is started. After a sufficiently long time, one is
sure that the finite time differentiator has converged. Then, the
control law is started.

V. EXPERIMENTAL RESULTS

This section presents the experimental results to emphasizes
the effectiveness of the proposed scheme. The validation is
done on the platform via Matlab/Simulink using a computer
and Quanser card which is driven by Quarc software.
Results of the Continuous Differentiator are compared to
the estimator used in the Quanser Simulink program. The
parameters of the proposed scheme are given in table 2.

TABLE II: ASTW and Continuous Differentiator parameters

parameter value parameter value
�
�

2 C
a�

0.1
�
✓

2 C
a✓

0.1
�
 

3 C
a 

0.1
C

b�

0.9 ↵3 8
C

b✓

0.9 µ⇤ 0.05
C

b 

0.9 �⇤ 0.6
�1⇤ 2.5 �2⇤ 4
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A. Stabilization test

The experience is done by giving the 3-DOF intial condi-
tions and desired trajectories equal to zero. The responses of
the Euler angles are plotted. In fig.3, the blue line illustrates
the measured angle while the red one is the desired trajectory.
Initial conditions are � = 20�, ✓ = �8�, = �28�.
Fig.4 shows the voltage inputs, we see that the inputs are
around 5 volt which are significantly acceptable.

Fig. 3: Euler Angles for stabilization case

Fig. 4: Voltage inputs for stabilization case

Fig. 5: gains for stabilization case

Adaptive gains are also illustrated in fig.5. The red repre-
sents K1 and the blue K2 for each angle. Since we have no
disturbances, the gains remain in their minimum value.
In addition, states are estimated as it is displayed in the figures
fig.6 and fig.7, the error between the real signal and the
estimated one is significantly small which means the good

performance of the continuous differentiator.
Fig.7, allows to see the superior performances of the Contin-
uous Differentiator. It is clear that the Quanser filter used to
estimate the angular velocity represented by the red line has
oscillations unlike the continuous differentiator represented
with the blue signal that is smooth, this is among the ad-
vantages of the proposed differentiator.

Fig. 6: Euler Angles estimation for stabilization case

Fig. 7: Angular velocity estimation for stabilization case

B. Tracking case

In the following, the tracking problem of desired trajectories
is treated. The desired trajectories are of sinusoidal shape
with different amplitudes and frequencies for each degree
of freedom. For Roll angle � = 10� and phase equal to
0.02 rad/s, pitch ✓ = 8� and phase equal to 0.04 rad/s
and yaw  = 40� with phase equal to 0.04 rad/s.
The responses are plotted to show the performances of the
control. Fig.8 shows that the quadrotor tracks the desired
attitude and the control guarantees a good accuracy with
small chattering. Input voltages and adaptive gains are plotted
in fig.9 and fig.10, voltages are around 20 volt which is
acceptable to do not damage actuators, and the gains increase
when the error is greater than the detector selected by the
switching condition.
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Fig. 8: Euler Angles for tracking case

Fig. 9: Voltage inputs for tracking case

Fig. 10: Adaptive gains for tracking case

The performances of the continuous differentiator are
illustrated in fig.11, the estimation error between the
measured and estimated response is almost nonexistent.
However, fig.12 shows the Quanser estimator in red line and
the proposed differentietor in blue and here we see very
clearly the high superiority of the proposed estimator in term
of smoothness and chattering elemination which causes less
effort and better accuracy.

C. Robustness test

In the sequel, the problem of robustness has been studied.
The desired trajectories are the same of the tracking case. In
this experience we applied some external perturbations and
this by : firstly at t = 15s we have stoped one of motors,
then we have added a mass to the end arm of the quadrotor at
t = 45s and t = 60s. We see in fig.13 that there is a rejection

Fig. 11: Attitute estimation for tracking case

Fig. 12: Angular velocity estimation for tracking case

of perturbation. The input voltages displayed in fig.14 react to
reject the applied disturbances, we see that V3 inceases to its
maximum value at t = 15s and in V1, V2 there is an increasing
peak at 45s and 60s .

Fig. 13: Euler Angles for Robustness test

Additionally, the adaptive gains are illustratted in the fig.15,
we see that gains increase quickly when a disturbance was
applied.
For the Continuous Differentiator, the fig.16 and fig.17 show
its good performances by the same way as previously.
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Fig. 14: Voltage inputs for Robustness test

Fig. 15: Adaptive gains for Robustness test

Fig. 16: Attitute estimation for Robustness test

Fig. 17: Angular velocity estimation for Robustness test

VI. CONCLUSION

In this paper, a finite time control algorithm has been
proposed for the attitude stabilisation and tracking of

a quadrotor system. The controller has been designed
using adaptive second order sliding mode approach based
on Continuous Differentiator in order to estimate the
unmeasurable states and to ensure robustness with respect
to parameters uncertainties and external disturbances.
Experimental results obtained via the Quanser platform
show the ability of the controller to ensure the stabilisation
and tracking even in presence of external disturbances and
model uncertainties and proved the high performances of
the Continuous Differentiator that are accuracy and signals
smoothness in spite of nonsmooth measurements induced by
sensors.
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Abstract—The analysis of the open loop system in the design 
of the closed loop control systems is very important and useful in 
terms of being able to learn how the closed loop system will 
behave. In this paper, root locus graph of fractional order 
transfer function is plotted with the developed application using 
LabVIEW graphical programming language. A user panel has 
been designed using the LabVIEW graphical programming 
language. Interactive user panel is basic and user friendly for the 
computation and analysis. The root locus graph of the fractional 
order transfer function can interactively be plotted. Matsuda 
method is preferred for integer order approximation. With the 
interactive feature of developed application, the unit step 
response of closed loop control system can be plotted for a 
selected gain on the root locus graph panel. The application 
which has a rich graphical interface and interactive feature can 
also be used in teaching of fractional order control theory. 

Keywords—Fractional order systems; root-locus; LabVIEW; 
Approximation methods; step response. 

I. INTRODUCTION

The root locus technique in control system was first 
introduced in year 1948 by Evans. Root Locus analysis 
consists of a graphical method to determine how the poles of a 
linear single-input single-output feedback loop change with a 
given parameter, typically the loop gain. It is taught worldwide 
in introductory control courses [1, 2] and thus it is widespread 
in industrial control design. Root-locus is an important design 
tool that allows a control engineer to understand and verify the 
effects on controlled systems of the corresponding locus. It is 
also useful for studying the effects of variation of the loop-gain 
on a controlled system. It is possible to find many studies in 
literature. These studies are that the root locus analysis for any 
fractional order commensurate system [3], the PI control 
design by using Root Locus technique [4], calculation of all 
gains providing time-delay independent stability via root locus 
[5], the root locus rules for systems with complex coefficients 
[6, 7]. It can be seen in the works done that the Root Locus 
analysis of fractional order systems have not been studied 
much. The reason of this, as the time response calculations the 
Root-Locus analysis of fractional order transfer functions has 

very complex mathematical computation. Therefore, integer 
order approximation methods are preferred more often.  

A fractional order system can be represented by a 
differential equation where the order of the derivative can be 
any real number. Taking the Laplace transform of such a 
differential equation gives a transfer function with a fractional 
order Laplace complex variable such as sλ , Rλ ∈ . This kind 
of transfer function is known as Fractional Order Transfer 
Function (FOTF) [8]. 

The LabVIEW (Laboratory Virtual Instrument Engineering 
Workbench) software is a graphical programming language 
and used to develop a virtual instrument that includes a front 
panel and a functional block diagram [9]. User enters input 
data from the front panel of the virtual instrument. If 
LabVIEW combined with Matlab, it has become a vital tool 
for engineers and scientists in research throughout academia, 
industry, and government labs. LabVIEW, which has been 
available on all platforms since 1986, owns a large library. 
Each area such as engineering, statistics, chemistry and 
physics where the data can be used provides great 
convenience. LabVIEW is also a program with interactive 
features. Therefore, in this paper, an interactive application 
that performs root locus analysis which is one of the important 
part of control theory is developed by using LabVIEW [10]. 
Visual and interactive features of LabVIEW speed up the user 
in root locus analysis. Thus, the user can view many 
calculations in a single window. 

The paper is organized as follows: In Section II, a brief 
review of fractional order system and integer order 
approximation methods are given. Developed LabVIEW 
application and an example are introduced in Section III. 
Concluding remarks are given in Section IV. 

II. FRACTIONAL ORDER SYSTEMS AND INTEGER ORDER
APPROXIMATION METHODS 

Fractional order calculus is a generalization of the ordinary 
differentiations by non-integer derivatives. In recent years, 
fractional calculus has been an important tool to be used in 
engineering, chemistry, physical, mechanical and other 
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sciences since many real systems are known to display 
fractional order dynamics. 

A fractional order control system with input ( )z t , output 

( )q t  can be described by a fractional order transfer function 
given in (1). 

( ) ( )
( )

Q s
G s

Z s
=  

( )
1 0

1 0

1 0

1 0

m m

n n

m m

n n

b s b s b s
G s

a s b s b s

β β β

α α α

−

−

−

−

+ +…+=
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  (1) 

where ,  ( 0,1,2, ,i ia b i n= …  and 0,1,2, , )j m= …  are real 
parameters and , i jα β  are real positive numbers with 

0 1 nα α α< < … <  and 0 1 nβ β β< < … < . Thus, a transfer 
function including fractional powered s  terms can be called a 
fractional order transfer function (FOTF). 

Plotting the time domain responses includes major 
difficulties for FOTF because there is no analytical solution in 
literature for FOTF. Therefore, some approximation methods 
have been developed to simulate systems with fractional order, 
typically PID controllers. Thus, in control field, analysis of 
fractional systems can be done by using some most popular 
approximation methods such as Continued Fractional 
Expansion (CFE), Oustaloup’s, Carlson’s, Matsuda’s, 
Chareff’s, least square and other methods [8, 11-15]. 

In this paper, Matsuda’s method is preferred. Matsuda 
methods suggested by [13] is based on the approximation of 
the fractional-order operator ( )T s sλ=  by a rational function 
identified by using its gain. The gain is calculated by using M  
frequencies left again in a waveband 0[ ]Mω ω  in which the 
approximation is made. For a set of selected points 
 , 0,1,2,..,i i Mω = , the approximation takes the form given in 
(2). Also, computed approximate transfer functions for first, 
second, third and fourth order of Matsuda are given in Table I. 

( ) ( )
( )

( ) ( )

0
0 0

1
1 1

2
2 2

3 3

s
T s a sa sa

a

ωω ωω ωω
ω

−= + −+ −+
+…

 

( ) ( ) ( ) ( ) ( )0 0 1; ; i
i i i i

i i

s
a v v G j v s

v s a
ωω ω ω +

−= = =
−

 

  0,1,2,..,for i M=  

  (2) 

 

The approximated model is obtained by replacing each 
fractional operator of the irrational explicit transfer function by 
its approximation. 

It is known that the exact step response of 0.5( ) 1/G s s=  is 

equal to ( )0.5( ) 2 /sy t t π=  and its impulse response equals 

( ) 1/iy t tπ=  [8]. The exact step response and the 
approximations by different methods are shown in Fig. 1, 
where it can be seen that the approximations are worse as time 
increases. Fig. 2 shows the errors in the approximations. 
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Fig. 1. Step responses of 0.5( ) 1 /G s s=  [16]. 
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Fig. 2. Errors in the approximations [16]. 

It is shown in Fig. 1 that Matsuda approximation method 
has minimum error value according to the other methods. Thus, 
Matsuda method was preferred in the developed application. 

III. THE DESIGN OF INTERACTIVE APPLICATION WITH LABVIEW 
The LabVIEW program consists of a front and a block 

diagram panel that are structurally shown in Fig. 3 and Fig. 4. 
The front panel is used for developing user interfaces. The 
block diagram panel is the part where the logical connections 
of the blocks of the desired program are made. 
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Fig. 3. LabVIEW front panel. 

 

 

Fig. 4. LabVIEW block diagram panel. 

The developed application can be used for both fractional 
order and integer order transfer functions. Now, let’s examine 
the details of the developed Root-Locus analysis application. 
The application is designed according to the control system 
given in Fig. 5. 

 
Fig. 5. Closed loop control system with gain K. 

 Parameters of plant transfer function ( )G s  can be entered 
to the LabVIEW program using the data entry panel which is 
shown in Fig. 6. The parameters can be interactively entered to 
the system using the panel while the program is running. 

 
Fig. 6. Transfer function entry panel. 

Closed loop poles, open loop poles, open loop zeros and 
bifurcation point are interactively demonstrated on Root Locus 
Graph panel. Root Locus Graph panel are shown in Fig. 7. 
Also, user can be zoom on Root Locus graph using Graph 

Palette given in Fig. 8. Gain (K) value are controlled by users 
on Root Locus Graph panel. K value can be changed 
interactively, thus Root Locus graph reacts at the same time. 

 
Fig. 7. Root-Locus graph panel. 

 
Fig. 8. Graph Palette. 

The Matsuda approximation method is used to convert 
from fractional order transfer function to integer order transfer 
function. The order of Matsuda approximation method is 
controlled “Order” button that is shown in Fig. 9. The transfer 
function converted to integer order is as shown in Fig. 9 [17]. 

 
Fig. 9. Integer order equivalent transfer function panel. 

The developed application is also plotted step response of 
closed loop transfer function for testing system performance. 
Therefore, Time Range panel sets the start time (t0), end time 
(tf) and step time (dt) values of plotted step response. Time 
range panel is shown in Fig. 10. Thus, the desired time interval 
can be easily analysis. 

 
Fig. 10. Time range setting panel of step response. 

Root Locus Information panel is shown in Fig. 11. The 
panel demonstrate closed loop poles, open loop zeros, open 
loop poles, bifurcation points and K value at bifurcation point. 
Users can see the values by using control buttons. 
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Fig. 11. Root-Locus information panel. 

The step response of closed loop transfer function is plotted 
interactively on Step Response Graph panel with K gain. The 
step response curve is plotted depending on the K values 
chosen by users. The panel is shown in Fig. 12. Also, the 
overall view of developed application is given in Fig. 21. 

 
Fig. 12. Step response graph panel with K gain. 

Example: Consider the transfer function given in (3). 

( ) ( )1.2 0.9

1
3

G s
s s

=
+

   (3) 

Equation (3) can be written as (4). 

( ) 2.1 1.2

1
3

G s
s s

=
+

   (4) 

The data of transfer function given in (4) can be enter on 
transfer function entry panel as shown in Fig. 13. 

 
Fig. 13. Transfer function entry panel for the example. 

The transfer function given in (4) is converted to integer 
order transfer function using Matsuda’s method. The 
application computes the integer order transfer function 
automatically when user runs the program. Converted transfer 
function is shown in Fig. 14. 

 
Fig. 14. Integer order transfer function form. 

For gain K=6, root-locus graph and step response of closed 
loop control system can be plotted interactively as shown in 
Fig. 15 and Fig. 16 using developed application.  

 
Fig. 15. Root-Locus graph of  ( )G s . 

 
Fig. 16. Unit step response of closed loop control systems for gain K=6. 

In the same way, the application is run in the values K = 50 
and K = 300. The Root Locus graphs are shown in Fig. 17 and 
Fig. 19. Unit step response graphs are shown in Fig. 18 and 
Fig. 20. It can be seen in the figures that the closed loop poles 
are moving away from each other while the gain value are 
increasing and the closed loop control system goes into 
unstable state. It is shown in the Example that the developed 
application can be used easily for root locus analysis of 
fractional order control systems. 
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Fig. 17. Root-Locus graph of ( )G s . 

 
Fig. 18. Unit step response of closed loop control systems for gain K=50. 

 
Fig. 19. Root-Locus graph of ( )G s . 

 
Fig. 20. Unit step response of closed loop control systems for gain K=300. 

IV. RESULTS 
In this paper, an interactive tool is designed using 

LabVIEW for root-locus analysis of fractional order transfer 
functions. The application uses Matsuda’s method for 
converting to integer order transfer function. Matsuda’s method 
is one of the reliable method for integer order approximation. 
The transfer function data can be interactively changed by 
program user and as a result the root-locus graph and step 
response of the closed loop control system appears on the 
LabVIEW user panel. Due to interactivity and user panel 
features of the application, this study is also suitable for 
educational use. It is thought that it will help students to 
understand the root locus method easily for control theory. 
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TABLE I. MATSUDA’S INTEGER ORDER APPROXIMATION TABLE 

sα
 First order  Second order  Third order  Fourth order  

0.1s  
1.6 s + 1
s + 1.6

 
2

2

1.677 15.72 1
15.72 1.677
s s

s s
+ +

+ +
 

3 2

3 2

1.757 49.67 41.97 1
41.97 49.67 1.757
s s s

s s s
+ + +

+ + +
 

4 3 2

4 3 2

1.828 102.7 329.8 78.91 1
78.91 329.8 102.7 1.828
s s s s

s s s s
+ + + +

+ + + +
 

0.2s  
2.566 s + 1
s + 2.566

 
2

2

2.824 20.59 1
20.59 2.824
s s

s s
+ +

+ +
 

3 2

3 2

3.101 72.7 51.88 1
51.88 72.7 3.101
s s s

s s s
+ + +

+ + +
 

4 3 2

4 3 2

3.357 161 453.9 95 1
95 453.9 161 3.357
s s s s

s s s s
+ + + +

+ + + +
 

0.3s  
4.136 s + 1
s + 4.136

 
2

2

4.796 27.28 1
27.28 4.796
s s

s s
+ +

+ +
 

3 2

3 2

5.526 108 65.01 1
65.01 108 5.526
s s s

s s s
+ + +

+ + +
 

4 3 2

4 3 2

6.227 256.4 635 116.1 1
116.1 635 256.4 6.227
s s s s

s s s s
+ + + +

+ + + +
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6.724 s + 1
s + 6.724

 
2

2

8.266 36.75 1
36.75 8.266
s s

s s
+ +

+ +
 

3 2

3 2

10.01 163.6 83.01 1
83.01 163.6 10.01
s s s

s s s
+ + +

+ + +
 

4 3 2

4 3 2

11.74 417.1 907.9 144.6 1
144.6 907.9 417.1 11.74
s s s s

s s s s
+ + + +

+ + + +
 

0.5s  
11.1 s + 1
s + 11.1

 
2

2

14.58 50.71 1
50.71 14.58
s s

s s
+ +

+ +
 

3 2

3 2

18.58 254.8 108.8 1
108.8 254.8 18.58
s s s

s s s
+ + +

+ + +
 

4 3 2

4 3 2

22.72 698.8 1337 185 1
185 1337 698.8 22.72
s s s s

s s s s
+ + + +

+ + + +
 

0.6s  
18.82 s + 1
s + 18.82

 
2

2

26.67 72.57 1
72.57 26.67
s s

s s
+ +

+ +
 

3 2

3 2

35.85 413.7 148.2 1
148.2 413.7 35.85
s s s

s s s
+ + +

+ + +
 

4 3 2

4 3 2
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246.3 2056 1222 45.73
s s s s

s s s s
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s + 33.53

 
2
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2
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s s

s s
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+ +
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s s s
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2
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s s s

s s s
+ + +

+ + +
 

4 3 2
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770 13690 15610 1182 1
1182 15610 13690 770

s s s s
s s s s

+ + + +
+ + + +

 

 

 
            Fig. 21. The user panel of developed application 
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Abstract—This study deals with a fractional order PID 
(FOPID) controller tuned by Cuckoo Search (CS) algorithm for 
the trajectory tracking control of a highly nonlinear 3 DOF robotic 
manipulator. For the purpose of comparison, a traditional PID 
controller is also tuned by CS. In order to optimize the controllers’ 
parameters, four different time domain cost functions are used. 
The robustness test of the tuned controllers is also investigated for 
a different trajectory. Finally, the simulation results reveal that 
the proposed FOPID controller can not only assure excellent 
tracking performance in Joint space, but also improves the 
robustness of the system for the different trajectory.    

Keywords—fractional order PID; PID; three DOF manipulator; 
trajectory tracking; Cuckoo search algorithm 

I. INTRODUCTION

The proportional integral derivative (PID) controllers have 
become popular over the past decades and are still applied in 
industrial applications. This is because of its simple design, easy 
implementation and easily tuned in a wide range of operating 
condition [1]. On the other hand, the PID controllers are less 
effective in presence of complex systems such as system with 
time delay, higher order, modeling nonlinearities and structural 
uncertainties owing to their linear structure. In this regard, the 
PID controllers may not guarantee the requirements in most of 
the complex systems for the desired output [2].  

A way of enhancing the performance of the PID controller is 
the generalization to the fractional order one which is due to 
Podlubny [3] and based on the use of the non-integer order of 
derivative and integral. Also, the researchers have illustrated that 
a better shaping of the closed loop system can be obtained by 
means of this generalization, mainly due to an extra flexible 
structure 𝑃𝐼𝜆𝐷𝜇 . This characteristic provides the additional
degrees of freedom in tuning the controller parameters and can 
lead to better dynamic performance when compared with 
traditional PID controller. FOPID controllers are applied by the 
researchers in various fields of engineering. Thereby, FOPID 
controller is used in [4] for time delay systems, in [5] for speed 
control of a DC motor, in [6] for LFC in electric power systems, 
and in [7-8] for automatic voltage regulator systems (AVR). 

By considering all the limitations in the tuning FOPID, the 
controller parameters 𝐾𝑝, 𝐾𝑖, 𝐾𝑑, 𝜆 and 𝜇 can be found using the
swarm intelligence-based optimization algorithms such as 
Particle Swarm Optimization (PSO), Artificial Bee Colony 
(ABC), Genetic Algorithm (GA), Ant Colony (ACO) and 

Cuckoo Search (CS). Moreover, for optimal tuning of FOPID 
controller, a time domain optimal tuning method has been 
proposed in the literature based on integral performance indices 
such as the integral of absolute error (IAE), integral of squared 
error (ISE), integral of time multiplied by absolute error (ITAE), 
integral of time multiplied by squared error (ITSE) and Integral 
of squared control input (ISCI). 

For tuning of FOPID controller in the time domain, various 
tuning methods have been presented in the literature [9-13]. Suri 
babu and Chiranjeevi [9] designed a FOPID controller for 
improving the stability and dynamic response of AVR system 
by employing GA and ACO with the performance index, ITAE. 
Majid et al. [10] presented application of FOPID controller to an 
AVR system employing PSO algorithm with a new performance 
criterion including the overshoot, rising time, settling time, 
steady-state error, the IAE, the ISCI, gain margin and phase 
margin. Itik et al. [11] proposed a FOPID controller to improve 
the positioning ability of conducting polymer actuators using 
PSO and CS algorithms for obtaining the optimal controller 
parameters. Also, in that paper, a cost function including the 
maximum overshoot, the ISCI, settling time, rise time and ISE 
was considered. Zhang et al. [12] proposed a tuning method for 
FOPID controller based on minimizing performance indices i.e., 
the IAE, ISE and ITAE by means of diffusive representation. 
Rajasekhar et al. [13] designed a FOPID controller using 
opposition-based ABC algorithm for speed regulation in a 
chopper fed Direct Current (DC) motor drive in both time and 
frequency domain. Also, in order to check the superiority of the 
proposed tuning algorithm on controller design application, its 
performance was compared to PSO, GA and conventional ABC 
algorithms. 

Various researches presented FOPID controllers for the 
trajectory tracking of the robot [14-16]. Bingul and Karahan [14] 
presented FOPID controllers for the robot trajectory control 
using PSO and GA. The robustness testing was done for mass 
change, noise rejection and for different trajectories. The FOPID 
controllers tuned by PSO were superior to the FOPID controllers 
tuned by GA for trajectory tracking as well as robustness testing. 
Sharma et al. [15] proposed two-degree of freedom FOPID 
controller scheme for trajectory tracking control using CS 
algorithm. The robustness testing was performed for model 
uncertainties, external disturbance, payload variations with time 
and random noise. The simulation results illustrated that the 2-
DOF FOPID controllers outperform both their integer order 
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counterparts and the conventional PID controllers. Ayas et al. 
[16] presented a FOPID controller tuning with PSO and CS to 
improve the trajectory tracking ability of a developed two DOF 
parallel ankle rehabilitation robot subject to external 
disturbances. The experimental results indicated that the 
optimized FOPID controller has better tracking performance of 
the ankle rehabilitation robot subject to external disturbances 
significantly and also decreases the steady-state tracking errors 
in comparison with the optimized PID controller.  

In light of the above, the aim of this study is to design the 
FOPID controller to improve the trajectory tracking task of the 
first three-link of a six DOF manipulator. In order to obtain the 
optimal controller parameters, swarm intelligence based cuckoo 
search algorithm using four cost functions is employed. In the 
present work, the cost functions are chosen as the IAE, ITAE, 
ISE and integral of absolute control output (IACO). The 
performance of the CS based FOPID controller is compared with 
the CS based PID controller for the trajectory tracking task. 
Moreover, the robustness testing against disturbance is also 
performed to show the superiority of the proposed FOPID 
controller over the other.    

II. DYNAMIC MODEL OF THE MANIPULATOR 

In this study, a first 3-DOF links of Staubli RX-60 
manipulator [17] as shown Fig. 1 is considered for trajectory 
tracking control. 

 
 The dynamics of robot manipulators with rigid links can be 

written as:  

𝜏 = 𝐷(𝑞)�̈� + 𝐶(𝑞, �̇�) + 𝐺(𝑞) (1) 

where 𝜏 is the control input torque, 𝐷(𝑞)�̈� is the inertia matrix, 
𝐶(𝑞, �̇�)  is the coriolis/centripetal matrix, and 𝐺(𝑞)  is the 
gravity vector. The joint variable 𝑞 is an 𝑛 dimensional vector 
containing the joint angles. The dynamics of the first three links 
of the robot can be modelled as: 

[
𝜏1
𝜏2
𝜏3
] = [

𝑑11 𝑑12 𝑑13
𝑑21 𝑑22 𝑑23
𝑑31 𝑑23 𝑑33

] [
�̈�1
�̈�2
�̈�3

] + [
𝑐1(𝜃, �̇�)
𝑐2(𝜃, �̇�)
𝑐3(𝜃, �̇�)

] + [
𝑔1(𝜃)
𝑔2(𝜃)
𝑔3(𝜃)

] 
 

(2) 

where 𝜃 , �̇� , and �̈�  are joint positions, velocities, and 
accelerations, respectively. 

The torque equation of the first three links of a six-axis robot 
as in [17] can be computed by: 

 

𝜏1 = [𝑐2𝜃2(𝑎22𝑚3 +𝑚2𝑎2𝑐
2 + 𝐵𝑦𝑦2) + 𝐴𝑥𝑥2𝑠

2𝜃2 + 𝐵𝑦𝑦3𝑐
2(𝜃2 + 𝜃3) 

−𝑐𝜃2(−2𝑚3𝑎2𝑠(𝜃2 + 𝜃3)𝑑4𝑐 + 2𝐹2𝑠𝜃2) − 2𝐹3𝑐(𝜃2 + 𝜃3)𝑠(𝜃2 + 𝜃3) 

+𝑠2(𝜃2 + 𝜃3)(𝑚3𝑑4𝑐
2 + 𝐴𝑥𝑥3) +𝑚3𝑑3

2 + 𝐶𝑧𝑧1]�̈�1 + [𝑐𝜃2𝐷2 

+𝑠𝜃2(𝐸2 + 𝑎2𝑑3𝑚3) + 𝑐(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐) 

+𝐸3𝑠(𝜃2 + 𝜃3)]�̈�2 + [𝑐(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐) + 𝐸3𝑠(𝜃2 + 𝜃3)]�̈�3 

+[−𝑠(2𝜃2)(𝑎22𝑚3 + 𝑚2𝑎2𝑐
2 + 𝐵𝑦𝑦2) + 𝑠(2𝜃2)𝐴𝑥𝑥2 − 𝑠(2(𝜃2 + 𝜃3))𝐵𝑦𝑦3 

+2𝑚3𝑎2𝑑4𝑐𝑐(𝜃2 + (𝜃2 + 𝜃3)) − 2𝐹2𝑐(2𝜃2) 

−2𝐹3𝑐(2(𝜃2 + 𝜃3)) + 𝑠(2(𝜃2 + 𝜃3))(𝑚3𝑑4𝑐
2 +𝐴𝑥𝑥3)]�̇�2�̇�1 

+[−𝑠𝜃2𝐷2 + 𝑐𝜃2(𝐸2 + 𝑎2𝑑3𝑚3) −  𝑠(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐) 

+𝐸3𝑐(𝜃2 + 𝜃3)]�̇�22 + 2[−𝑠(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐) 

+𝐸3𝑐(𝜃2 + 𝜃3)]�̇�2�̇�3 + [−𝑠(2(𝜃2 + 𝜃3))𝐵𝑦𝑦3 

−𝑐𝜃2𝑐(𝜃2 + 𝜃3)(−2𝑚3𝑎2𝑑4𝑐) − 2𝐹3𝑐(2(𝜃2 + 𝜃3)) 

+𝑠(2(𝜃2 + 𝜃3))(𝑚3𝑑4𝑐
2 +𝐴𝑥𝑥3)]�̇�3�̇�1 

+[−𝑠(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐)+𝐸3𝑐(𝜃2 + 𝜃3)]�̇�3
2 

 

𝜏2 = [𝑐𝜃2𝐷2 + 𝑠𝜃2(𝐸2 + 𝑎2𝑑3𝑚3) + 𝑐(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐) 

+𝐸3𝑠(𝜃2 + 𝜃3)]�̈�1 + [𝐶𝑧𝑧2 + 𝐶𝑧𝑧3 + 𝑚2𝑎2𝑐
2 + 𝑚3(𝑎22 + 𝑑4𝑐

2 ) 

+2𝑠𝜃3𝑎2𝑑4𝑐𝑚3]�̈�2 + [𝑚3𝑑4𝑐
2 − 𝑎2𝑚3𝑠𝜃3𝑑4𝑐 + 𝐶𝑧𝑧3]�̈�3 

−
1
2
[𝑠(2𝜃2) (𝐴𝑥𝑥2 − (𝑎2

2𝑚3 + 𝑚2𝑎2𝑐
2 + 𝐵𝑦𝑦2)) 

+𝑠(2(𝜃2 + 𝜃3)) ((𝑚3𝑑4𝑐
2 +𝐴𝑥𝑥3) − 𝐵𝑦𝑦3) 

+2𝑚3𝑎2𝑑4𝑐𝑐(𝜃2 + (𝜃2 + 𝜃3)) − 2𝐹2𝑐(2𝜃2) − 2𝐹3𝑐(2(𝜃2 + 𝜃3))]�̇�1
2 

+[2𝑐𝜃3𝑎2𝑚3𝑑4𝑐]�̇�3�̇�2 + [−𝑐𝜃3𝑎2𝑚3𝑑4𝑐]�̇�3
2 

+𝑔0𝑚3𝑑4𝑐𝑠(𝜃2 + 𝜃3) + 𝑔0𝑚2𝑎2𝑐𝑐𝜃2 + 𝑔0𝑎2𝑚3𝑐𝜃2 

 

𝜏3 = [𝑐(𝜃2 + 𝜃3)(𝐷3 − 𝑑3𝑚3𝑑4𝑐) + 𝐸3𝑠(𝜃2 + 𝜃3)]�̈�1 

+[𝑚3𝑑4𝑐
2 − 𝑠𝜃3𝑎2𝑚3𝑑4𝑐 + 𝐶𝑧𝑧3]�̈�2 + [𝑚3𝑑4𝑐

2 + 𝐶𝑧𝑧3]�̈�3 

−
1
2 [
−𝑠(2(𝜃2 + 𝜃3))𝐵𝑦𝑦3 − 𝑐𝜃2𝑐(𝜃2 + 𝜃3)(−2𝑚3𝑎2𝑑4𝑐)] 

−2𝐹3𝑐(2(𝜃2 + 𝜃3)) + 𝑠(2(𝜃2 + 𝜃3))(𝑚3𝑑4𝑐
2 + 𝐴𝑥𝑥3)]�̇�1

2 

−
1
2 [
2𝑐𝜃3𝑎2𝑚3𝑑4𝑐]�̇�2

2 + 𝑔0𝑚3𝑑4𝑐𝑠(𝜃2 + 𝜃3) 

 

The link parameters and inertia parameters given in the 
dynamics of the robot are chosen as given in [17]. The Denavit-
Hartenberg (D-H) parameters of the robot are given in Table I.  

 

 
Fig. 1. D-H coordinate frame assignment for the robot [17].  
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TABLE I.  LINK PARAMETERS OF THE ROBOT [17] 

I 𝜶𝒊−𝟏 𝒂𝒊−𝟏 𝒅𝒊 𝜽𝒊 

1 0 0 0.237m. 𝜃1 

2 -90 0 0 𝜃2 

3 0 0.29m. 0.049m. 𝜃3 

4 90 0 0.31m. 𝜃4 

5 -90 0 0 𝜃5 

6 90 0 0 𝜃6 

 

III. CUCKOO SEARCH OPTIMIZATION ALGORITHM 

Cuckoo Search (CS) is an optimization algorithm developed 
by Xin-she Yang and Suash Deb in [18]. This algorithm is 
inspired from the brood parasitic breeding strategy of certain 
species of cuckoos by laying their eggs in the nests of other host 
birds. The algorithm imitates the cuckoo’s behaviour of finding 
the nest of other bird species for development and care of young 
ones. 

According to Cuckoo Search Algorithm, generating the 
new nest for cuckoos, the global random walk is performed by 
using a law named Lévy flights which is given below: 

𝑋𝑖(𝑛 + 1) = 𝑋𝑖(𝑛) + 𝛼⨂𝑙𝑒𝑣𝑦(𝜆) (3) 

where 𝑛 = 1, 2, 3, … , 𝑁 indicates the current iterations in which 
N denotes the predetermined maximum iteration number. 𝛼 >
0 is the step size regarding the scales of the problem of interest. 
𝑙𝑒𝑣𝑦(𝜆)  represents Lévy flight for both local and global 
searching. Lévy flight process is basically a random walk which 
is derived from the Lévy distribution with an infinite variance 
and infinite mean, given below [18]: 

𝑙𝑒𝑣𝑦(𝜆) = 𝑡−𝜆, (1 < 𝜆 ≤ 3) (4) 

where t is the current iteration. The algorithm can also be 
extended to more complicated cases where each nest contains 
multiple eggs (a set of solutions) [18]. In that case, the new nest 
is randomly generated by using the following equation: 

𝑋𝑖𝑛𝑒𝑤 = {
𝑋𝑖 + 𝑠𝑡𝑒𝑝𝑠𝑖𝑧𝑒 ∙ 𝑟𝑎𝑛𝑑𝑛,

𝑋𝑖,
           𝑟𝑎𝑛𝑑𝑛𝑖 > 𝑝𝑎

𝑒𝑙𝑠𝑒
 (5) 

where  

𝑠𝑡𝑒𝑝𝑠𝑖𝑧𝑒 = 0.01 ∙  (
𝜎(𝛽)  ∙  𝑟𝑎𝑛𝑑𝑛

𝑟𝑎𝑛𝑑𝑛
)

1
𝛽
∙  (𝑋𝑖 − 𝑋𝑏𝑒𝑠𝑡) (6) 

and 𝑟𝑎𝑛𝑑𝑛 is a random value between [0, 1], 𝛽 is a constant 
between 1 ≤ 𝛽 ≤ 3, and the standard deviation function 𝜎(𝛽) 
is:  

𝜎(𝛽) =

(

  
 Γ(1 + 𝛽)  ∙ sin(𝜋 ∙ 𝛽/2)

Γ ((1 + 𝛽2 ) ∙ 𝛽 ∙  2(
𝛽−1
2 ))

)

  
 

1
𝛽

 (7) 

 
The Cuckoo Search Optimization Algorithm involves the 

following steps:  

Step 1: Introduce a random population of n host nests, namely 
Xi.  

Step 2: Generate a new solution Xi
new using by Lévy flights 

(Equation 3). 

Step 3: Calculate its cost function, J(Xi
new).  

Step 4: Select a nest randomly among the host nests say Xj and 
calculate its cost function value, J(Xj).  

Step 5: If J(Xi
new) < J(Xj) , then replace Xj by new solution Xnew, 

else let Xj be the new solution.  

Step 6: Leave a fraction of Pa of the worst nest by building new 
ones at new locations using Lévy flights.  

Step 7: Keep the current optimum nest, Go to Step 2 if maximum 
iteration number is not reached.  

Step 8: Find the optimum solution. 

IV. CONTROLLER DESIGN 

A conventional PID controller has three parameters 𝐾𝑝, 𝐾𝑖, 
and 𝐾𝑑, with the transfer function:  

𝐶𝑃𝐼𝐷(𝑠) = 𝐾𝑝 + 𝐾𝑖
1
𝑠
+ 𝐾𝑑𝑠 (8) 

Fractional order PID controller introduces two additional 
adjustable parameters λ and µ. These parameters are non-integer 
orders of derivative and integral, respectively. The differential 
equation of the FOPID ( PO

DPI ) controller is given as the 
following: 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖𝐷𝑡−𝜆𝑒(𝑡) + 𝐾𝑑𝐷𝑡
𝜇𝑒(𝑡) (9) 

The transfer function of FOPID is given as: 

𝐶𝐹𝑂𝑃𝐼𝐷(𝑠) = 𝐾𝑝 + 𝐾𝑖
1
𝑠𝜆
+ 𝐾𝑑𝑠𝜇 (10) 

Designing a FOPID controller for 3 DOF robotic 
manipulator is to determine three parameters 𝐾𝑝 , 𝐾𝑖  , 𝐾𝑑  and 
two non-integer orders 𝜆, 𝜇 for each joint of the system. 

 
During the controller design by using an optimization 

algorithm, the most crucial step is to select the most appropriate 
cost function which is used to evaluate fitness of each nest. 
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 In this study, some common used performance criteria are 
considered as defined below: 

𝑠𝑢𝑚𝐼𝐴𝐸 = ∫ (|𝑒1(𝑡)| + |𝑒2(𝑡)| + |𝑒3(𝑡)|)𝑑𝑡
𝑡

0
 (11) 

𝑠𝑢𝑚𝐼𝑇𝐴𝐸 = ∫ 𝑡(|𝑒1(𝑡)| + |𝑒2(𝑡)| + |𝑒3(𝑡)|)𝑑𝑡
𝑡

0
 

 
(12) 

𝑠𝑢𝑚𝐼𝑆𝐸 = ∫ (𝑒12(𝑡) + 𝑒22(𝑡) + 𝑒32(𝑡))𝑑𝑡
𝑡

0
 (13) 

where 𝑒1, 𝑒2 and 𝑒3 are the tracking errors for the first, second 
and third joint, respectively. 

Besides these common used performance criteria, the 
weighted sum of ITAE and integral of absolute control output 
(IACO) is also used as defined below: 

𝐽 = 𝜔1 𝑥 𝑠𝑢𝑚𝐼𝑇𝐴𝐸 + 𝜔2 𝑥 𝑠𝑢𝑚𝐼𝐴𝐶𝑂  (14) 

where 

𝑠𝑢𝑚𝐼𝐴𝐶𝑂 = ∫ (|𝑢1(𝑡)| + |𝑢2(𝑡)| + |𝑢3(𝑡)|)𝑑𝑡
𝑡
0 , (15) 

𝑢1, 𝑢2 and 𝑢3 are the outputs of the controllers for first, second 
and third joint, respectively. Also, 𝜔1  and 𝜔2  are the weights 
assigned to ITAE and IACO, respectively. 

V. SIMULATION RESULTS 

In this section, the performance comparison of PID and 
FOPID controller is studied for trajectory tracking control of the 
joints for all performance indices mentioned above. 

Initially, the parameters of the controllers are tuned by the 
CS algorithm using the IAE, ITAE, ISE and IACO control 
strategies. Therefore, the trajectory in the joint space is 
considered as below:  

𝜃1(𝑡) = 2.5𝑡 cos 𝜋𝑡 ,    
𝜃2(𝑡) = −2.5𝑡 sin 𝜋𝑡, 

𝜃3(𝑡) = √902 − 𝜃1(𝑡)2 − 𝜃2(𝑡)2 

(16) 

In the simulation, all experiments have been carried out by 
using MATLAB software on a MSI Laptop/Processor: Intel 
CoreTM i7-6700 HQ CPU 2.6 GHz/Installed Memory (RAM): 
32.00 GB/System Type: 64-bit win10 Operating System/VGA: 
GeForce NVidia GTX960M 2GB. Also, the tuning process of 
the controllers is conducted 10 runs with all cost functions. For 
carrying out the fractional order PID controller, Ninteger 
toolbox developed by Valério and Sá da Costa [19] has been 
used. As for the approximation algorithm, the Crone method 
(with N=5) proposed by Oustaloup [20] is used, which uses a 
recursive distribution of N poles and N zeros. 

The simulation parameters and boundary settings of the 
controllers for the tuning process are given in Table II. 

TABLE II.  PARAMETERS USED FOR TUNING THE CONTROLLERS 

PID and FOPID Controllers 

Gains Range: 0 < 𝐾𝑝,  𝐾𝑖,  𝐾𝑑  ≤ 360 and 0 < 𝜆, 𝜇 ≤ 2 

The Parameters of Approximation  𝜔𝑙 = 0.01,𝜔ℎ = 100, N=5 

Simulation Parameters 
Number of Iteration 𝑚𝑎𝑥_𝑖𝑡𝑒𝑟=100 
Number of trials R=10 
Simulation Time t=3s 
the weights for J 𝜔1 = 1 and 𝜔2 = 0.01 

Input Parameters of CS 
Number of Nests         𝑛 = 10 
Abandon Probability  𝑝𝑎 = 0.25 
Constant in (6)  𝛽 = 1.5 

 
The optimal controller parameters and best cost function 

values are listed in Table III according to the minimum value 
of each cost function among 10 runs. Moreover, comparison of 
mean of absolute errors corresponding to the joint trajectory is 
shown in Fig. 2. 

TABLE III.  OPTIMAL TUNING PARAMETERS OF PID AND FOPID 

 

  FOPID and PID Controller Parameters 
Criterion 

Best Value 
 Kp Ki Kd 𝝁 𝝀 

𝒔𝒖𝒎𝑰𝑨𝑬 
0.9483 

J1 357.9964 358.2787 358.1886 0.9082 0.1082 
J2 358.1414 358.1696 359.5772 0.7299 0.3602 
J3 358.9662 357.9698 359.8526 0.7137 0.1258 

       
𝒔𝒖𝒎𝑰𝑨𝑬 
0.9986 

J1 351.6394 44.9634 349.8596 - - 
J2 355.1134 85.3698 344.8521 - - 

 J3 358.9956 348.9632 356.2354 - - 
       

𝒔𝒖𝒎𝑰𝑻𝑨𝑬 
1.7106 

J1 359.9654 358.7987 358.8856 1.0349 0.0822 
J2 357.4006 142.2411 359.5775 0.9698 0.4419 
J3 359.1662 359.3698 356.4102 0.7198 0.0758 

       

𝒔𝒖𝒎𝑰𝑻𝑨𝑬 
1.9227 

J1 356.4569 23.4568 349.8596 - - 
J2 345.6394 35.9845 357.1414 - - 
J3 349.9894 355.3698 350.9898 - - 

       

𝒔𝒖𝒎𝑰𝑺𝑬 
0.1458 

J1 359.6411 359.6627 358.0258 1.0988 0.0937 
J2 358.9693 358.2369 359.3757 0.9798 0.0262 
J3 359.0166 359.0098 359.9321 0.6779 0.0283 

       

𝒔𝒖𝒎𝑰𝑺𝑬 
0.2021 

J1 354.2694 11.2390 346.7796 - - 
J2 352.9639 15.2236 343.4569 - - 
J3 355.3194 358.1962 349.3386 - - 

       

𝑱 
2.8186 

J1 359.3817 356.6455 359.9072 1.0894 0.0119 
J2 356.8666 359.8874 359.9889 0.9873 0.0132 
J3 359.9495 358.9912 354.3342 0.6188 0.0108 

       

𝑱 
3.0905 

J1 360 19.5632 359.0132 - - 
J2 360 96.2365 358.9945 - - 
J3 360 360 357.7474 - - 
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For each case, the efficiency and superiority of the CS based 
FOPID controller design is observed as compared to the CS-
based PID controller design. 

 
Fig. 2. Comparison of joint trajectory errors using the tuned controllers. 

The robustness and powerfulness of the PID and FOPID 
controllers tuned by CS is examined by considering the 
reference trajectory given in Fig. 3 in the Cartesian space. 

 
Fig. 3. Path tracked by the end-effector. 

The graphs of trajectory tracking in Joint space 
corresponding to the reference motion given in Fig. 3 are 
presented in Fig. 4-7 for PID and FOPID controllers with 
respect to IAE, ITAE, ISE and J.  

 
Fig. 4. Three joint trajectories for PID and FOPID controllers using the IAE. 

 
Fig. 5. Three joint trajectories for PID and FOPID controllers using the ITAE. 

 
Fig. 6. Three joint trajectories for PID and FOPID controllers using the ISE. 

 
Fig. 7. Three joint trajectories for PID and FOPID controllers using the J. 

From these graphics, it can be observed that the CS based 
FOPID controller is better compared to the CS based PID 
controller in case of all cost functions for tracking the reference 
trajectory. 

PID FOPID PID FOPID PID FOPID PID FOPID
J1 0.166 0.143 0.165 0.138 0.166 0.137 0.161 0.133
J2 0.122 0.131 0.118 0.12 0.121 0.106 0.118 0.104
J3 0.045 0.04 0.046 0.039 0.045 0.038 0.044 0.038
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The cost function values as well as mean of abolute errors 
of each joint is also given in Table IV. From these results, it can 
be clearly concluded that the FOPID controller outperforms the 
PID controller for the trajectory tracking performance. 
Moreover, it can be inferred that results obtained by FOPID 
controller tuned with CS using IAE and J are slightly better than 
that of using ITAE and ISE. 

TABLE IV.  QUANTITATIVE TRACKING PERFORMANCE IN JOINT SPACE 
FOR PID AND FOPID CONTROLLERS. 

VI. CONCLUSION 

In this study, the FOPID controller has been designed for the 
highly non-linear first 3-RRR manipulator performing a 
predefined trajectory tracking task in Joint space. The 
parameters of the FOPID controller has been tuned with the CS 
algorithm using four different cost functions. A comparative 
study of the proposed FOPID controller has also been performed 
with the PID controller tuned by CS. Moreover, the robustness 
testing of the tuned controllers for the different trajectory in 
Cartesian space has been investigated according to the cost 
functions. 

From the results, it can be deduced that the CS based FOPID 
controller seems to be more robust compared to the CS based 
PID controller in case of all cost functions with regard to 
superior trajectory tracking performance. For the robustness 
testing, the results of following the reference trajectory given in 
Cartesian space have been obtained by means of comparative 
curves and cost function values of the joint errors. From the 
simulation results, it can be observed that the FOPID controller 
is more robust and efficient compared to the PID controller in 
case of all cost functions for trajectory tracking problem. 
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Controller 
Mean of Absolute Errors of 

joints Cost function 

J1 J2 J3 𝒔𝒖𝒎𝑰𝑨𝑬 

PID 3.1211 6.3386 4.8142 114.1949 

FOPID 2.2397 3.9951 1.4463 61.4546 
     

 J1 J2 J3 𝒔𝒖𝒎𝑰𝑻𝑨𝑬 

PID 3.0595 7.0577 4.8348 614.2874 

FOPID 2.4707 5.1653 1.6934 361.7758 
     

 J1 J2 J3 𝒔𝒖𝒎𝑰𝑺𝑬 

PID 3.1049 7.0129 4.8092 1702.2815 

FOPID 2.4827 4.3966 1.5360 959.6312 
     

 J1 J2 J3 𝑱 

PID 3.1060 6.3563 4.8285 579.9562 

FOPID 2.3537 4.3963 1.3129 313.1510 
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Abstract—This paper proposes a new design of fractional 
order adaptive PI (PIα) controller for a class of first order plus 
time delay (FOPTD) plants. An offline tuning method is achieved 
to fix the fractional order α, to satisfy gain and phase margin 
specifications. Then, an adaptive control is used to adjust online 
the basic parameters Kp and Ki. The robustness of the proposed 
scheme is ensured by the property of the well-known Bode’s ideal 
transfer function. The resulting adaptive control ensures more 
robustness against gain variations, due to the use of fractional 
operators. Simulation results confirm much the effectiveness of 
the proposed tuning scheme.

Keywords—Bode’s ideal transfer function; Fractional Order 
Reference Model; Gain and Phase Margin Specifications; 
Processes with Time-Delay. 

I. INTRODUCTION

A large number of industrial processes can be 
approximately modelled using the so-called first order plus 
time delay (FOPTD) form. Many works have been presented in 
the literature to overcome the time delay problem, some of 
them handles this term using low or high order Pade 
approximations, whereas in other works, the time-delay is 
approximated by simple 1st, 2nd or higher order lags [1-2]. 
Other works introduces the Smith Predictor to deal with time 
delay problem. In our work, 2nd order Pade approximation is 
used. 

Adaptive control has become one of the most research 
fields in control theory since fixed controllers are often not able 
to control processes with parameters varying over time. 
Basically, the well-known Model Reference Adaptive Control 
(MRAC) is used to control plants with variation of parameters. 
PID controllers with adaptive parameters are the typical case of 
MRAC algorithms which can be used to provide an automatic 
tuning where the adaptation mechanism is switched on for a 
period of time. Then, switched off (performance is satisfactory) 
when the adjustment of the parameters is not required. 

Recently, fractional calculus has been largely used to 
provide higher degrees of freedom in control of dynamical 
systems, in which classical integer order derivative and integral 
terms are extended to the non-integer ones [3-5]. Several robust 
control methods based on these systems were developed, e.g., 

CRONE control [7-8] and robust fractional adaptive control [6-
12]. 

Many methods for tuning of fractional order PID 
controllers have been presented in the literature. Gain phase 
margin, crossover frequency, high frequency noise rejection, 
maximum sensitivity and the iso-damping property are the 
main specifications that have been considered to design FO-
PID controllers [13]. Among the methods of parameters tuning 
PI Dμ controllers is proposed in [14] and the analytical design 
method presented in [2]. 

Many schemes have been proposed to introduce fractional 
order controllers into the adaptive control schemes, in order to 
maintain robustness properties and to allow more design 
freedom and resulting in a robust adaptive control. In most 
schemes, the tuning of the fractional orders is not showed 
explicitly. 

The objective of this work is to develop a new design 
scheme in order to tune the adaptive fractional-order PID 
controller with the aim of satisfying gain and phase margin 
specifications over the given range of the plant parameters 
variation. The controller tuning is based on bode’s ideal 
function which is applicable to FOPTD processes. 

The remaing parts of the paper are organized as follows: In 
Section II, fractional order systems are briefly introduced. 
Design of the proposed tuning scheme is presented in Section 
III where offline analytical design tuning method is detailed. 
The MRAC and gradient approach is presented for the online 
tuning. Time-delays term is also considered and an illustrative 
example is provided. Finally, remarks are presented to 
conclude the paper in Section V. 

II. FRACTIONAL ORDER SYSTEMS

A commonly used definition of the fractional integration is 
the Riemann–Liouville definition, 

 

Where  is the Gamma function and  is the fractional 
order of the integration.  
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Laplace transform is another useful tool for both system 
analysis and controller synthesis. The Laplace transform of (1), 
under zero initial conditions for  is, 

 

where  is the Laplace transform . 
In the control theory, fractional order system can be 

expressed in a transfer function of the form, 

 

Where  is the derivative operation, ,  and 
, . 
The well known Bode’s ideal transfer function is an 

irrational function of the type [14], 

 

where  and  is the gain crossover frequency. 
The Bode plot of this function is characterized by a 

constant slope magnitude of  and a constant phase given 
by . 

III. DESIGN OF FRACTIONAL ORDER MODEL REFERENCE 
ADAPTIVE PI SCHEME 

The transfer function form used to model a large number of 
industrial processes to a first order plus time delay (FOPTD) 
can be written as, 

	
 

where L is the time delay, , is the static 
gain and  is the time constant. 

 
Figure 1.  Closed loop control system. 

where,  is fractional order controller defined as, 

 

where,  is the proportional gain,  is the derivative time 
of the controller, . 

Equation (6) can also be rewritten as, 

 

which is a particular case of a fractional  
controller,where,	 . 

The fractional order  is calculated using analytical design 
method (detailed in the next section) to satisfy the desired gain 
and phase margins  and  respectively.  

A. Analytical design tuning method (Offline tuning) 
As mentioned previously, the fractional order  is 

determined using analytical design method to satisfy the 
desired gain and phase margins  and  respectively. The 
analytical design method chosen is described in [2] as follows, 

with . The open loop of the Fig. 1 is, 

 

Then, the gain and the phase expressions are given 
respectively, 

	 	
 

 

with the desired specifications  and . The controlled 
system should satisfy, 

 

 

where and  are the gain and phase crossover 
frequencies of the open-loop system, with, 

 

and, 

 

By substitution, we can write the gain relations as, 

 

 

and the phase relations as, 

 

 

From (15) and (16), we obtain the gain and the phase 
crossover frequencies as, 

 

 

Using (13) and (16), we obtain a new nonlinear relation, 
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Using a numerical method, the fractional order  can be 
determined for each desired gain and phase margin values 

and . 

Equation (21) shows that the specified gain and phase 
margins depend only on the fractional order . Therefore, any 
variation of the gain  has no effect on the closed loop control 
system performance. So that, the system is robust to gain 
variations. 

The proportional gain is given by, 

 

At this point, the value of  calculated in (21) and the value 
 calculated in (22) using nominal values for the gain , are 

useful for the next stage of the proposed tuning scheme. 

In the next section, the results of the offline tuning method 
described above is investigated to design a robust fractional 
order PI-based model reference adaptive control, using Bode’s 
ideal loop and the fractional order MIT rule. The resulting 
fractional order controller can be used to serve as a robust 
adaptive PI control for first order plus time delay plants with 
unknown variations of gain . 

B. MRAC and the MIT rule approach (Online tuning) 
Model Reference Adaptive Control (MRAC) is one of the 

most popular approaches in adaptive control, in which the 
desired performance is generated by the reference model. The 
adjustment of parameters is achieved by the error between the 
plant and the model reference output. [5]. 

Generally, an MRAC system can be represented by Fig. 2. 

 
Figure 2.  Schematic diagram of MRAC. 

The model approximation error can be defined as, 

 

where  is the plant output and  is the reference model 
output,  is called the tracking error between the plant output 
and the reference output. Whenever responses of reference 
model and control system differ, it causes the increasing of the 

 amplitude. MRAC updates the adaptation parameter  by 
minimizing a convex cost function  via MIT rule [10], 

 

• MIT Rule 

The adjustment rule of conventional MRAC for the change 
of adaptation parameter in the direction of the negative gradient 
of  was written [6,9] as, 

 

where  is called sensitivity derivative and  is the 
adaptation gain. This approach is called the M.I.T. rule. 

Equation. (25) is used to adjust the control law parameters 
 and  to better fit gain and parameters variation of the 

plant. Therefore, the schematic diagram of Fractional Order-
MRAC of the Fig. 2, can be adapted to, 

 
Figure 3.  Schematic diagram of fractional order PI-MRAC controller. 

In the next section, the fractional order LTI controller (6) 
with the analytical method described above is investigated to 
design a robust fractional order PI-based model reference 
adaptive control using Bode’s ideal loop and the fractional 
order MIT rule. The resulting fractional order controller can be 
used to serve as a robust adaptive PI control for first order plus 
time delay (FOPTD) with unknown variations of gain . 

C. Fractional order model reference adaptive PI control 
In this section, the parameter adaptation laws for a PI 

control algorithm using the MIT rule are detailed. 

The controller  in Fig. 2, is an adaptive Proportional-
Integral (PI) controller defined as, 

 

The control law u, in Fig. 2, is considered as, 

 

where  is the control variable,  is the control error (defined 
as ),  is the reference and  is the output. 

Substituting (26) in (27) yields, 
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Rearranging Eq. (28) gives us, 

 

Where the tuning of the fractional order  is done with the 
same way as in (7). In other words, the parameter  is 
calculated using (21) to satisfy gain and phase margin 
specifications. The parameters  and  are adjusted using 
MRAC structure to compensate the controlled plant against any 
disturbances or parametric variations. 

Equation (29) can be written as, 

 

Now, let's consider the following control law form, 

 

Comparing with (30) yields, 

and	  

1) Initial values of the adaptive algorithm (of  and ) 
As mentioned above, the parameters of the controller  

and are adjusted using an adaptive PI control algorithm. 
Furthermore, it is possible to use the value of  calculated in 
(22), and  as initial conditions to initiate the adaptive 
algorithm. Thus, three parameters can be tuned in this structure 
( ,  and ) as follows, 

• In offline tuning 

 is tuned in offline from (21), 

The initial value of  from (22) and . 

• In online tuning 

 must be remain fixed, 

 and  adjusted using MIT-based MRAC algorithm. 

• As a result, 

Robustness to variations in the gain of the plant is 
fulfilled (fractional operators and the MRAC 
algorithm) and the controlled plant satisfies gain and 
phase margins specifications. 

With the initial values given to the parameters (  and 
) for the adaptive algorithm based on gain and phase 

margins specifications, it is possible to say that the 
adaptive algorithm can start from the right initial 
conditions, so the stability of the controlled plant is 
ensured and improved. 

2) Reference model 
Reference model is used to generate an idyllic response of 

the adaptive control system to the reference input. 

Another contribution of this work is the fractional property 
of the model reference used for the MRAC algorithm, which is 
based on Bode’s ideal loop. Considering the same gain and 
phase margins specifications ( , ) adopted for the system 
(5), a fractional order model reference is obtained as the closed 
loop of (8) as, 

 

Which clearly has unit steady state gain. The initial values 
of ,  and  are calculated from (21) and (22) respectively, 
with the nominal values of . 

Equation (33) is used to serve as a Bode’s ideal loop-based 
Model Reference for the Adaptive Control algorithm proposed 
in this work. 

Applying the control law (31) to the system (5) gives us, 

 

Now, it’s time to derive the adaptation rules for the 
controller parameters and . Using the adjustment rule in 
(25), the next relations are given, 

 

Solving (34) for  and  and substituting in (35) gives, 

 

				  

In Laplace domain (37) and (38) can be written as, 

 

				  

where ′ . 

From (33) the model output is derived as, 

 

when the output  in (34) is close to its ideal  in (40) the 
following approximation can be done, 

 

where in the second side of (41)  is substituted by initial 
values. Whereas,  can be replaced by nominal values. 
Therefore, (38) and (39) are approximated to, 
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IV. ILLUSTRATIVE EXAMPLES 
In order to show the effectiveness of the proposed adaptive 

control scheme, an example is chosen from the literature. The 
plant is a heating furnace which was modelled in [14] by, 

• Integer order differential equations, 

	 	 	  

• Fractional order differential equations, 

	 	 	  

According to [15], the fractional order model was more 
exact than the integer order one. 

To apply the proposed adaptive control, the integer order 
model (44) should be approximated by a first order plus time 
delay system which is given in [16] by the following transfer 
function, 

 

The design specifications required for this plant are, 

• Gain margins, , 

• Phase margins 	degrees, 

Applying the tuning method (21) described previously, the 
obtained fractional order is , 

From (22), , with ,  

As mentioned above, these values will be used to initiate 
the adaptive PI algorithm parameters. 

A. Design of the fractional order adaptive PI controller 
The proposed fractional model reference of the control 

system can be given by, 

 

The delay time term is approximated by 2nd order Pade 
approximation. The fractional order operator approximation is 
done in the frequency band [0.001 to 1000] rad/s with 5th order 
transfer function. The obtained responses of the controlled 
plant and the fractional order model reference are given in Fig. 
4, where FOPTD stands for First Order Plus Time Delay 
Model. 

 

 
Figure 4.  Controlled plant and model responses 

It can be seen that there is a perfect model following, for 
time t < 50 seconds, the controlled plant and the model 
performances are overlapped due to the initial conditions given 
to the adaptive control algorithm. The control law given to the 
system is depicted in Fig .5. 

 
Figure 5.  Control variable response 

An integer order PID controller is designed according to 
Åström-Hägglund tuning algorithm [10] for the integer order 
model (44) as, 

 

A fractional order  controller is designed according 
to the tuning algorithm in [16] for the fractional model (45) as, 
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In order to compare the results of the proposed scheme for 
the plant model (46) with the two controllers (48) and (49), a 
comparison of the three strategies of control is shown in Fig. 6. 

 
Figure 6.  Comparison of the three strategies of control. 

IO: Stands for Integer Order and FO: for Fractional Order. 

FOPTD: Stands for First Order Plus Time Delay Model. 

MATLAB StepInfo command with “SettlingTimeThreshold = 
0.05” can give us the following results, 

TABLE I.  RESULTS OF THE “STEPINFO” COMMAND FOR THE THREE 
STRATEGIES OF CONTROL 

 FOPTD-Plant with FO-
MRAC-PI (Proposed) 

IO-Plant 
with IO-PID 

FO-Plant 
with FO-PID 

Rise Time 31.5208 21.8900 30.5475 
Settling Time    53.9381 167.1491 83.2827 
Settling Min 0.9294 0.8521 0.9103 
Settling Max 1.0172 1.5206 1.0761 
Overshoot 1.7187 52.0575 7.6145 
Undershoot 3.2214 0 1.0228 
Peak 1.0172 1.5206 1.0761 
Peak Time 76.3258 61.2695 64.4210 

From the TAB.1, the performances of the controlled plant 
are improved. The plant response is much faster with smaller 
overshoot when the fractional adaptive controller PI is applied. 

V. CONCLUSION 
In this work, a novel design scheme is proposed to tune 

fractional order adaptive PI controller for a class of first order 
plus time delay (FOPTD) plants. Two ideas have been 
presented to improve the Fractional Order Model Reference 
Adaptive Control (FO-MRAC) namely, 

• The Fractional Order MRAC tuning scheme is 
improved; where initial parameters of the adaptive 

algorithm are fixed in offline first, then an online 
tuning is performed to achieve the robustness of the 
controlled plant against parametric variations [17], 

• The second idea is the new fractional order Model 
Refrence tuning form which is introduced using the  
plant model.  

Through an illustrative example, simulation results show 
the effectiveness of the proposed scheme. 
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Abstract— This paper studies undamped oscillation in fractional 
order delayed systems. Laplace transformation and Mittag-
Leffler function is adopted to solve the fractional order delayed 
differential equations. We seek to find a relation between the 
system parameters and the oscillation frequency and then adjust 
the system’s coefficients so that all the roots of the characteristic 
equation, except the roots on the imaginary axis, lie on the left-
hand side of the imaginary axis. We also obtain amplitude of the 
oscillation using the asymptotic behavior of the Mittag-Leffler 
function and calculate the transfer function residue at the 
frequency of oscillation. Since the other roots of the characteristic 
equation lie in the left-hand side of the imaginary axis, their 
contribution decay to zero as time tends to infinity. Finally, 
numerical simulation results are provided to verify the analysis. 

Keywords- Delayed system, fractional order systems, undamped 
oscillation. 

I. INTRODUCTION

Fractional order differential equation has been used as the 
effective tool to describe the memory properties of practical 
systems. In the recent years, the fractional order delayed 
systems have attracted a great deal of attention particularly in 
the modeling of physical and biological systems, which 
includes delay and fractional order. It is shown that these 
systems can accurately represent the behavior of these systems. 
It is tangible that a fractional order delayed system can generate 
undamped oscillations like an integer order system. Undamped 
oscillations of fractional order duffing system are investigated 
in [1] and by using the describing function method a relation to 
estimate the frequency and amplitude of oscillations in these 
systems is provided. The frequency and amplitude equation of 
duffing oscillator is obtained by the averaging method in [2]. 
The necessary and sufficient conditions for oscillation of a 
fractional delayed differential equation are investigated in [3]. 
Decomposition of the time delay systems into the subsystems 
with smaller dimension is proposed in [4] and necessary and 
sufficient condition are found such that two matrices are 
simultaneously transform to a common triangular or diagonal 
forms. A new method is presented to solve a fractional delayed 
differential equation in [5]. Several types of fractional order 
controllers and Matlab functions, which are used to simulate 
the fractional order system, are presented in [6]. The oscillation 

frequency is determined for linear fractional order systems with 
any number of fractance device and several types of fractional 
order oscillators have been designed in [7] by using Pspice 
simulator. The asymptotic stability and BIBO stability of linear 
fractional delayed differential equations have been introduced 
in [8]. The existence of a limit cycle in fractional order Arneodo 
system and the estimation of frequency and amplitude of the 
oscillation in such system are discussed in [9]. An exact 
method to analyze the stability in linear time delayed systems is 
presented in [10], where the Rekasius substitution for 
exponential terms in characteristic equation determines the 
roots on the imaginary axis. The asymptotic behavior of the 
Mittag-Leffler function and estimation of the relation for this 
function is proposed in [11]. The relation between inner 
dimension and maximum number of oscillation frequency 
generated by a linear fractional order system is presented in 
[12]. Also, in [13] several criteria have been obtained for the 
stability of fractional order system with multiple time delays 
and the results are applied to the fractional Duffing systems. 

In this paper, the undamped oscillatory behavior of 
fractional order delayed systems is investigated. We also strive 
to find a relation between the oscillation frequency and the 
system parameters and then estimate the amplitude of 
oscillation by analyzing the asymptotic behavior of the Mittag-
Leffler function. Finally, we calculate the residues for the pole 
located on the imaginary axis. 

The paper is structured as follows. Some preliminary 
mathematical concepts are given in Section II. The undamped 
oscillation of the fractional order delayed system is discussed 
in Section III. Also estimation of the frequency and amplitude 
of the oscillations are discussed. In order to verify the analysis, 
two numerical examples are given in Section IV. Finally, 
Section V concludes the paper. 

II. PRELIMINARIES AND DEFINITIONS

To solve linear fractional order differential equations 
Mittag-Leffer function ,  is usually employed. This 
function is defined as follows 

, . (1)
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If 	 , the asymptotic behavior of Mittag-
Leffler function ,  is as [11] 
 , 	 . (2) 

The characteristic equation of a linear fractional order 
differential delayed system contains exponential terms which 
complicate its analysis. To simplify this equation, the 
exponential terms are replaced by Rekasius [10] substitution 
which is given by 
 , , . (3) 

This substitution is exact on imaginary axis ,  
and therefore, could be used to find purely imaginary roots of 
the characteristics equation. By equating the amplitude and 
phase in two sides of (3) at ,  the relation between 

 and  can be obtained as 
 , , , , . (4) 

Analysis of stability for fractional order delayed systems is 
very complex. The root tendency represents the transition 
direction of characteristic equation roots of time delay systems 
at  as  increases from  to , . 
The root tendency at the crossing point on the imaginary axis is 
defined as [10] 

 
,

. (5) 

If  is positive, there is a destabilizing crossing and if it is 
negative, there would be a stabilizing crossing. For 

, higher order derivatives are required. 

 
Fig. 1. The stability region of LTI fractional order system for . 

Theorem 1 (Matignon’s stability theorem) [6]: Fractional 
order transfer function  is stable if and only 
if  (see Fig. 1) where , , 

,  and  is the fractional commensurate order. 

III. THE UNDAMPED OSCILLATION OF FRACTIONAL ORDER 
DELAYED SYSTEMS 

A linear time-invariant scalar fractional order delayed 
system could be represented by 
 , (6) 
 , , 
where ,  and  are scalars, , and 
	 ,  is a bounded function. The characteristic 

equation of this system is given by 
 , . (7) 

In order to determine the amplitude and oscillation 
frequency of system (6), the system coefficients are designed 
so that all the characteristic equation roots, except non-repeated 
ones on the imaginary axis, are located in the left-hand side of 
this axis. 

Considering the characteristic equation in (7) and replacing 
, it is obtained that 

 . (8) 
Since , one could employ the Rekasius substitution. 

  (9) 

By equating the real and imaginary parts of (9) to  one 
obtains 
  (10) 
  (11) 

Solving these equations, the following results are obtained. 
  (12) 

  (13) 

Then, the oscillation frequency is obtained as 

 . (14) 

According to (14), system (6) can generate at most one 
oscillation frequency. The Laplace transformation of the 
system is obtained as 

, (15) 

where  is the Laplace transform of . 
For , , ,  as the roots of characteristic equation (7) 

which satisfy the following conditions 
 , , (16) 
 , , , , (17) 
where  is a positive real value, the Laplace transform of  
could be expressed as 

 , (18) 

where ,  ( ), and  ( ) are calculated using the residue 
theorem and  and  are real and complex roots of (7), 
respectively. 

Since the system parameters and initial conditions are 
bounded,  ( ),  ( ) and  are also bounded.  is 
obtained using inverse Laplace transformation from (18), 
 , , ,   

 , , . (19) 
Using asymptotic behavior of the Mittag-Leffler function 

one concludes 
  
  (20) 

Since , , and  are negative, the 
summation terms in (20) decay to zero as time tends to infinity. 
The asymptotic behavior of  can be described as 

264

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 
 

  

 , , . (21) 

Considering the response of the pole located on the 
imaginary axis , the initial condition, 
and employing the Rekasius substitution for delay, the transfer 
function is obtained as 

 , (22) 

where . 

By calculating the residue of (22) at , the oscillation 
amplitude of system (6) is obtained as follows 

  and , (23) 

where 

 	 . (24) 

A linear fractional order delayed system with inner 
dimension two could be represented by 

 , (25) 

 , , 

where , , and , ,  are 
bounded and continuous functions. 

The characteristic equation of system (25) is as follows 

 , 																  

 																	 . (26) 
The characteristic equation is multiplication of the 

characteristic equations of two scalar fractional order delayed 
systems. Thus, the following equations are used to determine 
the oscillation frequencies of this system. 

  (27) 

  (28) 

According to (27) and (28), system (25) can generate at 
most two concurrent oscillation frequencies. The oscillation 
amplitude is obtained by applying the Laplace transformation 
considering initial conditions and calculating the 
corresponding residues of the poles on the imaginary axis. 
Since the other roots of the characteristic equation lie in the 
left-hand side of the imaginary axis, their time response decay 
to zero as time tends to infinity. The Laplace transformation 
the system is obtained as follows 

 and  , 

where 

   

   

By applying the Rekasius substitution,  and  can 
be rewritten as 

 , (29) 

 
. (30) 

By calculating the residue of (29) at  and the 
residue of (30) at , the amplitude of frequencies  
and  are calculated respectively as follows 

 , , (31) 

 , , (32) 

where 
  (33) 
  (34) 

Remark 1: The state space matrices of system (25) were 
considered in diagonal and lower triangular forms. Otherwise, 
It is possible to find a transformation matrix to convert the 
state space matrices into diagonal and lower triangular forms 
simultaneously [4]. 

IV. NUMERICAL EXAMPLES 
It is desired to design a sinusoidal wave with the oscillation 

frequency of 	  and amplitude of  for system (6) with 
the following dynamics 
 	 , (35) 
 , .  

This system is stable at  and the root tendency at 
crossing frequency is calculated as follows 

 , . (36) 

Since , this system is stable for . 

 
Fig. 2. The time-domain response of system (35) using Oustaloup 

approximation. 

We expected the system’s output to be a pure sinusoidal 
wave, but Fig. 2 shows it is an undamped sinusoid. The reason 
for such behavior is that, during simulation of system using 
Matlab software, the fractional order derivative  was 
approximated by an integer order transfer function using 
Oustaloup method. In the fractional order system, the lines with 
slope of  are boundaries for stable and unstable regions 
while when the Oustaloup approximation is used, these lines 

x(
t)
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become curves, which pose error in the output of the system. 
As shown in Fig. 3, the star points are poles designed for 
system (35) and these poles are slightly diverged towards the 
right side of the solid-line curve, therefore they lie in the 
unstable region and due to this approximation error, the output 
of the system for the designed pole is an undamped sinusoid. 
Now we incorporate some modifications to the parameters of 
the system so that the designed poles lie on the left side of the 
crossing point. In this case, the system parameters are as 
 . (37) 

 
Fig. 3. Designed frequency for system (35) and stability and instability 

boundaries. 

 
Fig. 4. The time-domain response of system (37). 

In Fig. 4, it is shown that the system output is damped 
sinusoid and since the root loci is continuous with respect to 
the system parameters, the points between them which are the 
intersection of the lines with slope  with the curve 
obtained from the approximation, are pure sinusoid. 

Next, it is desired to design two sinusoidal waves with the 
oscillation frequency of  and  and 
amplitudes of  and  for system (25). For this purpose, using 
(27), (28), (31), and (32) the parameters of system (25) are 
obtained as 

   

  (38) 

 , . 
Since , this system is 

stable for . The corresponding delay of the crossing points 
of the system’s characteristic equation with the imaginary axis 
is as follows 

 ,  

 .  

Root tendency at these crossing points are positive. Thus, 
system (38) is stable for . The characteristic 
equation of system (38) is as 
  
 . (39) 

Employing the Rekasius substitution and , the 
characteristic equation becomes 
   
 , (40) 
where  and . Roots of this polynomial 
are obtained as follows 

 

, ,

, ,

, ,

, ,

, , 	
, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

  

As it is seen, , , , , , thus they are 
located in the stability region. Roots , 	and ,  lie on the 
imaginary axis since 	 . System (38) 
has no poles in the unstable region. System’s response due to 
the pole’s in the left hand side of the imaginary axis decays to 
zero as time tends to infinity and only periodic single with 
design frequencies remains in the steady state. 

V. CONCLUSIONS 
In this paper, purely imaginary roots of linear time invariant 

fractional order delayed systems with inner dimension one and 
two were investigated. Exploiting residue of the transfer 
function and considering the asymptotic behavior of the 
Mittag-Leffler function, the oscillation amplitude was 
determined. Analyzing the system dynamics in the frequency 
domain, the oscillation frequency of the system was also 
determined such that one is able to tune the system to oscillate 
with desired frequencies. Finding relation among the 
frequencies and the coefficients of a fractional order delayed 
system with inner dimension  and finding maximum 
number of existing frequencies could be interesting topics for 
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the future work in this field. 
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Abstract— In this study, an online-tuning method for derivative 
order term of Fractional PD and Filtered Fractional PI controllers 
is presented. For this purpose, closed-loop step response is divided 
to certain regions and a different tuning strategy is proposed for 
each region. These tuning strategies basically depend on the error 
between the system output and reference input. The strategy 
formulas are formed as linear equations arranged in terms of 
system error and system time constant. Simulations are performed 
to show the effectiveness of the proposed on-line tuning method on 
various systems. 

Keywords—Fractional derivative, PID controllers, on-line 
tuning,  first order plus dead time systems 

I. INTRODUCTION 

Fractional order calculus has been around for more than 
300 years and recently this area of mathematics proved itself to 
be useful in wide range of areas  of science and 
engineering. Especially in the field of control engineering, 
fractional calculus is commonly practiced for both modeling 
and controlling the systems [1-5]. 

Application of fractional integral to control systems was 
firstly introduced by Manabe [6]. Superiority of fractional 
order controllers over integer-order PID controllers is showed 
by Oustaloup [7]. Later, Podlubny introduced the generalized 
fractional PID controller [8]. 

Fractional order PID controllers are classical PIDs which 
use fractional order differentiation and integration instead of 
integer derivative and integral actions. Thus it inherently has 2 
additional parameters, fractional integral order  and fractional 
derivative order μ [9-11]. Tuning these parameters provides 
more flexibility and improvements on system performance 
[12]. 

Furthermore, research efforts have been growing for new 
tuning techniques of fractional order derivative and integral 
terms to enhance controller performances. These operators 
provide more flexible solutions to achieve desired system 
response in comparison to their integer counterparts [13]. Other 
than that, in [14] optimal fractional PID has been shown to be 
superior to integer order PID for various performance indices. 

In this study, an online-tuning method is proposed for 
derivative order term of fractional PID controllers.  First order 
plus dead time or first order plus dead time integrating transfer 
functions are considered since high order system transfer 
functions can be approximated by these reduced order transfer 
functions. The fractional PID controllers adequate for these 
system models are selected as fractional PD and filtered 
fractional PI controllers. In order achieve an online-tuning 
method closed-loop step response is divided into certain 
regions and a different tuning strategy is proposed for each 
region. These tuning strategies are carried into effect by linear 
equations arranged in terms of system error. System time 
constant is included to these linear equations in coefficient 
terms. Simulations are performed to show the effectiveness of 
the proposed method on system responses. 

The paper is organized as follows. Section 2 reviews 
fractional calculus and approximations for implementing it to 
control systems, Section 3 gives a brief description of 
fractional order PID, in Section 4 the meta-rules of the online 
tuning method are obtained and the method for tuning 
fractional order derivative is proposed, in Section 5 simulations 
are done using Fractional PD and Filtered Fractional PI 
controllers on a class of systems, concluding remarks and 
comments are done in Section 6. 

II. FRACTIONAL CALCULUS

Generalized fractional order operator shown as   where 
a and r are limits, is defined as 

 	
	

			 	
			

            (1) 

Most common definitions of fractional operators are 
Riemann-Liouville, Caputo and Grünwald-Letnikov [15] 

The Grünwald-Letnikov definition is 
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   	 	 ,    (2) 

The Riemann-Liouville definition is  
 

,			  (3) 

where  is Euler’s gamma function. 
Laplace transformation is a common way to describe 

fractional operators and RL fractional operation with zero 
initial conditions is given as 

 

                 (4) 
 

Linear fractional order differential equations are denoted as 
 
    

          (5) 
 
Using Laplace transform method, continuous fractional 

order system has the following form, 
 

                                            (6) 

 
Here k, k (k=0,1,2,…) are real numbers, k< k-1< …< 0, 

k< k-1 <…< 0 and ak, bk (k=0,1,2…) are arbitrary constants. 

For the realization of non-integer integration and 
differentiation, Oustaloup filter is the most commonly used 
method [7]. It uses integer-order transfer function to 
approximately define fractional order differ-integral operators.  
It has the form 

	
                        (7) 

where 	 , , gain zeros and poles are 

                               (8) 

               (9) 

In (9),  and  are low and high frequencies for the 
Oustaloup approach respectively.Order of transfer function is 
shown as N. Our approximation gets more precise as N 
increases. [16, 17]. 

III. FRACTIONAL ORDER PID CONTROLLERS 

The most commonly used controllers in the industry are 
PID type controllers. In the case of fractional order PID (FO-
PID), classical PID’s derivative and integral operators are 
replaced with their fractional differ-integral counterparts as 
follows: 

                       (10) 

where  and µ are positive real numbers ; ,   and  are 
the coefficients of the proportional, integral and derivative 
terms, respectively. In theory, FOPID is an infinite dimensional 
linear filter due to the fractional order in differentiation and 
integration [1]. When =1 and µ=1, FOPID provides a classical 
PID controller. 

 

Fig.1: Control system block diagram 

IV. ONLINE TUNING OF FRACTIONAL DERIVATIVE ORDER 

One of mostly used system models in process control is First 
Order Plus Dead Time Integrating (FOPDT Integrating) 
dynamic model  

                                          (11) 

where K is the system gain,  is the system constant and 	is 
the time delay. High order system transfer functions that own 
free integrator can be reduced to the transfer function given in 
(11) [18]. A Fractional Order PD (FO-PD) controller can be 
used for the control of systems modeled by (11). The transfer 
function of FO-PD is given by  

                                    (12) 

where K1, K2 and  are derivative gain, proportional gain and 
derivative order, respectively. In this study, we propose an 
online tuning strategy for the derivative order term μ of FO-
PD. For this reason, the other two parameters of the controller 
are set to certain values according a specified performance 
criterion.  

Another mostly used system model in process control is First 
Order Plus Dead Time (FOPDT) transfer function 

                                                     

(13) 

High order system transfer functions that do not own free 
integrator can be reduced to FOPDT [18]. Using the same open 
loop transfer function , the following Filtered 
Fractional Order PI (F-FO-PI) is found for FOPDT model: 

               (14) 

where, . Therefore, the same online tuning 
strategy that we propose for the derivative order term μ can 
also be used for F-FO-PI.  

A. Meta-rules of the online-tuning method 

It is known that as conventional PID derivative coefficient 
Kd increases, the system response slows down and the 
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overshoot decreases. When   decreases the system response 
speeds up and consequently the overshoot may increase. 

The effect of the fractional derivative order μ on system 
response is somewhat similar to the effects of  Kd term. In 
order to speed up the system response, effect of the derivative 
term should be decreased, therefore μ should be decreased. 
Likewise to slow down the system response down μ should be 
increased.  

In the light of this knowledge, μ can be tuned in such a way 
that in some certain regions of the system output the system 
can be guided to speed up and in some regions it can be guided 
to slow down. 

A typical system response can be divided into 4 regions as 
follows: 

Region 1: The system error is positive and system response 
is going towards the set-point. 

Region 2: The system error is negative and system response 
is moving away from the set-point. 

Region 3: The system error is negative and system response 
is approaching to the set-point.  

Region 4: The system error is positive and system response 
is drifting away from the set-point. 

These regions are shown in Fig. 2. Taking these regions into 
consideration the meta-rules for online tuning of μ can be 
stated as follows:  

i. In “Region 1” and “Region3” speed up the system response 
and gradually slow it down as it approaches to the set-point. 

ii. In “Region 2” slow down the system response in order to 
minimize the drifting away from set point. 

iii. In “Region 4” since there are relatively small deviations 
around set-point the system response should be driven with a 
moderate speed. 

 

 

 

B. Proposed online-tuning method for derivative order term  

We propose different Linear Equations (LE) for µ at each 
predetermined region.  These LEs are formed in terms of 
system error e(t). The effects of the system constant	  is also 
analyzed on µ and linear functions of  are used as the 
coefficients LEs are in the following form 

                (15) 

Here  values are used for determining the boundaries of µ. 
Boundary values of µ are discussed for  to . 

The value of the free parameters , , ,  are determined 
separately for each region by considering the strategies and 
boundaries that are discussed below: 

In Region 1 in order not to accelerate or slow down the 
system response redundantly μ values must be in the region 
[0.6 1] for =1. Additionally, when  increases system will 
have larger overshoot value.  So the lower bound of μ is 
thought to be tightened from 0.6 to around 0.8 as  increases 
from 1 to 10. This way the system will still be accelerated in 
coherence with different  without causing an aggressive 
overshoot. The corresponding LE parameters are 

, , ,  

In Region 2 in order to lower the overshoot as much as 
possible μ value should be kept greater than 1. Therefore, when 
=1, μ is decided to be in [1.1 1.4] region. As  increases from 

1 to 10, upper bound of this region is gradually increased to 
approximately 1.6. The corresponding LE parameters are 

, , ,  

In Region 3 the μ value is bounded approximately to [0.8 
1.1] for =1, in order to speed up the system response but not 
excessively. Lower bound is increased to 0.9 as  goes to 10. 
Corresponding linear function is given as, 

, , ,  

In Region 4, since there are relatively small deviations 
around set-point, the  value is fixed at 1. Therefore,  

, , ,  

 

V. SIMULATION  RESULTS 

The first simulation is performed on the following high 
order process, 

                                       (15) 

When we approximate this process by FOPDT Integrating 
model [18] we obtain, 

                                     (16) 

The  and 	parameters are selected such way that system 
output has approximately 30% overshoot. The results obtained  

Fig. 2: Regions defined on a typical system response 
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by the proposed FO-PD with Derivative Order Tuning FO-PD-
DOT method are compared with the results FO-PD without a 
tuning mechanism.  Fractional order derivatives are 
implemented using FOTF toolbox of MATLAB [19]. The 
system responses and corresponding control signals are shown 
in Fig. 3.  

 

 

(a) 

 

(b) 
Fig.3: (a) The system response, (b) control signal for   

 

Fig. 4. Variation of µ with time for  

 

TABLE 1: Some performance criteria values for  

Controller %OS Ts (%5) Tr ITSE

FO-PD %31.8 5.1 s 0.8s 0.7682

FO-PD-DOT %24.7 3.7 s 0.8s 0.6805

As it is seen in Fig. 4 μ has the value around 0.7 in the first 
region, later it gradually increases to 1.4 in order to prevent 
overshoot. Then, it decreases as the system response arrives to 
the third region. The values of percent overshoot (% OS), 
settling time for %5 (TS ), rise time (Tr)  and Integral Time 
Square Error (ITSE) are listed in Table 1. Fig. 3 and Table 1 
show that FO-PD-DOT has lower overshoot, settling time and 
ITSE with respect to FO-PD.  

The second simulation is performed on the high order 
process, 

               (18) 

When we reduce this process to FOPDT [20] the resulting 
transfer function is obtained as the following, 

                                 (19) 

For this process F-FO-PI controller is used to avoid steady state 
error.  and 	values are selected such that the system output 
has approximately 15% overshoot. The system response, 
control signal and variation of µ can be seen in Fig. 5 and 6.  

 

(a) 

 

(b) 
Fig.5: (a) The system response, (b) control signal for   
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Fig. 6. Variation of µ with time for  

TABLE 2: Some performance criteria values for  

Controller %OS Ts (%5) Tr ITSE

FO-PD %14.1 3.3 s 0.9s 0.3942

FO-PD-DOT %10.1 3.6 s 0.9s 0.3883

 

It is seen in Fig. 6 that variation of μ is coherent with the 
strategies obtained for 4 regions. The values of percent 
overshoot (% OS), settling time for %5 (TS ), rise time (Tr)  and 
Integral Time Square Error (ITSE) for  are listed in Table 
2. Fig.5 and Table 2 show that FO-PD-DOT has lower 
overshoot, and ITSE with respect to FO-PD.  

VI. CONCLUSION 

An online tuning method is proposed for fractional 
derivative order term of FO-PD and F-FO-PI controllers.  In 
order to achieve this, a typical closed-loop step response is 
taken into consideration and separated into 4 regions. 
Regarding the desired behavior of the system for each region, 
linear equations are formed in terms of system error and system 
time constant. Simulations performed on two different system 
models show that the proposed tuning method causes 
improvement on the system responses.  
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Abstract—A mixed weighted H2/H  tuning algorithm for 
fractional order PID controller is introduced and optimized for 
missile guidance system. The missile dynamics are highly 
nonlinear and the performance of the controller is usually 
degraded near the impact region which could cause the missile to 
miss the target. Therefore, a new tuning strategy is introduced to 
put weights for H2/H  which depends on the range between the 
missile and the target. The introduced tuning procedure makes the 
controller more optimized in tracking the target near the impact 
region and eventually hit the target with more accuracy and less 
miss distance. Genetic algorithm is used to search the space for 
minimum H2/H  value especially near the impact region. The 
control system is compared with Zeigler-Nichols tuning method 
applied on the standard PID controller, and the simulation results 
demonstrated the accuracy and superiority of the proposed 
controller over the conventional one. 

Keywords— H2/H , intelligent control, genetic algorithm, GA, 
FOPID, fractional order, PID, missile guidance, radar guided 
missile. 

I. INTRODUCTION

In this research, a mixed H2/H  tuning method is introduced 
and optimized for radar guided missiles. Proportional navigation 
guidance system is the most used system for guiding the missile 
and tracking moving targets. One of the most interesting 
problems found in these systems is the near impact controlling 
problem, which causes the missile to miss its target. In the 
literature, there are a lot of solutions for this problem, one of 
them is to use PID controller, which improved the controlling 
performance near the impact region, yet the dynamics of the 
missiles are highly non-linear, and using PID controller for 
nonlinear systems needs to linearize the system at a set of 
operating points, and customize a specialized PID controller for 
each of these points. Fractional order proportional integral 
derivative controller (FOPID) proved to have better controlling 
performance for such situations, especially when the plant is 
nonlinear, and using one FOPID is usually sufficient for such 
kind of problems, [1]. Tuning controllers for tracking missions 

such as missile guidance or UAV control, could have the 
following aspects: either the controller will be optimized for 
smooth tracking, which will degrade its agility, or the controller 
will be optimized for fast and better agility but with oscillations, 
[2]. Smooth tracking is preferred during flight time, which will 
help the missile to reach the target faster with least distance. 
Optimizing for better agility will help the controlled object to 
have better performance in tracking fast maneuvering targets 
and have better performance near the impact region. Mixed 
H2/H  based tuning method is getting very high interest in 
control systems due to its prominent features on the closed loop 
performance. H2 is based on averaging and finding the overall 
controlling performance of the system, while H  is about finding 
a guaranteed performance value for the entire set of uncertainties 
available in the system. In the current problem setting, applying 
H2 or H  will not focus or solve the near impact controlling 
problem, therefore in this research a new tuning procedure based 
on producing range dependent weights, which will increase the 
weights applied on the mixed H2/H  as long as the missile gets 
closer to the target. By that the controller will be tuned for the 
whole flight path, while requiring more optimization for the 
controller near the impact region. In the literature, there are 
many research outcomes that optimize the mixed H2/H  tuning 
procedure. In [3], a mixed H2/H  robust tuning method is 
applied on a feedback controller is introduced for controlling a 
quadrotor UAV. The measured controlling signals are exposed 
to noises and error sources. Linear Matrix Inequalities (LMI) is 
used to optimize the mixed H2/H  control procedure since the 
system is based on multi-objective convex problem. The control 
method proved to have good robustness in the presence of 
noised and disturbances. In [4], an intelligent adaptive control 
scheme based on H2/H  optimization for controlling a two-axis 
motion. A three set of controllers are introduced which are a self-
organizing recurrent fuzzy-wavelet-neural-network controller 
(SORFWNNC) an H2/H  and a third robust controller. The 
SORFWNNC is used as the main controller to estimate the 
dynamical parameters alongside with noise and disturbances, 
the H2/H  is used to minimize the quadratic error and the robust 
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controller is designed to deal with the approximation error. The 
experiment results showed the effectiveness of the controller in 
tracking the reference in the presence of noises and external 
disturbances.  In [5], the H2/H  mixed control method is applied 
on 3-DOF helicopter. The H2/H  sub optimal control method is 
used with multiple-weighted control method to adapt the 
constantly changing elevation angle. By applying these two 
control methods, the dynamic performance and the control 
precision are both proved to be improved. In [6], particle swarm 
optimization (PSO) technique is used to tune a PID controller 
applied to a UAV quadcopter. The effort of the controlling 
system is tested and compared with and without disturbances. 
The results showed the accuracy and error minimization of the 
control system during flight time. In [7] the well-known gradient 
decent methodology is used to optimize the parameters of a PID 
controller online, which is applied on drone quadrotor. The 
presented have been tested with waypoint navigation, and with 
leader follower formation control. In [8], the author replaced the 
proportional navigation guidance (PNG) in missile guidance 
system with a PID controller, and improved the miss distance 
accuracy alongside with the finite time stability. 

The rest of the paper is organized as follows: the second 
section introduces the principles of fractional calculus. The third 
section shows the conventional and the proposed controller with 
the tuning process. The fourth section presents the simulation 
results and comparison for both control systems. Concluding 
remarks with suggested future work are given in the last part of 
the paper.   

II. FRACTIONAL CALCULUS

It is known that the history of fractional calculus started at 
1695 when G. de L’Hospital asked G. Leibniz about the 
meaning of a derivative with fractional order e.g. d1/2/dx1/2, and 
G. Leibniz answered “it will lead to a paradox, from which one
day useful consequences will be drawn” [9]. After that, a
number of mathematicians started to investigate on this filed,
such as Euler and Liouville, who brought important ideas to this
field. However, the work that has been done to the fractional
calculus field is infrequent until recently where the theory of
chaos and fractals showed the relationships between the
fractional order derivatives and integrals, [10].

A. Definitions
Fractional calculus is a generalization of integer order

calculus in which a new operator has been introduced. This new 
operator is called differintegration and denoted by  which 
allows the integration or derivation to be presented with 
fractional order. In this representation, α is the order of 
differintegration, t is the variable over which the 
differintagration is operated, and a is the initial value. The 
definition of this operator with respect to integration or 
derivation is shown in the following equation: 

	 	
,
,

,
(1)

There are several definitions presented in the literature in the 
purpose of approximating the fractional order operator, three of 
them have been widely used until today by many researchers 
around the world. The first one is the approximation presented 
by Riemann-Liouville (RL) as given below: 

	  (2)

Another one, which is a discrete time approximation to 
differintegration operator, that is commonly used is presented by 
Grünwald-Letnikov (GL) as shown in the following equation: 

 	 	 (3)

While both (RL) and (GL) received good acceptance but 
recently the third one (Caputo definition) is considered to be 
better because it is more easy to be integrated into engineering 
applications with its initial conditions that are of the integer 
orders, [10]. The Caputo approximation is defined by the 
following equation: 

	 (4)

In control systems, the standard PID controller can be 
generalized to fractional order PID by using integration and 
differentiation with fractional orders as shown in the following 
equation: 

	 (5)

where  and  is the order of integration and derivation 
respectively. Contrary to classical PID controller design 
problems, fractional order case generalizes the parameter space 
and that is five dimensional. 

III. DESIGNING AND TUNING THE CONTROLLER

In this research, a fractional order proportional integral 
derivative control system is designed and tuned using weighted 
mixed H2/H  with miss distance constraint. The intelligent 
tuning procedure is performed using Genetic Algorithm (GA) in 
order to obtain the controller parameters, which lead to 
minimum H2/H  and miss distance values. 

The proposed controller is tested and compared against the 
standard PID controller, which is tuned by Zeigler-Nichols 
tuning method, which is commonly accepted as a tuning scheme 
for PID based control systems. 
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Fig. 1. The radar control system. 

A. The Conventional PID Controller
The conventional PID controller is designed based on

Zeigler-Nichols tuning method. The tuning process is done by 
obtaining the open loop response of the system between the True 
Look Angle as an input, and the Gimbal Angle of the radar as an 
output. Then the transfer function (TF) for the radar guided 
missile is computed which is shown in the following equation: 

  T(s) =  (6) 

Then the PID parameters are calculated from the transfer 
function using Zeigler-Nichols method. The calculated values 
for the PID parameters are shown in Table I. 

TABLE I. PID Controller Parameters Obtained by Ziegler-Nichols Method 

Parameter PID Controller
Kp 78.6901 

Ti 0.0050 

Td 0.0012 

B. The Proposed FOPID controller
The proposed control system is based on Fractional Order

PID control system. The controller was simulated on Matlab 
using FOMCON toolbox, [11]. The approximation process of 
the fractional order operator is done using Oustaloup's 
approximation. Fractional order operator (s ) can be 
approximated by Oustaloup's approximation using the following 
equations: 

(7) 

′ (8)

(9)

where  and  are the angular frequency ranges and N is the 
approximation order. The approximation quality can be 
increased by increasing the approximation order N, but in the 
cost of computation time. The values of  and  should be 
chosen to contain all the possible angular frequencies that could 
be generated by the plant. The default values for these values in 
FOMCON Toolbox were between 0.001 and 1000, and the 
approximation order N was 5, which showed good results 
through the simulation. Genetic Algorithm (GA) is used to tune 
the FOPID parameters (Kp, Ki, Kd,  and µ). The fitness function 
of the GA is optimized to produce the minimum weighted 
mixed H2/H . As a result of this process, the error vector of the 
feedback process will be divided by the range, which will give 
high weights for the small error values. Based on that, the 
controller will be tuned and optimized for the region near the 
target. The generated parameters for the controller is shown in 
Table II. 

TABLE II. FOPID Parameters using mixed H2/H  tuning method 

Parameter FOPID Controller

Ki 0.0519 

Kp 0.7597 

Kd 0.2701 

 0.4388 

µ 0.0962 

IV. SIMULATION RESULTS

The proposed control system is simulated and compared 
against the conventional PID controller in terms of Miss 
Distance, Incidence Angle, Trajectories motion, acceleration 
demands and the error between the true look angle and the 
gimbal angle. 

A. Miss Distance and H2/H
Miss Distance (MD) is the least distance between the missile

and the target during the flight time. The miss distance for the 
conventional PID controller was 6.278 m which indicates that 
the missile will miss the target. The other performance metrics 
were: H = 0.7973 & H2= 11.2946. But using the proposed 
FOPID control system, the performance metrics were: MD= 
0.0024. H = 0.6005, H2= 0.0015. According to these results, the 
accuracy of the proposed FOPID controller in hitting the target 
over the conventional one is proved. 

B. Trajectories of Missile and Target
Fig. 2. Shows the trajectories of missile and target for the

conventional system. It can be seen from the figure that the path 
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that the missile tries to follow is not straight especially near the 
impact region where it has some oscillation.  

Fig. 2. Trajectories of Missile and Target for PID. 

Fig. 3. shows the Trajectories for the proposed FOPID 
control system. It’s obvious that the path the missile follows is 
more straight and its more stable especially near the impact 
region compared with the conventional controller. 

Fig. 3. Trajectories of Missile and Target for FOPID. 

C. Incidence Angle
Incidence angle or angle of attack is the angle between the 
reference line on the missile body and the motion direction of 
the missile. As seen in Fig. 4. The target has been found by the 
radar at about 0.7 second and the missile started to change its 
incidence angle toward the target at about 0.9 second. The 
incidence angle for the conventional system is oscillating and it 

is not stable during flight time, while it is more smooth and 
stable for the proposed FOPID control system. 

Fig. 4. Incidence Angle for PID and FOPID. 

D. Acceleration Demands
Acceleration Demand is the normal acceleration needed to be 
produced on the missile body in order to rotate the missile to 
align the missile with the Line of Sight, which will lead the 
missile towards the target and eventually collide with it. The 
less the acceleration demands, the less energy the missile needs 
to be rotated towards the target. It is seen from Fig. 5 that the 
radar gimbals are oscillating away from the true look angle, 
before it could align with it, also the true look angle is 
oscillating due to the missiles body oscillation using the 
conventional controller.  

Fig. 5. Normal Acceleration for PID and FOPID. 

E. True Look and Gimbal Angles
True look angle is the angle between a reference axis on the 
missile body and the target, while the gimbal angle, is the angle 
between that reference and radar direction. The radar direction 
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(gimbal angle) should be aligned with the true look angle, 
which will eventually lead the missile towards the target. Fig. 6 
shows that using the conventional controller, the gimbal angle 
had many oscillations before it could align with the true look 
angle. Even the true look angle is not stable missile body 
oscillation that cause the true look angle to be changed. 

Fig. 6. True Look Angle Vs. Gimbal Angle for PID. 

Fig. 7 shows the performance of the proposed FOPID 
system. By the figure, after the radar found the target at about 
0.7 second, the gimbal angle tracked the true look angle 
smoothly and efficiently without oscillations during the whole 
flight time. 

Fig. 7. True Look Angle versus Gimbal Angle for FOPID. 

V. CONCLUSION AND FUTURE WORK

In this paper, an intelligent weighted H2/H  tuning method 
is introduced for tuning fractional order PID controller. The 
weighted method for H2/H  is intended for solving the near 
impact control problem where the control performance 
becomes unstable near the impact region. Genetic algorithm is 
used for finding the best combination of the FOPID parameters 
that makes the miss distance and H2 value as small as possible 

with H  constraint. The proposed controller is compared 
against the standard PID control system tuned by Zeigler-
Nichols tuning method in terms of miss distance, H2/H , true 
look angle vs. gimbal angle, incidence Angle, missile and target 
trajectories and Acceleration demands. The simulation results 
showed the superiority of the proposed FOPID system in 
guiding the missile accurately toward the target with minimum 
miss distance. 

For future work, sliding mode FOPID controller could be used 
which is supposed to produce promising results during flight time 
especially when the air density changes during flight and when the 
aerodynamic laws change when the missile crosses different 
atmosphere layers.  
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Abstract— In this paper, a novel approach to determine the 
optimal values of a PID controller is presented. The proposed 
method is based on using a single memory neuron which its 
weights represent the PID parameters. These weights are updated 
by the well-known bio-inspired algorithm: the particle swarm 
optimization. To show the efficiency of our method, we have 
applied it to control a DC servo motor which is used as an 
actuator for an arm robot manipulator. The obtained results are 
compared with those a fuzzy logic controller. 

Keywords— PID controller, single memory neuron, particle 
swarm optimization, fuzzy logic controller. 

I. INTRODUCTION 

       One of most techniques used in the feedback control 
field is the Proportional, Integral and Derivative (PID) 
controller developed in a formal law by C. Minorsky a 
Russian American engineer in 1922. The basic idea of PID 
is to calculate an error value between a desired reference 
and the output process, combines this error with three terms: 
proportional, integral, and derivative (with the following 
gains Kp, Ki and Kd respectively) to produce a control signal 
which is applied to the system. Several applications have 
used the PID controller as an efficient tool to obtain a good 
control law: in [1] a PID was used to control a refrigeration 
cycle based on a CO2 fluid and in [2] authors have proposed 
a PID to control the ball position in a ball and beam system.  
  Actually in industrial processes, PID controller is 
present in more than 90% of the control loops [4]. Despite 
its various abilities, the persistent problem in a PID 
controller is how to find optimal values for the three gains 
cited above (i.e., proportional gain Kp, integral gain Ki and 
derivative gain Kd). Many articles have been proposed 
solutions to this problem, like the famous Ziegler-Nichols 
tuning method [5]. In [6], the pole placement technique was 
used to adjust PID parameters and a combination of pattern 
recognition with expert systems was applied in [7] on an 
industrial PID controller. Recently with the apparition of 
evolutionary, bio-inspired and intelligent algorithms 
researches on PID tuning become improved. 
  Among papers talking about introducing these 
algorithms in PID parameters adapting, we can cite: Particle 
Swarm Optimization algorithm [9], Genetic Algorithm [11], 
Fuzzy logic [12], and others. 

Artificial Neural Networks have also been used for the 
PID tuning with the advantage of reduction the method 
complexity to find optimal parameters of the PID by using a 
single neuron [16,17]. In this paper we propose to apply a 
Single Memory Neuron (SMN) to adapt parameters of the 
PID.  

This memory neuron consists on a simple neuron with 
a temporal trainable delayed unit that permits to the neuron 
to take account of past information to makes the output 
history-sensitive. The adaptive PID obtained by this single 
neuron is applied to control a DC servo motor as actuator. 
Comparison is done between our proposed method and a 
fuzzy logic controller. 

This paper is arranged as follows: Section 2 describes 
the memory neuron model. In section 3, we give an 
overview on the Particle Swarm Optimization algorithm. 
The studied system is detailed in section 4. Simulations and 
results are given in section 5. Finally, we finish with 
conclusion in Section 6. 

II. MEMORY NEURON MODEL

 We begin in this section by describing the memory 
neuron model used in this work. This specific neuron was 
proposed by Poddar and Unnikrishnan [18], and it was used 
later in many applications [20, 21]. The term “memory” is 
used hence the memory unit contains past information from 
itself and from the output neuron.   
 The memory neuron is composed from a simple neuron 
connected with a memory unit time. The neuron receives 
external inputs with the delayed output memory unit. This 
last has two inputs: the delayed neuron output, and its self 
feedback. Each connection has its proper weight as depicted 
in Fig.1. 

....

   Simple neuron 

 Memory unit 

a)
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 We use the following notations relative to our work:  
xi(k) : the ith input of the neuron.            (1 ≤ i ≤ n) 
s(k) : the output of the memory neuron. 
v(k) : the output of the memory unit. 
wi(k) : the weight of the connection from the ith input xi(k) to   
           the the input of the neuron. 
α(k) : the weight of the connection from the output s(k) to   
           the input of the memory unit. 
β(k) : the weight of the connection from the output of the   
          memory unit to the input of the neuron . 
f : the activation function of the memory neuron. 
 
The output of the memory neuron is given by this equation: 

 
 
The output of the memory unit is given by: 
 

 
 

The PID controller is by far the most common control 
algorithm. Most feedback loops are controlled by this 
algorithm or minor variations of it. Many thousands of 
instrument and control engineers worldwide are using such 
controllers in their daily work [22].  

The classic PID feedback control structure is shown in 
Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

The objective is to find an optimal control signal so we 
minimize the following objective function:     

 

 

 T is the total number of epochs. 

      The usual formula to describe the PID controller 
algorithm is shown as follows: 

 
 
  In our work, we use the memory neuron as an 
incremental controller. The memory neuron has three inputs: 
  

	
       

And the output of the neuron will represent the 
increment of the control signal. It is given by: 

 

 

The variable inp is the input of the memory neuron given 
by the following summation: 
 

 

The control signal applied to the system is given by: 

 

The structure of the memory neuron controller is given 
in Fig.3 
     

 

 

 

 

 

 

 

Fig.1. The memory neuron model 
           General scheme (a) 
           Detailed architecture with weighted links (b) 
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Fig.2. Structure of an adaptive PID controller 

e(k) u(k) 

 

Fig.3. Design of the memory neuron controller 
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The different weights wi(k) represent the parameters Ki, 
Kp and Kd. 

The frame form of the PID controller using the memory 
neuron is depicted in Fig.4. 
 

 

 

 

 

 

III. PARTICLE SWARM OPTIMIZATION 

The Particle swarm optimization (PSO) is a 
metaheuristic algorithm based on nature-inspired social 
behavior of birds flocking and fishes schooling which was 
initially developed in 1995 by Kennedy and Eberhart. PSO 
starts form a randomly population of particles (potential 
solutions) and then it attempts to improve the solutions 
according to a quality measure (fitness function). Each 
particle follows two simple rules: following the best 
performing particle, and moving towards the best position 
found by the particle itself [15]. Each individual (particle) is 
characterized by its position and velocity which are updated 
iteratively following these equations [16]: 

 

 
 

                            
                    

1 ≤ i ≤ M 
Where:  
M is the number of particles in the population 
xi

t
 and vi

t are the position and velocity of the ith particle, 
respectively at the iteration t 
w is the weight of the inertia of the particle 
c1 and c2 are the weights of the cognitive and social 
constituents, respectively 
r1 and r2 are random numbers taken in the range [0, 1] 
pg is the best position inferred by the swarm based on the 
experience of all particles 
pi is the best position visited by the ith particle so far 

The pseudo-code describing the PSO procedure can be 
summarized as follows: 

 

 

 

  

 

 

 

 

 

 

IV. THE DC SERVO MOTOR 

DC servomotors have been widely used as an actuator for 
direct-drive and motion control applications, like as robot 
manipulators, mechanical motion and others. Servomotor 
offers many advantages like its high reliability, flexibility, 
and low cost [17]. DC servo motors are most suitable for 
wide range speed control and are there for many adjustable 
speed drives.  

 

 

 

 

 

 

 

 

 

 

The parameters involved in the DC servo motor are 
listed in table I. 

TABLE I.  DC SERVO MOTOR PARAMETERS 

Parameter Symbol 
Friction coefficient Bm (N.ms) 

Moment of inertia Jm (Kg.m2) 
Torque constant Ka (Nm/A) 
Back EMF constant Kb (V/rad.s-1) 
Electric inductance La (H) 
Electric resistance Ra (Ω) 
Input voltage Va (v) 
Back EMF voltage Vb (v) 
Developed torque Ta (Nm) 
Armature current ia (A) 
Angle of motor shaft θ (rad) 

 
From the armature circuit of the DC servo motor, and by 

using the Kirchhoff voltage law we obtain:                       
                     

                  
 
The back emf of the motor is given by: 

                                       

                          
                       

The relation between the torque and the current is given as: 
 

                                                  
                           
The developed torque is used to drive the system having 

a total inertia J and to overcome the damping B and twisting 
the coupling shaft to the load:                        

                

Fig.4. Block diagram of the memory neuron PID controller 

Plant
y(k) 

r (k) + 
- 

e(k) 
u(k) 

z-1 

+ + z-1 

z-1 

∆u(k)

1- Initialization of the initial population of 
particles 

2- For i← 1 to number of  iterations 
3- For j← 1 to number of particles 
4- Compute fitness of particle j (f(xj)) 
5- Update the velocity and position of the particle 

j using respectively eq.(9) and eq.(10). 
6- Evaluate the new fitness and find the index of 

the best particle 
7- End j 
8- End i 

 

Fig. 5. Pseudo-code of the PSO algorithm 

Fig. 6. Schematic representation of a DC servo motor 
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Applying the Laplace transform on the eqs. (11-14), we 

will have the block diagram of the DC servo motor in Fig. 7.  
 
 

 

 

 

 

 

The transfer function between the angle of motor shaft 
and the input voltage is given by: 
 

 

V. SIMULATIONS RESULTS 

For simulation, we take the following values for the 
parameters of the DC servo motor: 

Bm = 0.01 N.ms, Jm =0.000052 Kg.m2, Ka= 0.235 Nm/A, 
Kb = 0.235 V/rad.s-1, Ra =2 Ω and La = 0.23H 
Thus, with these values the transfer function becomes: 
 

            
 
The schematic diagram of the memory neuron PID 

controller trained by the PSO is given in Fig. 8. 
 

 

 

 

 

 

 

 

The used parameters of PSO algorithm are considered as 
follows: 

wmax = 0.9, wmin = 0.4, c1= c2 = 2, Maxiteration = 40 and 
size of swarm = 10. 

Each particle is formed of the three parameters Kp, Ki 
and Kd. 
 
 In order to show the effectiveness of our approach, we 
use a fuzzy logic controller (FLC) to compare the results 
obtained by the two methods. The design of the fuzzy 
controller is shown in Fig. 9. 

 

 

 

 

 

 

 

 

 

The fuzzy controller has two inputs: the error (E) 
between the desired and real angles of motor, respectively, 
and the derivative of this error (delta error DE); with one 
output which represents the input voltage. 
Membership functions of the inputs are shown in Figs. 10 
and 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The membership function of the output is given in Fig. 
12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Block diagram of the DC servo motor 

Va 

Vb 
- 

Ka 
Ia Ta + θ 

Kb 

  

Fig.8. Memory neuron PID control of the plant 

DC servo 
motor 

+ 
- 

error 

+ + z-1 

z-1 

z-1 

PSO 

θ  Va  
θref  

Fig.9. Fuzzy logic control of the plant 

DC servo 
motor 

θ  
+ 
-

error 

du/dt  
Fuzzy logic 
controller 

θref  
Va  

Fig.10. Membership function of the input (E) 

 

Fig.11. Membership function of the input (DE) 

Fig.12. Membership function of the output  
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The following notation is used: 
NL: Negative Large, NM: Negative Medium, Z: Zero, PM: 
Positive Medium, PL: Positive Large, N: Negative and P: 
Positive. 
 There are 7 rules that used at the controllers which are 
based on human experience and information are:  
1. If E is PL then CONTROL is PL  
2. If E is NL then CONTROL is NL  
3. If E is Z and DE is N then CONTROL is NM  
4. If E is Z and DE is P then CONTROL is PM  
5. If E is Z then CONTROL is Z  
6. If E is NM then CONTROL is NM  
7. If E is PM then CONTROL is PM  

We take as signal reference a constant value so  
θref  = 100 rad 

The obtained results are shown in Fig. 13 for both the 
fuzzy controller and the memory neuron PID. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table II shows the Step response characteristics of the 

two controllers. 

TABLE II.  DC SERVO MOTOR PARAMETERS 

Characteristics FLC Memory neuron PID 
Settling time (sec.) 0.7486 0.2453 

Rise time (sec.) 0.5334 0.1159 
Overshoot (%) 0 0 

Peak 99.9842 100.0001 
 

As we can see from the graphs in Fig. 13, both the FLC 
and memory neuron PID controllers are efficient to reach 
the desired reference. But in the case of our method, by 
using the memory neuron, the step response is better and it 
can clearly seen from the characteristics presented in table 
II. 

VI. CONCLUSION 

 
PID controller is the most and practical controller used 

in many applications to achieve a desired response. The 
difficulty in a PID controller is to find optimum values for 
the three parameters (Kp, Ki and Kd).  

In this paper, we have proposed a method for the PID 
control based on a Single Memory Neuron (SMN). The 
SMN weights (PID gains) were tuned using the meta-
heuristic algorithm Particle Swarm Optimization. Our 
technique was tested to control a DC servo motor and the 
obtained results were compared with the Fuzzy Logic 
Controller. 

The results show clearly the efficiency of our approach 
and it was hopeful to apply this method on other industrial 
applications. 
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Stochastic Optimization of PID Parameters for Twin 
Rotor System with Multiple Nonlinear Regression 

Abstract—This paper demonstrates finding the PID controller 
parameters which are used to acquire the desired settling time of 
the horizontal and vertical position variables of the Twin Rotor 
experiment setup. Modeling and optimization processes have 
been achieved based on multiple nonlinear regression analysis  
and Differential Evolution algorithm, respectively. In the 
modeling part a hybrid approach combining the ideas of 
Artificial Neural Network and regression have been introduced. 
For this process, training and test phases are executed on 
Mathematica environment with constraints on settling time, 
rising time and maximum overshoot.  In order to provide 
comparison of the output parameters, the PID parameters based 
on the Ziegler-Nichols tuning method is used. The experimental 
performance of the system is tested, thus an appropriate set of 
methods for tuning PID parameters is introduced. 

Keywords — Twin Rotor system; PID; optimization; nonlinear 
regression; Differential Evolution. 

I. INTRODUCTION

Proportional-Integral-Derivative (PID) controller is a 
conventional control method widely used in industry and 
education [1]. In PID controller design, parameters called Kp 
(Proportional coefficient), Ki (Integral coefficient) and Kd 
(Derivative coefficient) are the main factors affecting controller 
performance. Methods such as Ziegler-Nichols [2] and Good 
Gain [3] are used to determine and tune these coefficients 
experimentally. Although these methods give satisfactory 
results in simple systems, they can’t provide robustness at the 
desired level in complex and highly nonlinear systems. 

 Twin Rotor Multi Input Multi Output System (TRMS) [4] 
is a dynamic system that can perform pitch and yaw motions 
(Fig. 1). Because of its nonlinear inherent behavior and high 
cross coupling effect between its two rotors, the controller 
design in order to control TRMS is accepted as a challenging 
work. For PID controller design and optimization  for TRMS, 
Particle Swarm [5], and Genetic Algorithm [6] methods are 
appropriate for the optimization of PID parameters. It has been 
observed that these optimization processes are effective in 
bringing system performance to the desired level. 

 In this paper, adjustment of PID coefficients has been 
performed in the Mathematica environment with nonlinear 
regression (NLR) modeling [7] and Differential Evolution [8] 
algorithm for minimizing settling time criteria of TRMS. The 
study was applied experimentally on TRMS. The proposed 
Nonlinear Multiple Regression method and the Differential 
Evolution algorithm have been tested for correct identification 
of the system's responses and determination of the appropriate 
PID coefficients for TRMS. 

In the present paper, the main steps can be summarized as: 

i. Data set acquisition on TRMS for implementation of
the optimization process.

ii. Application of the Ziegler-Nichols tuning method  on
TRMS and recording of the performance of the
obtained PID parameters.

iii. Explanation of the optimization process and
application of the process on the obtained dataset.
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iv. Adjustment of PID coefficients with multiple non-
linear regression (NLR) modeling and Differential 
Evolution algorithm by minimizing settling time 
criteria of TRMS 

v. Testing of the results based on the proposed 
nonlinear multiple regression model and Differential 
Evolution algorithm for correct identification 
responses of the system. Therefore, determination of 
the appropriate PID coefficients for TRMS.  

vi. Performance comparison  between Ziegler-Nichols 
method and optimization process and the discussion 
of the results 

II. DATASET ACQUISITION 

In order to apply the proposed method of optimization, a 
data set was acquired experimentally from TRMS. PID 
parameters Kp, Ki and Kd which are regarded as the dominant 
parameters on the system response, were gradually 
incremented and system outputs rising time (tr), settling time 
(ts) and maximum overshoot (µ0) are recorded within each 
iteration. All PID parameters and outputs are recorded for pitch 
and yaw motions independently. The pseudocode for data set 
generation is given in Fig. 2. 

III. ZIEGLER-NICHOLS TUNING 
In order to compare the results obtained at the end of the 

proposed optimization process, the PID parameters of the 
TRMS system were tuned by the Ziegler-Nichols method. 
According to the Ziegler-Nichols method, the values of Kp, Ki 
and Kd are equalized to 0 and Kp values increased from 0 until 
the pitch and yaw movements are separately oscillated. These 
critical Kp values (Kc) are recorded and oscillation periods (Tc) 
are measured for two motions and the Ziegler-Nichols lookup 
table (Table I) is used to determine PID parameters. The 
obtained PID parameters are applied to the system. The 
response graph (Figures 3,4), applied PID parameters and 
outputs (ts, tr, µ0) of the system were recorded (Table II). The 
errors have been calculated by Normalized Mean Square Error 
(NMSE) [10], Integral Square Error (ISE) [11] and Integral 
Time Weighted Absolute Error (ITAE) [12]. These results are 
also given in Table III for future comparison. 

 

TABLE I.  ZIEGLER-NICHOLS LOOKUP TABLE 

 

Controller Type Kp Ki Kd 
P 0.5*Kc - - 
PI 0.45*Kc 1.2*Kp/Tc - 

PID 0.6*Kc 2*Kp/Tc Kp*Tc/8 

 
Fig. 1. TRMS experiment setup [9] 

 
Fig. 2.   Pseudocode of dataset generation algorithm 

Fig. 3.   Ziegler-Nichols tuning performance on pitch motion 

Fig. 4.   Ziegler-Nichols tuning performance on yaw motion 
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TABLE II.  ZIEGLER-NICHOLS TUNED PID PARAMETERS AND OUTPUTS 

 
Parameter 

Value 
Pitch Yaw 

Kp 8.4739 8.7404 
Ki 7.3848 23.2512 
Kd 0.20723 1.0575 
tr 19.98 s 8.4 s 
ts 29.37 s 8.82 s 
µ0 3% 1.73% 

 

TABLE III.  ERROR CRITERIA EVALUATION OF ZIEGLER-NICHOLS 
TUNING 

 

 

 

 

 

IV. MODELING AND OPTIMIZATION 

A. Modeling 
In this section, the mathematical modeling of the ts, tr and 

μ0 responses of the pitch and yaw motions to the PID 
coefficients is discussed. ts, tr, μ0 outputs are functionalized 
according to the input parameters, assuming that the 
parameters affecting the system are Kp, Ki, Kd. known, the PID 
controller is linear, but the system can display nonlinear 
responses due to disturbances. In order to predict these 
responses by an appropriate model, it is possible to introduce 
more efficient models by combining nonlinear multiple 
regression analysis and artificial neural network modeling 
procedure at this stage. The data set acquired in Section II is 
used for the calculation of 53 regression constants of the 
multiple non-linear regression model (see (1)).  

                                                                                           

(1) 

  

ck = {0,5,13,25}, 

dk = {2,3,4,5} 

80% of the data sets of the pitch and yaw movements were 
selected randomly as training sets. The remaining data are 
assigned as test sets. Thus, the model will be tested on this data 
sets that are not considered in the traning step. The R2 values of 
the regression models obtained for the outputs ts, tr and μ0 are 
calculated according to the formulations given in (2-4) and the 
results are given in Table IV. These fitness values indicate that 
the model is fitted to the training set adequately. 

            SSE = ∑ (Y – Ŷ)2              (2)  

 SST = ∑ (Y – Ȳ)2           (3) 

 R2 = 1- SSE/SST      (4) 

The formula given in (2) is the sum of squared errors. 
where Y is the set of real output values, and Ŷ is the set of 
outputs of the model. Eq. (3) is the sum of all squares. In this 
equation, Ȳ is the mean of the set of real outputs. 

The surface plots of trained pitch and yaw models for Kd = 
7 are shown in Figs. 5 and 6, respectively. showing the 
suitability of the model for ts, μ0 and tr outputs. 

The models based on training sets were applied to the test 
sets of the outputs ts, tr and µo. The performances of the models 
on test sets are given in Table IV, and the surface plots of pitch 
and yaw models for Kd = 7 are also given in Figures 7 and 8, 
respectively. The fitness values obtained are considered to be 
satisfactory in this study.  

Although there is a dominant linear relationship between 
the inputs and outputs of the system, as seen in Fig. 5, Fig. 6, 
Fig. 7 and Fig. 8, there are also higher-order, regions with 
moderately low-dominance. The selected fourth order non-
linear model showed higher conformity compared to the linear 
model in these regions. 

 

TABLE IV.  R2 VALUES OF OUTPUTS 

 

 

 

 

 
Error Criterion 

Value 
Pitch Yaw 

NMSE 0.18 0.24 
ISE 17.89 24.74 
ITAE 77.18 111.095 

Outputs 

Pitch Yaw 

Training 
R2 Values 

 
Testing 

 R2 Values 
Training 
R2 Values 

 
Testing 

R2 Values 

ts 0.99 0.98 0.99 0.98 

tr 0.98 0.97 0.99 0.98 

µ0 0.91 0.89 0.88 0.87 

 
Fig. 5.  Surface plots for ts, µ0 and tr outputs of the pitch motion 
for training phase 
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B. Optimization Process 
The optimization process is carried out based on 

Differential Evolution method in Mathematica environment. In 
this process all output models receive PID coefficients as 
inputs. Minimization of ts was the aim of the optimization 
process. In order for the optimization process to conform to the 
behavior of the real system, upper and lower constraints have 
been introduced for tr and μ0. This prevents the optimization 
process from giving unrealistic results. Constraints on PID 
parameters are determined for this specific system by expert 
opinion. Optimization inputs, outputs and constraints are given 
in Table V. The PID parameters and outputs given by the 
optimization process are shown in Table VI. 

TABLE V.  CONSTRAINTS OF INPUTS AND OUTPUTS 

 

 

TABLE VI.        CALCULATED OPTIMIZATION RESULTS 

 

V. PERFORMANCE EVALUATION 
The PID parameters obtained at the end of the optimization 

stage were applied on the real system and comparisons with 
the performance of the PID parameters acquired in Section III 
were made as shown in Fig. 6 for pitch and in Fig. 7 for yaw 
motions. The performance chart and evolution of error 
criterion of the optimized PID parameters are given in Table 
VII and Table VIII respectively. 

 
When the optimized PID parameters are applied on the real 

system, it is observed that for both pitch and yaw motions, the 
rising time, settling times and maximum overshoot values of 
the system are lower than those of the Zeigler-Nichols 
coefficients. It is also seen that the cross coupling effect was 
less dominant in the optimized PID parameters because the 
maximum exceeding percentages are lower and the oscillation 
is smaller in magnitude at the rising and settling stages. 
Moreover, it is determined that the system behaved more 
ideally with optimized parameters compared to those of the 
Ziegler-Nichols method. 

 

 
Fig. 9.   Performance comparison on pitch motion 

 

 
Fig. 10.   Performance comparison on yaw motion 

 Constraints 
Pitch Yaw 

Inputs 
 

1≤ Kp ≤ 10 
 
10≤ Ki ≤ 100 
 
1≤ Kd ≤ 10 

1≤ Kp ≤ 10 
 
10≤ Ki ≤ 100 
 
1≤ Kd ≤ 10 

Outputs 

 
5≤ tr ≤ (Ts-3) 
 
%0 ≤ µ0 ≤ %5 
 
6≤ ts ≤ 17 

1≤ tr ≤ (ts-0.3) 
 
%0 ≤ µ0 ≤ %2 
 
3≤ ts ≤ 5 

Motion Kp Ki Kd µ0 tr  ts 

Pitch 4.24 69.97 9.57 %3 5 s 8 s 

Yaw 1 96.62 6.4 %1 4 s 4.6 s  
Fig. 6.  Surface plots for ts, µ0 and tr outputs of the yaw motion 
for training phase 

 
Fig. 7.   Surface plots for ts, µ0 and tr outputs of the pitch motion 
for testing phase 

 
Fig. 8.   Surface plots for ts, µ0 and tr outputs of the yaw motion for 
testing phase 
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TABLE VII.  EXPERIMENTAL OPTIMIZATION RESULTS 

 

TABLE VIII.  ERROR CRITERIA EVALUATION OF OPTIMIZATION RESULTS 

 
 
 
 
 
 

 

VI. CONCLUSION 
In this study, the optimization of the PID parameters for 

TRMS were performed with nonlinear regression method and 
differential evolution algorithm. Results of the optimization 
process are experimentally applied to the system. It has been 
observed that the parameters obtained from the result of 
optimization process enabled the system to behave closer to 
the desired performance compared to Ziegler-Nichols 
parameters according to performance indexes calculated in 
Chapter III and V. The nonlinear mathematical model used in 
the optimization process also includes unpredictable behavior 
resulting from high coupling effects between rotors and noise, 
so it can also be used in the optimization of maximum 
overshoot and rising time regarding the high R2 obtained in 
the presence of these behaviors. The presented series of 
methods can be used to optimize a specific characteristic of 
PID controlled systems where a data set can be obtained. 
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Parameter 

Value 
Pitch Yaw 

ts 16.66 s 7.28 s 

tr 8.901 s 7.015 s 

µ0 %2.4 %1.13 

 
Error Criterion 

Value 
Pitch Yaw 

NMSE 0.13 0.15 
ISE 14.78 18.15 
ITAE 72.19 94.25 
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Abstract—The paper presents a novel method of PID controller

tuning dedicated to regulatory control of second order plants.

To this end, a case study of level control is performed for a

system of two non-interacting tanks. Disturbance attenuation is

analyzed analytically and interpreted using root loci. Closed-form

expressions to calculate dynamical parameters of control signal

and control error are derived and the influence of measurement

noise on control signal is studied. Immunity to the change of

working point is treated as one of major factors for performance

assessment. Superiority of the presented approach over other

contemporary design methods is highlited. The performance limit

is shown to depend on measurement noise characteristics.

Index Terms—PID tuning, noise filter, time-scale separation

I. INTRODUCTION

Classical PID set-point control for systems of water tanks is
the subject of many control teaching laboratory experiments,
e.g. [1], [2], [7]. The aim of the paper is to present a PID
controller tuning method providing best possible results for a
regulatory problem with load disturbances1 acting as depicted
in Fig.1 that takes measurement noise into account.

Fig. 1. Schematic diagram of the considered cascaded tanks system. The inlet
flow q(t) is the control variable, qd1(t) and qd2(t) are disturbance inputs, a1
and a2 are cross-sectional areas of orifices.

The controller transfer function has four parameters and,
following [8], [9], is assumed as a product of the nominal

The research has been supported by the Department of Automatic Control
Grant No. 02/010/BK18/0102

1Most setups lack independent external disturbance inputs. They are usually
fitted with additional draining valves instead.

transfer function C

0
(s) and the noise filter transfer function

Fi(s)

C(s) = C

0
(s)Fi(s), i = 1, 2, (1)

where

C

0
(s) = kp +

ki

s

+ kds = kc
(s+ c1)(s+ c2)

s

, (2)

F1(s) =
1

µs+ 1

and F2(s) =
1

µ

2
s

2
+ 2⇠µs+ 1

. (3)

1) State of the art: Until recently, the traditional approach
to the PID control of the cascaded tanks system was the
one based on pole placement method, [2], [3], [7], [12].
Unfortunately, this method required the dynamics of the noise
filter to be neglected at the design stage. This was admissible
since the controller gain in [2] was relatively small. Small
controller gain was justified in order not to saturate the control
signal during the set-point control, and due to poor control
equipment available at that time. For example an 8-bit ADC
with sampling frequency of 10 Hz being itself the source of
significant quantization noise was used in [2]. Unfortunately,
small gain resulted in poor performance of regulatory control.
Moreover, since even the simplified model of the control
system was of order three, and of order four with the noise
filter F1(s), determination of system performance required
either simulation or real plant experiments. As a result, no
clear rules were available to ensure high control performance
for systems working with feedback corrupted by noise.

2) Main idea of our approach: In contrast to this, we do
not neglect the dynamics of the measurement filter. On the
contrary, its time constant µ becomes an important controller
parameter that determines the noise amplification gain and
limits the achievable control performance.

The main idea is that at higher values of controller gain
kc two controller zeros attract two closed-loop system roots
making them almost independent of the open loop poles while
the remaining roots resulting from Fi(s) defined in (3) depart
to infinity along asymptotes whose crossing point depending
on µ

�1 is far from imaginary axis. Hence, for small µ and
appropriate kc, time-scale separation can be induced between
the fast varying control signal and the slow varying control
error. As a result, parameters of both, control signal and
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the disturbance output, can be analysed separately. This also
guaranties immunity of the control error dynamics against
working point changes. Moreover, we are able to relate time
responses with poles and zeros not only qualitatively but also
quantitatively by calculating parameters of their extrema. The
same applies to the noise amplification gain.

Our solutions became realizable due to technical progress
in the area of control components. For example, as reported
in [8], standard deviation of the liquid level measurement
noise when sampled during normal tank operation2 with 16
bit resolution at frequency 100Hz is less than 3mV in the
measurement range 0-10V. Hence high noise amplification
gain is allowed, since even if it equals to 300 then the standard
deviation of the noise content in the control signal does not
exceed a fraction of 1V.3 Provided that the pump is driven
by a high-frequency PWM controlled motor this also does not
cause any components wear and any harm unless the pulse
width does not saturate.

3) Relation to the literature: Recent literature on PID
tuning, e,g, [3], [8], [9], is devoted mainly to higher order
and/or time delayed systems working in presence of severe
measurement noise. One group of them, advocated e.g. in
[3], [8], assumes approximating the original plant dynamics
by the FOTD (First Order with Time Delay) model. Then
controller parameters are taken from tables containing ei-
ther the old-fashioned Ziegler-Nichols rules or more modern
ones like Lambda, SIMC or AMIGO [8]. Unfortunately, the
FOTD process model does not even qualitatively express the
properties of the actual second order system producing a
too small controller gain. Perhaps the most advanced is the
latest method of simultaneous PID controller and measurement
filter design by optimization [9]. The method is based on
minimization of the load step IAE (Integrated Absolute Error)
criterion under constraints on maxima of the sensitivity and
complementary sensitivity functions supposed to guarantee
robustness, and certain function responsible for measurement
noise amplification. However, although the method is mathe-
matically advanced, it suffers from the questionable problem
statement. This is because IAE has no technical meaning and,
as shown in Section III-D5, the assumed constraints have little
to do with robustness against possible parameter changes in
the considered tank system. Moreover, the way in which the
noise amplification is to be limited without any knowledge on
noise characteristics is very conservative. The common feature
of these methods, when applied to the considered double tank
system, is poor control performance and lack of robustness
against working-point changes.

The paper uses the results of [4] where a new approach
to various tank systems was outlined, and [6], [5] where the
design and a detailed analysis of high performance PI and

2Random pressure corruptions caused by liquid splashings, bubbles and
turbulent flow noises are filtered prior to sampling by an analog low-pass
filter with a relatively high cut-off frequency.

3Noise and the noise filter are not even mentioned in [7]. In spite of
technical progress, the design method remains the same as in [2] and shares
the same poor regulatory control performance.

PID control for a single and double tank system is discussed.
The concept of time-scale separation in singularly perturbed
model-matching setpoint control systems presented in [10] and
[11] is here extended to the regulatory control.

II. NORMALIZED MODEL OF TANKS SYSTEM

For the sake of brevity equations of tank systems will
be written assuming that both tanks are identical, i.e. they
have the same cross-sectional areas A1 = A2 = A and the
same orifices with cross-sectional areas a1 = a2 = a and
the discharge coefficient4 cd. In order to make the model
independent of particular dimensions, normalized variables

u (t) =

q (t)

qN
, xi (t) =

hi (t)

hN
, di (t) =

q

d
i (t)

qN
, i 2 {1, 2} (4)

are used, where qN and hN are certain nominal values that
fulfill the following equation of equilibrium:

qN = 

p
hN ,  = cda

p
2g. (5)

Denote

TN =

AhN

qN
=

A

cda

s
hN

2g

(6)

and assume normalized time5
t

0
= t/(2TN ). Then the normal-

ized equations of the tank system considered take the form

dx1 (t)

dt

= 2

h
u (t)�

p
x1 (t) + d1(t)

i
, (7)

dx2 (t)

dt

= 2

hp
x1 (t)�

p
x2 (t) + d2(t)

i
. (8)

Assuming u(t) = u0 + �u(t), x1(t) = x10 + �x1(t),
x2(t) = x20 +�x2(t), d1(t) = �d1(t) and d2(t) = �d2(t),
the normalized equations (7)-(8) are then linearized

u0
d�x1 (t)

dt

= 2u0 [�u (t) + d1(t)]��x1 (t) , (9)

u0
d�x2 (t)

dt

= �x1 (t)��x2 (t) + 2u0d2(t) (10)

around a working point determined by u0, x10 and x20 which
fulfill the equilibrium equation

u0 =

p
x10 =

p
x20. (11)

The transfer function structure of the linearized system with
noise input n(t) is presented in Fig.2.

Fig. 2. Control system and dependence of linearized plant parameters on u0.

4For circular orifices bored in a thin wall cd = 0.61.
5In order not to increase the number of symbols we will further use variable

t instead of t0. Similarly, the Laplace variable s0 = 2TNs corresponding to
t0 will be denoted by s.
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Both the steady-state gain 2u0 and high-frequency gain
2/u0 as well as time constant u0 change with changing u0. The
properties of models linearized at various u0 characterized by
their step responses and Nyquist plots are displayed in Fig.3.
From (11) it follows that for u0 changing between 1/2 and 2

the water levels x10 = x20 change between 1/4 and 4.

Fig. 3. Step responses and Nyquist plots for the system linearized at different
working points u0.

III. DISTURBANCE ATTENUATION CONTROL

A. Ideal disturbance rejection

Observe that the ideal control for the plant in Fig.2 which
completely rejects the effect of disturbances d1(t) and d2(t)

has the form

�u(t) = �d1(t)� d2(t)� u0
d

dt

d2(t). (12)

Stepwise change of d1(t) requires a compensating stepwise
change of �u(t) and does not need any knowledge about the
system itself. To compensate a stepwise change of d2(t), a
Dirac impuls with the area proportional to u0 is necessary to
instantaneusly change the first tank level followed by constant
flow compensating d2(t). In both cases the control signal
should change rapidly. Our aim is to design a closed-loop
control system in such way that it approaches the ideal solution
with control signal changing much faster than the controlled
one. This leads to the concept of two time-scale control
systems that are robust against working point change.

B. Control problem statement

The effect of load disturbances d1 and d2 on the closed loop
system depicted in Fig.2, where the controller C(s) is one of
the controllers listed in (1)-(3), is determined as follows

�y(s) = Gyd1(s)d1(s) +Gyd2(s)d2(s), (13)
�u(s) = Gud1(s)d1(s) +Gud2(s)d2(s). (14)

We assume u0 = 1 in most considerations, which means that
the system is normalized at the working point, and that the
standard first order noise filter F1(s) is used. The effect of
changing u0 is presented in Section III-D5. The effect of the
second order noise filter F2(s) will be studied in section IV.

C. Root loci

Root loci for PI and PID controllers are compared to show
existence of two time scales, fast and slow, for PID and only a
slow one for PI controller. Just for the sake of simplicity of the
root loci and ease of calculations we assume controller zeros

in (1)-(3) equal to �1 which leads to pole-zero cancellations.
This simplifying assumption is not a part of the method, and
for PID the setting c1 = c2 = 1 means that we require two
closed-loop system poles to be close to �1 even after change
of the working point u0 according to Fig.2. This assumption
is repealed in [5] and further in the paper when studying the
effect of changing the position of zeros, see also Fig.9 and
Figs.11-14. We also assume the system with the noise filter
F1(s). This assumption is also repealed in Section IV.

Notice that PI control system has the asymptote at �a =

�0.5 while PID1 at �a = �10. This suggests that PID1 con-

Fig. 4. Root loci for PI and PID control, tan( ) = ✓ = 2. Notice different
scaling of the axes and difference between pairs of fast roots for PID vs PI.
Crosses - open loop poles, circles - zeros, diamonds - closed loop roots.

trol systems has two distinct modes: a fast mode determined
by the roots on the asymptote and a slow one determined
by pole(s) at �1. In general for the slow roots there is
�s3,4 = ��s ± j!s = ��s(1± j✓s) with ✓s = !s/�s and

(s+ s3)(s+ s4) = s

2
+ 2�ss+ �

2
s(1 + ✓

2
s). (15)

The fast roots for PID control denoted by �s1,2 = ��f ±
j!f = ��f (1± j✓f ) with ✓f = !f/�f form the denominator
polynomial

(s+ s1)(s+ s2) = s

2
+ 2�fs+ �

2
f (1 + ✓

2
f ) (16)

of the transfer functions Gud1 and Gud2 in (14). The value of
✓f playing the role of oscillability index is used to limit the
values of kc. The value of �f is responsible for fast transients
damping rate. The fast mode determines the setpoint response
and the slow mode the disturbance one. We assume that the
two modes are sufficiently separated if �c ' (0.1÷ 0.2)�f or
less. This is, however, not the case for PID2 controller with
µ = 0.2 and �a = �2.5, where these two modes are not
sufficiently separated, and, compared with PID1, the control
performance is rather poor. However, compared with PI it is
still much better.

D. Load disturbance time responses

In this subsection disturbance responses of systems with PI
and PID controllers are studied. Due to pole-zero cancellations
and possible simplifications the associated transfer functions
are often of second order with a zero. Therefore the extrema
of step responses are easily calculated using formulas for
certain standard transfer functions G1(s), G

?
1(s)and G2(s)

collected in Appendix A. Simulation results showing influence
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of important controller and plant parameters on time responses
to load disturbances are displayed in Figures 5-7, 9-10 and 12.
Exemplary analytical results for extrema of relevant signals are
deployed on certain plots.

1) PI controller: Denote k = 2kc. Then for the controller

C(s) = kc
s+ 1

s

(17)

there is

Gyd1(s) =

2s

(s

2
+ s+ k)(s+ 1)

, (18)

Gyd2(s) =

2s

s

2
+ s+ k

= 2G2(s), (19)

Gud1(s) =

�k

s

2
+ s+ k

= �G

?
1(s), (20)

Gud2(s) =

�k(s+ 1)

s

2
+ s+ k

= �G1(s). (21)

The characteristic polynomial �(s) = (s+s1)(s+s2)(s+s3)

is of degree 3 with s1,2 = �(1 ± j✓), and s3 = 1, where
� =

1
2 , and ✓ =

p
4k � 1 for k � 1

4 .

Fig. 5. PI control - influence of kc as a function of ✓. Extrema in the
format (time,value) for the blue plots are deployed in the table on the right
accordingly to their positions in the array of plots.

2) PID controller: If c1 = c2 = 1 then denoting k = 2kc

there is
C(s) = kc

(s+ 1)

2

s(µs+ 1)

(22)

and

Gyd1(s) =

2s(µs+ 1)

(µs

2
+ s+ k)(s+ 1)

2 , (23)

Gyd2(s) =

2s(µs+ 1)

(µs

2
+ s+ k)(s+ 1)

, (24)

Gud1(s) =

�k

µs

2
+ s+ k

= �G

?
1(s), (25)

Gud2(s) =

�k(s+ 1)

µs

2
+ s+ k

= �G1(s). (26)

�(s) = (s+ s1)(s+ s2)(s+ s3)(s+ s4) is of degree 4, s1,2 =

�f (1 ± j✓f ) with �f =

1
2µ and ✓f =

p
4kµ� 1 for k � 1

4µ ,
and s3,4 = 1, with �s = 1 and ✓s = 0. Observe that kc =

(1+✓

2
f )/(8µ). For µ small enough and k big enough Gyd1(s),

Gyd2(s) and Gud2(s) can be approximated as follows:

Gyd1(s) '
2s

(s+ k)(s+ 1)

2 ' s

kc(s+ 1)

2
=

1

kc
G2(s), (27)

Gyd2(s) '
2s

(s+ k)(s+ 1)

, Gud2(s) ' � s+ 1

s
k + 1

(28)

for which the unity step responses are

�ud1 ' �(1� e

�kt
), �ud2 ' �[(k � 1)e

�kt
+ 1] (29)

Gyd2(s) '
s

kc(s+ 1)

, �yd2(t) '
1

kc
e

�t

. (30)

It is clear that for µ ! 0 and k ! 1 the control signal tends
to the one in (12).

Fig. 6. PID control - influence of kc as a function of µ; ✓f = 2. Notice
performance improvement with descreasing µ and increasing kc, and a huge
performance improvement compared to the PI controller of Fig.5

Fig. 7. PID control - influence of kc as a function of ✓f ; µ = 0.05. Extrema
in the format (time,value) for the blue plots are deployed in the table on the
right accordingly to their positions in the array of plots.

3) Frequency domain characteristics: Let us define

S(s) =

1

1 + L(s)

, T (s) =

L(s)

1 + L(s)

, Q(s) =

T (s)

P (s)

(31)

L(s) = C(s)P (s), P (s) =

2

(1 + s)

2
. (32)

Q(s) is a transfer function between noise input and controller
output while T (s) between noise input and system output.
Observe, that extrema of |S(j!)| and |T (j!)| are the same
for systems with the same ✓f and different �f .

4) General non-cancellation controller: It is interesting to
notice that making c1,2 = c(1 ± j✓c) complex in (2) and/or
increasing c improves the control performance as shown in
Fig.9 and Fig.12. For kc great enough there is �s ! c and
✓s ! ✓c, see Fig.11. As a result Gud1(s) ' [C

0
(s)]

�1 and
then formulas (43)-(44) can be applied to choose c1,2.

5) Sensitivity to the working point: Numerical analysis of
the effect of the current working point u0 depicted in Fig.3,
while retaining controller settings chosen for the case u0 = 1,
is displayed in Fig.10. In contrast to the PI controller it has
almost no influence on PID1 controlled systems. The later is
due to time-scale separation between the fast (control signal)
and the slow (output signal) mode. Important observation
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Fig. 8. Plots of |S(j!)|, |T (j!)|, and |Q(j!)| in log-lin and log-log scale.

Fig. 9. PID control - influence of c1,2; ✓f = 2, µ = 0.05, kc = 12.5. Notice
performance improvement for c = 2 and/or complex c1,2.

is that the values of max |S(j!)| and max |T (j!)| do not
determine robustness against changes of u0.

Fig. 10. Influence of the working point. Controllers settings P (kc = 2), PI
(kc = 0.63); PID2 (kc = 3.1, µ = 0.2), PID1 (kc = 12.5, µ = 0.05) with
✓f = 2 for u0 = 1. Notice different scales of �y for different controllers.

IV. NOISE FILTERING

Better filtering properties can be obtained when using the
second order filter F2(s) of (3) than the first order one. The
parameters of F2(s) can be chosen so that the fast roots have

the same �f than for the F1(s) with ✓f only slightly changed.
Moreover, changing c and ✓c determining the controller zeros
c1,2 = c(1± j✓c) can greatly improve load disturbance atten-
uation as presented in Fig.12, without signifacant influence on
fast roots as depicted in Fig.11. Observe also that the slow
roots almost overlap the controller zeros, so that the choice of
c1,2 imposes directly the dynamics of the controlled output.

Fig. 11. Root loci; kc = 12.5; first row c1,2 = 1, second and third row
c1,2 = 2(1±j) for both F1(s), and F2(s) with two values of ⇠, 1 and

p
3/2

are displayed. The firs and second row expose fast roots while the third the
slow ones. Crosses - open loop poles, circles - zeros, diamonds - closed loop
roots.

Fig. 12. Step responses of �y(t) and �u(t); kc = 12.5, c1,2 = 1, c1,2 =
2(1± j), for both F1(s), and F2(s) with two values of ⇠.

Fig. 13. Plots of T (!), Q(!); kc = 12.5, c1,2 = 2(1± j), for both F1(s),
and F2(s) with two values of ⇠.
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Assume that the noise is a band-limited stochastic signal
with the variance determined by

var(n) =
1

2⇡

Z 1

�1
| 1

1 + j!b

|2�0d!, (33)

where 1/b defines the band, and �0 is the spectral density
of the driving white noise. Then the variances of noisy
components of u(t) and y(t) can be calculated as

var(u) =
1

2⇡

Z 1

�1
| Q(j!)

1 + j!b

|2�0d!, (34)

var(y) =
1

2⇡

Z 1

�1
| T (j!)
1 + j!b

|2�0d!. (35)

Denote sd(u) =

p
var(u) and sd(y) =

p
var(y). Then two

gains can be defined

kun =

sd(u)
sd(n)

; kyn =

sd(y)
sd(n)

. (36)

Dependence of these gains on the ratio b/µ is depicted in
Fig.14.

Fig. 14. Noise gain kun in the control noise-control path and kyn in the
noise-output path as functions of � = b/µ; kc = 12.5, c1,2 = 2(1 ± j),
�f ' 10, for both F1(s), and F2(s) with two values of ⇠.

V. CONCLUSION

In the paper an intuitive and simple yet efficient approach
to the PID control system synthesis for load disturbance
rejection in a second order system with noisy measurements is
presented. It is assumed that the controller is fitted with a first-
or second order noise filter. The performance limit is shown
to depend on filter time constant µ, whose value is determined
by measurement noise characteristics and admissible noise
amplification gain. The design method consists in choosing
appropriate values of filter and controller parameters, such that
time-scale separation takes place between the control signal
and the controlled output. As a result the control error has
desired shape and magnitude. The considerations are presented
as a case study of level control in a double tanks system,
whose properties strongly depend on the working point, and
the method demonstrates high degree of robustness against its
changes. The approach provides better robustness and control
accuracy than the latest methods from the literature.

APPENDIX

Denote s1,2 = �± j! = �(1± j✓) with ✓ = !/� 2 [0,1).
Extrema of step responses for second order systems with

complex roots, i.e. such that denominators of their transfer
functions have the form

(s+ s1)(s+ s2) = s

2
+ 2�s+ �

2
(1 + ✓

2
) (37)

derived in [6], are summarized for two types of systems.
1) System with unity gain: For the system

G1(s) =
�

2
(1 + ✓

2
)

�
↵
� s+ 1

�

s

2
+ 2�s+ �

2
(1 + ✓

2
)

(38)

the maximum ym = y(tm) and tm are expressed as

�tm =

(
1
✓arctan

↵✓
↵�1 , ↵ > 1,

1
✓

⇣
⇡ + arctan

↵✓
↵�1

⌘
, ↵ < 1,

(39)

ym = 1 +

q
(↵� 1)

2
+ (↵✓)

2
e

��tm
. (40)

For the particular case of ↵ = 0, i.e.

G

?
1(s) =

�

2
(1 + ✓

2
)

s

2
+ 2�s+ �

2
(1 + ✓

2
)

(41)

this reduces to the well known formulas

�tm =

⇡

✓

, ym = 1 + e

�⇡

✓

. (42)

2) Derivative system: For the system

G2(s) =
s

s

2
+ 2�s+ �

2
(1 + ✓

2
)

(43)

there is

�tm =

arctan ✓

✓

, ym =

1

�

p
1 + ✓

2
e

��tm
. (44)
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[3] Åström, K.J. and T. Hägglund. PID Controllers: Theory, Design and
Tuning, Instruments Society of America, 1995.

[4] Bieda R., M. Blachuta and R. Grygiel. ”A new look at water tanks
systems as control teaching tools”. IFAC World Congress, Toulouse,
France, 2017.

[5] Bieda R., M. Blachuta and R. Grygiel. ”High performance PID control
of a double tanks system as an example for control teaching”. 22nd
International Conference on Methods and Models in Automation and
Robotics, MMAR 2017, Miedzyzdroje, Poland, 2017.

[6] Blachuta M, R. Bieda and R. Grygiel. ”High performance single tank
level control as an example for control teaching”, 25th Mediterranean
Conference on Control and Automation, MED 2017, Valletta, Malta,
2017.

[7] Lund University. Reglerteknik AK, Laboration 2, ”Modellbygge och
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Abstract— In this paper, an adaptive controller is proposed 
for attitude and altitude control of a quadrotor. First, 
mathematical and dynamic models of a quadrotor are analyzed. 
Next, PID and LQR controllers are designed separately. This 
step is followed by application of hyperbolic tangent weight 
function to increase the overall performance by selecting the 
proper controller at proper time. Finally, all the three 
controllers’ performances are observed in Matlab Simulink 
simulation environment. Simulations show that adaptive 
controller’s overall performance is remarkably superior to that 
of a single PID or LQR controller. 

Keywords—quadrotor, PID, LQR, adaptive, simulation 

I. INTRODUCTION

In recent years, unmanned aerial vehicles (UAV) have 
found wide range of application areas. With developing 
technologies followed by decreased manufacturing and 
material costs, UAVs have become affordable and popular for 
daily civil usage. As a vertical take-off and landing (VTOL) 
vehicle, quadrotor has four identical, symmetrically 
distributed and independently controlled rotors. Unlike 
conventional helicopter’s one and big rotor, quadrotor’s four 
relatively smaller rotors provide safer civil usage. The 
mechanical design is simpler and easier because the rotor 
rotation axes are fixed and no moving aerodynamic control 
surface is needed. Because of this simplicity, its use is spread 
over a wider area than single-rotor systems. Small volume 
coverage, high maneuverability at low transient speeds and 
high load carrying capacity are other advantages of quadrotors 
[1]. Because of its superior characteristics, the quadrotor’s 
usage areas are expanded widely as movie making, 
surveillance, mapping, agriculture, hobby, racing, inspection, 
military and many more complex missions. To complete these 
missions safely and with high accuracy, fast and robust 
controller design is needed. 

Researchers design various controllers for quadrotors. 
Each control method has its own advantages and 
disadvantages. One should choose appropriate controller 
according to mission to be accomplished.  Controllers are 
mainly divided in two categories as being linear and non-
linear. As a linear controller PID is the most widely used one. 
Ease of design and resistance to uncertainties are the main 
advantages of PID controllers. However, non-linearities in 

kinematic model or inability to model uncertainties correctly 
limits the application of PID controller in quadrotor 
applications [2]. Tuning controller gains correctly is not 
straightforward. These gains are adjusted around some trim 
conditions like hovering in some altitude which leads to 
design restrictions [3]. Another widely used linear controlling 
method is the Linear Quadratic Regulator (LQR). LQR has a 
similar structure to PID where controller gains are calculated 
by minimizing a cost function. In order to calculate gain 
matrix, the system needs to be linearized. Many studies have 
been carried out on the comparison of the performances of the 
PID and LQR controllers. These studies show that the LQR 
controller has better performance in many aspects in the 
nonlinear model [4]. In some studies, these two controllers are 
used together to create a hybrid controller. In [5] a hybrid 
controller is explained to show better performance with 
respect to each controller used individually. In LQR controller 
design it is assumed that every state variable can be measured. 
Measuring or calculating every state variable causes sensor 
noise; furthermore, some states cannot be measured due to the 
nature of the system. To overcome this problem state 
estimator and Kalman filter are added to the LQR controller 
and this new formed controller is called as “Linear Quadratic 
Gaussian” (LQG). Besides filtering the sensor noise, LQG 
allows to control the system without measuring all the state 
variables [6]. Sliding Mode Control (SMC) is one of the non-
linear control methods. This controller provides control inputs 
at regular intervals, allowing the system to slip in a certain 
direction. In contrast to linear controllers, there is no need to 
linearize the system around a certain point. A SMC controller 
is used to control a quadrotor in [7]. Here, the authors 
announce that the SMC controller showed high stability and 
robustness. They further explain that they observed the 
controller to be prone to create noise in the system. Various 
methods have been applied and been successful to overcome 
this problem. They conclude that this type of controller has a 
very good level of performance in route tracking. Another 
non-linear control method, the Backstepping Control, divides 
the controller into several subsystems, step-by-step balancing 
each subsystem and finally balancing the entire system. This 
controller is less computationally intuitive and provides good 
robustness and disruptive noise from external factors can be 
easily rejected from the system [8, 9, 10]. Various intelligent 
algorithms such as fuzzy logic, artificial neural networks and 
genetic algorithms are also used to control UAVs. The most 
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common ones are the artificial neural networks and fuzzy 
logic algorithms. In [11], the control of an UAV is carried out 
using neural networks without fully modeling the system 
dynamics and without having to measure all state variables. In 
the related study, it is seen that smart algorithm performs 
better than classical linear controllers. In [12] and [13], 
artificial neural network algorithms have been used for 
quadrotor control with various methods and have produced 
successful results. In [14] fuzzy logic algorithm is used to 
control altitude and attitude of an UAV where the controller’s 
performance tests are carried out in a simulation environment. 
The authors express that the fuzzy logic algorithm results in 
increasing the flexibility and efficiency of the control system.  

In this work, following to derivation of a non-linear model 
for the quadrotor, LQR and PID controllers are designed 
separately. By weighting LQR and PID controllers with 
hyperbolic tangent function a third controller is structured 
called the ‘Hyperbolic tangent adaptive controller (HTAC)’. 
The hyperbolic tangent function is chosen for weight 
calculation of each controller because this function is 
computationally efficient, has positive and negative unity 
boundaries that signals naturally saturate and it can be 
assumed to be linear and smooth, so no sharp transitions occur 
during controller changes. This function is used in many 
different aspects in control applications. In [15] hyperbolic 
tangent adaptive controller is successfully applied on a step-
down buck converter. Here, better responses regarding 
settling time, overshoot and steady-state error elimination are 
achieved compared to independent implementation of each 
controller. To eliminate the switching dither caused by 
discontinuous control law in practice, a hyperbolic tangent 
function-based trajectory tracking controller is proposed in 
[16] for a quadrotor, where oscillations in control signal 
disappeared and a good trajectory tracking was achieved. 

The aim of creating HTAC is to use the advantages of both 
the PID and LQR controllers simultaneously. This strategy is 
tested in Matlab Simulink environment and results are 
compared with single LQR or PID controller performances. 
The results show that this newly formed adaptive controller 
performs remarkably better than the controllers alone. 

II. QUADROTOR MODEL 

A quadrotor is actuated to move by changing rotational 
speeds of rotors. Rotation speed difference between rotors 
leads to pitch ( ), roll ( ) and yaw ( ) movements. Each rotor 
creates torque around its axis of rotation and these torques 
rotate the body of the quadrotor. Rotor pairs rotate on opposite 
directions to balance net aerodynamic torque. As an example, 
the yaw rotation is enabled by increasing the rotation speed of 
one pair of rotors to unbalance the aerodynamic torque around 
yaw axis, z. In Fig. 1 arrow width indicates rotation speed of 
rotor where thicker arrow means faster rotating rotor with 
respect to others. 

 

 
Fig. 1. Basic movements of a quadrotor [17]. 

Since quadrotor is a highly non-linear system, some 
assumptions are made to make the modeling easier. These are; 

1- Body is symmetric and rigid. 
2- Flapping and body deformations are negligible. 
3- Center of mass coincides with the body frame origin. 
The quadrotor parameters used in this work and listed in 

Table I are taken from the example in [18]. 

TABLE I.  QUADROTOR PARAMETERS 

Parameter Value Unit 
Arm length 0,225 m 
Mass 0,468 kg 

Lift coefficient 2,98 x 10-6 - 
Drag coefficient 1,14 x 10-7 - 
Inertia over X axis 4,86 x 10-3  kgm2

Inertia over Y axis 4,86 x 10-3  kgm2 
Inertia over Z axis 8,8 x 10-3  kgm2 
Inertia of rotor 3,36 x 10-5  kgm2 

 

A. Kinematic Equations 
Movement of a quadrotor can be analyzed in two different 

frames as the body frame and the inertial frame. In Fig. 2 the 
body frame is given the index “G” and the inertial frame is 
denoted with “A”. 

 
Fig. 2. Illustration of inertial and body frames. 

 

The resultant rotation transformation matrix “R” from 
body frame to inertial frame is given in (1) where “s” is the 
sine and “c” the cosine of related Euler angles.  

R=
	
	

				
				

							
     (1) 

In (2) the position of the quadrotor in the inertial frame as 
(x, y, z) is defined with the vector “ ” and the angular positions 
form the Euler-angles vector “ ”. In the body frame, the linear 
velocities form the vector “VG” and the angular velocities the 
vector “ ”.  

 = ,   = ,   = 
,
,
,

,   =               (2) 

The resultant rotation transformation matrix “R” can be 
used to find velocities in inertial frame as  

	= R                                         (3) 

To calculate the inertial frame angular velocities, angular 
transformation matrix “W ” can be used as in (4) where “t” 
denotes the tangent. 

 = = W -1	 	,	W -1=  
				
				
				

		
		

		

		
		
			

        (4)           
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B. Dynamic Equations 
Each rotor creates a thrust force “fi” in the direction of the 

rotor axis. The angular velocity and angular acceleration on 

the rotor creates a torque “ M,I” around the axis of the rotor (5, 
6). Here, “k” is the lift constant, “wi” is the angular rotation 
speed of the rotor, “b” is the drag constant and “Ir” stands for 
the inertia of the rotor. The effect of  is considered to be 
very small and it is neglected in the dynamic model. 

fi= k wi
2 , i=1,2,3,4                           (5) 

M,i=b   + Ir	    , i=1,2,3,4                   (6) 

Thrust forces of each rotor can be directly summed up to 
give the total thrust force “TG”. 

TG =  =                         (7) 

Thrust forces create the torque “ G” on the quadrotor body 
(8). Here, “l” is the arm length which is the distance between 
the rotor rotation axis and the center of gravity of the 
quadrotor. 

G =  =              (8) 

C. Newton – Euler Equations 
The force “m ” required to accelerate the mass plus the 

centrifugal force “  × ( )” in the body frame is equal to the 
sum of the gravity “RT  and the total thrust force “TG” 
created by the rotors (9). Moreover, “R-1=RT” since “R” is an 
orthogonal matrix. “G” is the product of mass “m” and the 
gravitational acceleration “g”. 

m + 	 	 	 	RTG + TG  , (R-1=RT)                (9) 

Equation (9) is to be multiplied with the matrix “R” to give 
the force balance equation in inertial frame (10). The 
centrifugal force is nullified in the inertial frame. 

mR  	G + RTG                           (10) 

Linear acceleration (11) can be found by solving (10). 

	 	         (11) 

Similarly, total torque forces acting on a quadrotor can be 
equated. The sum of the angular acceleration of inertia “ ” , 
the centripetal forces “ ” and gyroscopic forces “ ” 
acting on the quadcopter in the body frame is equal to the total 
external torque “ ” acting on it (13). Inertia matrix “I” is 
diagonal because the mass is assumed to be symmetrically 
distributed around body frame origin. 

I =
			
			
			

				                              (12) 

	Ir  , 	           (13) 

	                       (14) 

Angular acceleration equation can be found by solving 
(14). 

		 		
 

(15) 

III. CONTROLLER DESIGN 

Quadrotor is controlled with 4 inputs. These are the total 
thrust force, pitch, roll and yaw torques. To calculate the rotor 
angular rotation speeds, (7) and (8) can be solved together. 
These rotation speeds are fed directly to DC motor model. 

 , 	   

 ,               (16) 

A. PID Controller Design 
PID controller has a simple structure and can easily be 

implemented according to (17) and (18) [19]. Here, “u( )” is 
the control input and “e(t)” is the difference between the 
desired state “ d( )” and the present state “ (t)”. KP, KI and 
KD are the parameters for proportional, integral and derivative 
components used in the PID controller respectively. 

                         (17) 

        (18) 

Control inputs and controlled states are given in (19). 

,                       (19) 

, , ,      (20) 

, , , 	   (21) 

, , ,        (22) 

, , ,     (23) 

Although there are a number of methods to tune controller 
gains, they are often determined by iterative methods [3, 4]. In 
this study, PID gains are also determined by iteration after 
having modeled the controller in the simulation environment. 
The main objective was to find the best gain values for short 
rise time to use PID controller’s transient response advantage 
in HTAC design. PID gains are given in Table II. 

TABLE II.  PID GAINS 

Controllers KP KI KD 
Pitch 14 4,8 9 

Roll 14 4,8 9 
Yaw 15 6 12 
Altitude 18 8 9 

B. LQR Controller Design 
The LQR, based on optimal control theory, ensures system 

stability with minimum cost by considering system inputs and 
dynamic system conditions [20]. The linear state space 
equation representation is given in (24, 25) where “x” 
represents the state variables, “u” the control input and “y” the 
output matrix. 

                                (24) 

 +D                                   (25) 
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Control inputs are evaluated by multiplying the state 
variables by the gain vector “K”. 

                                   (26) 

The gain vector “K” is to be calculated to minimize the 
cost function “J” given in (27) [20]. Here, “Q” and “R” are 
weight matrices of state variables and inputs respectively.  

                      (27) 

LQR gain vector can be computed as  

                                  (28) 

where the matrix “P” can be calculated solving the Riccati 
equation [20]. 

              (29) 

After the LQR controller was modeled in Simulink we 
observed significant steady state error in altitude. Hence, to 
eliminate this error, integral gain had to be injected. An 
additional variable “w” as in (30) is added into the set of the 
altitude state variables where “r” represents the reference 
output.  

                                 (30) 

               (31) 

The state variables matrix is formed with 9 states as; 

		 		 		 		 		 		 		 		  

To get the best weight matrices, iterative methods work 
well after finding proper iteration starting point. Here, the 
Bryson rule is a good choice [20].  

	 	 	 	       (32) 

	 	 	 	       (33) 

After operation conditions are determined under certain 
assumptions, maximum acceptable state and input variables 
can be found. Selected weight matrices are as follows. 

				                                 (34) 

		 		 		 		 		 		 		 		    (35) 

To apply LQR control law, the system must be first 
linearized and written in state space representation form [20]. 
This can easily be done by selecting a trim condition, i.e. 
hovering the quadrotor 1 meter in altitude. Linear and angular 
accelerations in inertial frame can be written as in (36). 

                             (36) 

		 		 		 		 		 		 		 		  

		 			

	 		
      (37) 

The LQR gain vector is calculated using “lqr(A,B,Q,R)” 
command in Matlab. 

				 				 				 				 				 				 				 			   (38) 

C. HTAC Design 
The proposed adaptive controller HTAC is designed to 

make use of the advantages of both the PID and the LQR 
controllers. Controller weights w1 and w2 are determined by 
taking the hyperbolic tangent of the error, which is the 
difference between the desired and the present states.  

 ,                  (39) 

A high value for the error means that system is in transient 
state, so the weight w1 assigned to the PID controller is taken 
as ‘1’ putting the LQR controller ineffective. If the error drops 
below a pre-defined value, the control task will be distributed 
between both controllers. The more the system approaches to 
steady state, the higher will be the weight w2 of the LQR 
controller to make use of its precise tracking advantage. The 
overall control input u(t) is the sum of both controllers’ 
weighted inputs. 

                   (40) 

It’s obvious that the criteria for the task distribution 
between controllers is case-dependent. In our case, we 
determined the threshold to put the PID controller fully in 
charge as the error to exceed 5% of full-scale value. The 
physical constraints we took limited the deflection of the 
angles with 0.87 rad. Hence, 5%·0.87=0.043rad was the value 
for the error, above which the system was considered to be in 
the transient state. Thus, w1 should be equal to 1 for 
e >0.043rad. This condition requires that the procedure for 
weight calculation needs scaling. So, the absolute error was 
multiplied by a coefficient “Ktanh” before entering the 
hyperbolic tangent function block. The numerical values are 
given in Table III.   

,                (41) 

TABLE III.  NUMERICAL VALUES FOR THE SCALING  

Variables Pitch Roll Yaw Altitude 

Error Range 
±0.043 

rad 
±0.043 

rad 
±0.04
3 rad 

±0.25 m 

Gain (Ktanh) 50 50 50 8 
tanh value at range limit 0.97 0.97 0.97 0.96 
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To sum up in an example, if the pitch error is greater than 
0,043 rad, the related PID controller weight w1 will be equal 
to ‘1’ and the system will be totally controlled by the PID 
controller. While the error decreases, the value for w1 will also 
gradually decrease and the LQR controller weight w2 will 
increase until it reaches a maximum of ‘1’ overtaking the 
whole control. According to above explanations, the final 
system diagram looks as in Fig. 3. 

 
Fig. 3. Hyperbolic tangent adaptive control diagram. 

IV. SIMULATION RESULTS 

After validating the quadrotor model in Simulink, the 
performance of the newly formed HTAC is compared with 
those of LQR and PID controllers in several aspects. Firstly, 
the proposed HTAC controller’s weighting algorithm is 
checked. For that, 0.5 rad step input is applied to the roll 
controller at t=1 sec. As seen in Fig. 4, the weight w1 starts 
decreasing when the roll angle error falls almost below 0.05 
rad, which supports the criteria given as 0.043 rad in Table III. 

 
Fig. 4. HTAC weights vs error magnitude. 

Next, 0.3 rad step input is applied at the time t=1 sec to 
attitude controllers. Since roll, pitch and yaw controllers’ 
outputs are similar to each other, only one of them -the one 
with the yaw angle- is shared in Fig. 5. 

 
Fig. 5. System response for 0.3 radians step input. 

Here, improved performance of HTAC can easily be 
recognized. The performance comparison of the methods 
regarding different criteria is presented in Table IV. 

TABLE IV.     PERFORMANCE OF YAW CONTROLLER  

Yaw Controller LQR PID HTAC 
Rise Time (sec.) 3.22 0.93 0.95 

Overshoot (%) 0 16 0 
Settling Time (sec.) 8.47 9.15 2.61 
Steady State Error (rad.) 0 0 0 

As expected, the rise time achieved with HTAC is almost 
the same as that with single PID controller; this is because the 
PID controller is effective during the transient state. But when 
we approach to the reference value, the LQR controller’s 
weight increases and overshoot is prevented. HTAC 
outperforms both controllers in settling time by reaching the 
steady state in 70% shorter time. 

Next, a 1m step input is applied to the altitude controller. 
All the three controllers’ performances are observed to be 
close to each other as seen in Fig. 6 and Table V, again HTAC 
submitting best values for all properties.  

 
Fig. 6. System response to 1 meter altitude step input. 

TABLE V.     PERFORMANCE OF ALTITUDE CONTROLLER  

Performance Criteria LQR PID HTAC 
Rise Time (sec.) 1.27 0.66 0.69 

Overshoot (%) 0.26 12.9 0 
Settling Time (sec.) 2.59 6.74 1.5 
Steady State Error (rad.) 0.005 0 -0.004 

 

To observe the disturbance rejection performance of the 
altitude controller, a force of 10.8 N is applied in negative z-
direction representing a wind speed of 15 m/s in Fig. 7. 

 
Fig. 7. Wind disturbance simulation. 

 
Fig. 8. Disturbance rejection of altitude controllers. 

As seen in Fig. 8, disturbance rejection performances of 
LQR and HTAC controllers are similar; the PID controller’s 
reaction speed is not as well as the other two. 

Energy consumption of each rotor is calculated by 
multiplying the produced torque with the rotor rotation speed. 

,			 , , ,                        (42) 

A sharp maneuver input was given for the pitch and roll 
angles to investigate the controller’s instantaneous energy 
consumption levels.  
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Fig. 9. Energy consumption of each controlling methods. 

As seen in Fig. 9, LQR and HTAC controllers’ power 
demands changed sharply where that of the PID controller 
changed smoothly. To measure overall energy consumption in 
a specific time range, instantaneous energy consumption is to 
be integrated. Hence, taking the time interval as [2sec – 4sec] 
according to Fig. 9, we calculate the values as; EHTAC = 231 
joules, ELQR = 233 joules and EPID = 240 joules. Total energy 
consumption during the maneuver is almost the same for all 
the three controllers; however, HTAC and LQR controllers 
are advantageous by 4% compared with PID. 

V. CONCLUSION 

In this study, first a quadrotor model is implemented in 
Simulink simulation environment supported by PID and LQR 
linear controllers separately. Next, a new adaptive controller 
named as ‘Hyperbolic Tangent Adaptive Controller (HTAC)’ 
is proposed which is a hybrid structure of these two 
controllers. PID and LQR controller’s weights in HTAC is 
determined by trigonometric hyperbolic tangent function of 
the error. HTAC is designed as increasing the weight of PID 
if the system is in transient state and LQR’s weight is 
increased if the system is near its steady state. PID and LQR 
controllers are designed as to perform their most advantageous 
areas in HTAC; that is transient response quality for PID and 
disturbance rejection and accurate reference tracking property 
for LQR. Performance comparison of these 3 controllers is 
given in Table VI. 

TABLE VI.      PERFORMANCE COMPARISON OF CONTROLLERS  

Criteria 
Controllers* 

HTAC LQR PID 
Rise time 2 3 1 
Overshoot 1 2 3 
Settling time 1 2 3 
Steady state error 2 3 1 
Trajectory tracking 2 1 3 
Sharp maneuver 1 2 3 
Disturbance rejection 2 1 3 
Power consumption 1 2 3 

      * 1-Best – 3-Worst  

Though using multiple controllers would increase the 
system cost, the results for the proposed HTAC system put 
forth that it is worth this increase depending on case. On the 
other side, so far, the analysis has been conducted in the 
simulation environment. The next step will be to carry the 
work to realization on physical systems.  

Another aspect for the future study will also be the use of 
intelligent algorithms to calculate the weights. Finally, 
nonlinear controllers as opponent choices to linear ones are 
also scheduled for future work. 
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Abstract—Chaos which is a complex, nonlinear and deter-
ministic behavior have many fields of applications. This theory,
which Lorenz describes with a simple mathematical model,
has become a very important issue in the field of nonlinear
circuits and systems. The discovery of the existence of chaos
has opened up many different developments. One of these
developments is to recognize that secure communication systems
can be implemented with these systems by deriving from the
sensitivity of chaotic systems to initial conditions. In this paper,
a circuit based on Lorenz equations is synchronized for secure
communication. The Lorenz circuit is adapted to two different
synchronization methods. The synchronization circuits are ana-
lyzed mathematically in MATLAB, and the simulated in PSPICE.
A secure communication system has been tested for both methods.
The system results are compared.

Index Terms—chaotic circuit, chaos, Lorenz equations, non-
linear analysis, synchronization

I. INTRODUCTION

Most physical systems are considered linear for the variation
of system variables over a certain interval. The behavior of
these variables outside the accepted range causes the system
to exhibit nonlinear behavior. In his work in 1963 [1], Lorenz
revealed a simplified mathematical model of the heat transfer
structure in the atmosphere. Although the nonlinear differential
equations obtained look like ordinary, the behavior obtained
for different parameter values varies greatly [2], [3].

Chaotic systems are nonlinear dynamical systems and their
most important features are their extreme sensitivity to initial
conditions, exhibit random behaviors that can not be predicted
over time, noise-like and have a wide and scattered spectrum
[4], [5].

Chaos theory is applied in many disciplines such as biology
[6], mathematics, engineering [7] and social sciences includ-
ing nance [8]. Chaotic systems also has many different and
common using areas, such as neural networks [9], random
number generator design [10], secure data transmission [11],
biomedical modeling [12], Monte Carlo simulations [13], and
image encryption schemes [14].

In recent years, the design and implementation of chaotic
electronic circuits has become an important issue in nonlinear
circuits and systems. Experimental observations of chaos in
electronic circuits were first carried out by Van Der Pol and

Van Der Mark [15], and the presence of chaos in electronic
circuits was fully demonstrated by Kennedy and Chua [16].

The discovery of the existence of chaos has opened up many
different developments. One of these developments is to recog-
nize that secure communication systems can be implemented
with these systems by deriving from the sensitivity of chaotic
systems to initial conditions. Pecora and Carroll have proved
both theoretically and practically the idea that two or more
chaotic systems may be synchronized in their work [17]. It is
important for chaotic communication systems to be the first
applications in system design to show how the concept of
synchronization can be used in the masking of signposts by
adding chaotic signs to an information sign of Cuomo and
Oppenheim [18]. These studies related to the synchronization
of chaotic systems and secure communication systems have
been a turning point for the design and implementation of
electronic systems for reliable and confidential communication
using chaotic circuits and dynamics.

After work done by Pecora et al., the chaos synchronization
on real systems has been extensively studied through different
theoretical and experimental methods and investigations are
still being remained [17]. Variety kinds of synchronization
such as complete synchronization [19], [20], generalized syn-
chronization [21], phase synchronization [22] and lag syn-
chronization [23], [24] are used to synchronize two chaotic
or hyperchaotic systems. However, in recent studies, different
complex synchronization methods are utilized based on their
real versions such as complex modified hybrid projective
synchronization proposed by Liu et al [25].

Among these synchronizations,complete synchronization
is the strongest manifestation of chaos synchronization.
Complete synchronization is regarded as the form of
synchronization proper of identical chaotic systems, while
generalized synchronization extends complete synchronization
in nonidentical systems. Phase synchronization is the situation
where two coupled hyperchaotic systems keep their phases in
step each other while their amplitudes remain uncorrelated.
Lag synchronization has been proposed as the coincidence of
the states of chaotic systems in which one of the systems is
delayed by a finite time.

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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A number of studies have been conducted on the synchro-
nization of chaotic systems over the last 20 years. Because
it has a lot of potential application areas like secure com-
munication systems, image processing, and function analysis
of neuronal networks [26]–[28]. The main tasks of chaos
synchronization are based on the establishment of drive-
driven systems. The drive system guides the driven system
through the transmitted signals. These systems have two basic
assumptions. It is assumed that all the features of the driver
system are known and that the transmitted signals reach the
driven system without deterioration.

We proposed a circuit based on Lorenz equations in this
work. The circuit is analyzed mathematically in MATLAB,
and simulated in PSPICE. Then chaos synchronization is
made with two different methods which belong to Cuomo and
Oppenheim [18], and A. Sambas and M. Sanjava [29]. The
synchronization results were compared.

II. LORENZ-BASED CHAOTIC CIRCUIT AND
SYNCHRONIZATION

This system is one of the basic chaotic systems with double
scroll. One of the two chaotic systems is the receiver and
the other is the transmitter. If these two systems, which
are far away from each other, can be synchronized once,
the information signal added to the transmitting system can
be transmitted securely to the receiving system. Because
the signal transmitted through the communication channel is
still a chaotic component, it is quite difficult to identify the
information markers and which components they are.

A. Lorenz Circuit

The Lorenz system [1] is given by (1) where �, r and � are
real constant parameters and x, y and z are state variables.

ẋ = �(y � x) (1a)

ẏ = rx� xz � y (1b)

ż = xy � �z (1c)

The proposed circuit which realizes Lorenz equations is
given in Fig. 1, and 3D chaotic attractor obtained with this
dynamic system is given in Fig. 2 [30]. Proposed circuit
contains three second generation positive current conveyor
(CCII+) and two analog multiplier (AM) as active elements,
and three capacitor for state variables and five resistor as
passive elements.

The proposed circuit which realizes Lorenz equations is
given in Fig. 1, and 3D chaotic attractor obtained with this
dynamic system is given in Fig. 2 [30]. Proposed circuit
contains three second generation positive current conveyor
(CCII+) and two analog multiplier (AM) as active elements,
and three capacitor for state variables and five resistor as
passive elements.

If the circuit analysed by using the ideal defining equations
of CCII+ and AM given in (2a) and (2b) respectively, the

Fig. 1. Used Lorenz circuit.

Fig. 2. 3D chaotic attractor obtained from proposed circuit.

differential equation set in (3) is obtained. k is a real constant
measured in V-1. When designing the circuit, a capacitance
voltage is created for each Lorenz variable, and each state
variable in the circuit corresponds to a Lorenz variable.
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In this case, each constant Lorenz coefficient becomes the
ratio of the capacitor values of the conductance values as � =
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B. Chaotic Synchronization

Firstly, the system proposed in [18] is implemented to
Lorenz circuit. Both systems have the same topology. Only the
receiver system uses the v

x

t(t) signal sent by the transmitter
system in the differential equation solutions of the synchro-
nization process, not the v

x

r(t) signal generated in the closed
loop of the system. Transmitter system is designed as in (4),
and receiver system is designed as in (5). The CCII + element
that connects the two systems is added to the circuit to model
the lossless transportation of the synchronization signal.
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According to (4) and (5), the transmitter and receiver
circuits are given in Fig. 3. If well known chaotic parameters
for Lorenz equations, � = 10, r = 28, and � = 8

3 , are
taken as parameter coefficients, the circuit parameters for this
transmitter and receiver system are obtained as in Table I.

TABLE I
ELEMENT VALUES FOR LORENZ CIRCUIT SYNCHRONIZATION

Element R1 R2 R3 R4 R5

Value 885 W 3750 W 3160 W -3280 W 100 W
Element C

x

C
y

C
z

k
Value 31 nF 11 nF 100 nF 0.1 V-1

Theoretical synchronization of v
x

signal with time is given
in Fig. 4. If an information signal m(t) is added to v

xt

(t)
signal as in Fig. 5.

After the synchronization it is tried to regenerate the original
information signal by substracting produced receiver’s signal
v

xr

(t) from the received signal of v

xt

(t) +m(t), mathemat-
ically obtained plot of original m(t) versus obtained m(t) is
given in Fig. 6.

Secondly, the system proposed in [29] is implemented
to Lorenz circuit. Here, there is an extra difference in the
receiving system compared to the transmitting system, and the
synchronization error between the two systems continuously
generates a feedback to the system. Since the difference will
be zero after the systems are synchronized, the two systems
will have the same topology. Transmitter system is designed
as in (6), and receiver system is designed as in (7).

Fig. 3. Transmitter and receiver circuits according to [18].

Fig. 4. Synchronization of transmitter and receiver signals v
xt

and v
xr

according to Fig. 3.

Fig. 5. Secure chaotic communication scheme.
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Fig. 6. Original data signal versus obtained data signal according to Fig. 3.
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Receiver and transmitter equations (6) and (7) also can be
realized as in Fig. 7.

The circuit parameters for this synchronization is same as
in Table 1 and R7 = 1100 W. Theoretical synchronization
of v

x

signal with time is given in Fig. 8. If an information
signal m(t) is added to v

xt

(t) signal, and after the synchro-
nization it is tried to regenerate the original information signal
by substracting produced receiver’s signal v

xr

(t) from the
received signal of v

xt

(t)+m(t), mathematically obtained plot
of original m(t) versus obtained m(t) is given in Fig. 9.

III. SIMULATION RESULTS

When proposed transmitter and receiver circuits are simu-
lated, PSPICE macromodels of AD633 [31] and AD844 [32]
integrated circuits are used as AM and CCII+, respectively.
The initial conditions of transmitter systems and receiver
systems are chosen randomly, but different from each others.
Simulated waveforms of v

x

(t) signals of both transmitter and
receiver structures are given in Fig. 10. Although they start at
different points, it can be clearly seen from these figures that
the circuits are synchronized in a very short time.

Simulated mean squared errors of synchronized signals are
8.2 10-4 V for Fig. 3 and 3.1 10-4 V for Fig. 7.

Fig. 7. Transmitter and receiver circuits according to [29].

Fig. 8. Synchronization of transmitter and receiver signals v
xt

and v
xr

according to Fig. 7.
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Fig. 9. Original data signal versus obtained data signal according to Fig. 7.

Fig. 10. Simulation results of synchronized v
x

(t) signals from proposed
transmitter and receiver structures according to Fig. 3 and Fig. 7, respectively.

IV. CONCLUSION

In this paper, two different synchronization schemes are
applied to a Lorenz circuit for secure communication. The first
one directly apply the received signal as a control parameter
to the receiver system. The second one uses a difference signal
as control signal. First circuit uses an additional CCII+. Also,
after the synchronization, in the second circuit, the difference
term become zero and connection between transmitter and
receiver can be removed from the circuit. Hence, system does
not need a synchronization signal continuously. In other words,
after a little synchronization time, the modified data signal
m(t) + v

xt

(t) can be directly received and original m(t)
can be obtained. However, in the first one, to maintain the
synchronization, system needs to receive a synchronization
signal all the time, and when receiving the modified data

signal m(t) + v

yt

(t), synchronization signal v

xt

(t) is still
needed continuously. Therefore system needs to transmit two
signals at the same time. This is disadvantageous in terms
of power and cost. As an alternative, after synchronization,
the circuit structure can be converted to a chaotic generator
with a connection change, but switching in extremely sensitive
chaotic circuits is not an easy solution. Further, mean square
error of the second circuit is less than the first one. The
agreement between theoretical results and simulation results
is greater. Consequently, the second method is more suitable
for synchronizing this system.
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Abstract— In this paper a method is presented to estimate the 
leak site in sloped transmission lines using a closed solution of the 
transmission line equations and linear observer. First, the 
equations are solved for a constant input state, and then the 
initial estimation of the leak site is presented for variable input 
state and the leak and pressure coefficient in the leak site is 
determined with the help of equations obtained from the closed 
solution using the estimation of the leak site. Then, the nonlinear 
model is determined by discretizing the transmission line 
equations with respect to the site variable considering a floating 
point for the leak site in the observer, designing a linear observer 
using the initial estimation obtained from the closed solution, and 
linearizing the observers equations at the obtained point. 

Keywords- Transmission line, leak detection, steady state, 
observer, leak site, sloped transmission line. 

I. INTRODUCTION

Today, the leak of transmission lines causes a lot of 
damages to industries and the environment. Therefore, leak 
detection in the fastest possible time and leak elimination is of 
most important subjects in the investigation of transmission 
lines. Also it is the subject of extensive research in fault 
detection field. In general, the fault detection of systems had 
been always one of the concerns of engineers and various 
methods have been presented in order to detect the fault and 
find its site. These methods include electromagnetic waves, 
detectors, model-based methods, data-based methods, and fault 
detection robots [1]. Data-based methods are low-cost with low 
accuracy. In comparison, use of electromagnetic waves is 
highly accurate but very expensive. Model-based methods have 
acceptable accuracy and reasonable costs. 

References [2-4] have extracted state equations for the 
system by discretizing partial differential equations and 
involving the boundary conditions of leak occurrence and then 
estimated the leak site using the Kalman filter. 

In [4], the flow at the beginning of the line and the end 
pressure were assumed as the inputs, and a Kalman filter has 
been used to estimate the leak site using the discretized model 
of the partial differential equations of the system. This model 
also works for gas systems because it has been written by 
considering material density in pressured transmission line in 

terms of temperature, site, and current flow. But this model 
needs a very high computation to design the required observer. 

In [5], the leak rate of a site is estimated using the definition 
of the sensitivity function. This method requires less 
computation but had less accuracy as well and belongs to set of 
model-based methods. This method is employed in some 
industries due to the high computations required by other 
model-based methods. In [6], leak detection and its sites have 
been specified using the method in [2] and considering two and 
three leak sites in state equations and nonlinear observer 
designing. The main feature of this method is its higher 
efficiency and the not confining the problem to only one leak. 
However, multi leak occurs very rare in practice. 

In [7], a method was presented for checking the leak site for 
lines with the branch. In this method, in addition to the idea of 
the observer, the sensitivity function is employed. However, 
the presented results in the paper indicate a significant error in 
determining the site of the leak. 

In [8], a method has been presented which provides the 
estimation of leak site with the calculation of the sound 
velocity as well as the time difference in the leak occurrence on 
both sides. The problem with this method is that the transfer 
and transmission velocity of the leak effect in two directions of 
line is not equal with velocity in the presence of friction 
velocity. On the other hand, the least mistake in calculating the 
time will result in a very large error due to the high velocity of 
sound. However, this method requires very low computation. 

In this paper, first, the transmission line equations are 
derived for sloped lines and then are solved for non-leak 
condition using method developed in [9]. Then, the solution is 
generalized to the case with leak occurrence. The initial leak 
site interval is determined using the proposed method and then, 
the accurate site is calculated for fixed and constant input state 
with the help of the existing equations for the steady state. 

II. MATHEMATICAL MODEL AND SOLVING THE SYSTEM
EQUATIONS 

The mathematical model of a transmission line is in the 
form of partial differential equations that include the 
momentum and continuity equations as follows [10]. 
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  (1) 

The dependent variables  and  are the pressure and flow 
in the transmission line, and the independent variables  and  
are the time and site in the transmission line. Parameter  is the 
sectional area of the pipe,  is the gravity acceleration,  is the 
pipeline diameter, and  is the angle of the pipeline with the 
horizontal axis which is a function of the site variable. 
Coefficient , which represents the friction, is a function of the 
flow and is modelled as [9] 

 
	

, (2) 

where  is the pipe roughness and , where  is 
the kinematic viscosity. Variation of  in terms of flow is 
shown in Fig. 1, which indicates the low changes of the friction 
coefficient relative to the flow as it is expected due to the 
logarithmic relationship. The parameters’ values are provided 
in Table 1. 
Table 1. The values of parameters related to the friction. 

parameter     
value    

 
Fig. 1. Relationship between friction coefficient and current flow. 

The friction coefficient decreases by increasing the flow 
(Fig. 1). This property is used to approximate the closed 
solution of the system equations of the transmission line. In 
the continue, an interval of flow is considered such that the 
friction coefficient is assumed constant in that interval and the 
transmission line equations are solved for the sloped lines. 
Obviously, the considered interval is around the point of the 
system's work before the leak occurs. Also this fact has been 
assumed that the leak flow is small relative to the flow within 
the transmission line. 

The transmission line’s equations are of order one and 
require two initial or boundary conditions to be solved. The 
initial and boundary conditions are as follows 
 ,  and ,  (3) 
where  is the length of the line,  is the pressure at the 
beginning of the line, and  is the pressure at the end of the 
line. In the event of leak, another equation is added to the 
above conditions, which is modelled in the form of 
 , . (4) 

This equation is derived from the law of conservation of 
mass, where  is the leak coefficient,  is the leak flow and 

 is the pressure at the site of the leak. The transmission 
line pressure in the steady state is a conservative function, that 
is, the work carried out by it around each closed path is equal to 
zero. This concept is formulated as follows [12]. 
  (5) 

This means that there is no leap in pressure at all points in 
the pipeline. Note that when a leak occurs, a shock is entered 
the system and causes the pressure become different before and 
after the leak site. The following equation is concluded 
according to (5). 
 , , ,  (6) 

Since the direction of the flow in the transmission line is 
usually uni-side, the flow would be non-negative and (1) could 
be solved without considering the absolute value. 

To solve the partial differential equations in (1), first two 
equations are combined to make one with single dependent 
variable. Obviously, the flow and pressure in the transmission 
line are continuous and also have continuous derivatives. 
Hence, the displacement of the sequence of derivatives has no 
effect on the final response and solution [13]. Then the 
followings hold true. 
  and  (7) 

Tacking derivative of the first equation with respect to  
and the second one with respect to  will result in 

 
	

. (8) 

Combing these two equations results the following single 
equation in term of the flow. 

  (9) 

This equation has the following solution [13]. 

 
, ,
, , 	,  (10) 

The pressure in the transmission line could be calculated 
using the first equation in (1).  is the time when the system 
reaches the rest state. 

 , 	 ,
,

 (11) 

Equations (10) and (11) are the closed solution for the 
transmission lines in the leak free case. Two other conditions 
are required to determine the constants of the closed solution. 
 , , and ,  (12) 

The solution for the transmission line with the leak is 
similar to the leak free case. It is enough to divide the 
transmission line into two parts before and after leak site and 
find the closed solution for each part. Note that , , and  
would not be equal for before and after leak due to the leak 
pulse behavior. The solution of the steady state pressure in a 
leak free case can be written as 

 , , 	   
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 																												 , . (13) 

However, if the middle part of (13) is used for the leakage 
state for before the leak site and the right side of (13) is used 
for the state after leak site, the pressure will be given as 

 
, , 	 		

, , . (14) 

If the pipeline input (pressures at the beginning and end of 
the transmission line) is varying, the method raised in this 
paper cannot be used to determine the closed solution of the 
transmission line equations. 

The approximate transmission line equations are used to 
simulate the transmission line in this study. The transmission 
line equations should be discretized relative to the site variable 
in order to obtain the line state equations. This could be written 
as [9]. 

 
			

																 	,
		, (15) 

where  is the number of discretization points and  is the 
point where the leak effect is considered. The second equation 
of (15) is amended as follows by considering the leak effect. 

  (16) 

Obviously, the number of discretization points should be 
higher in order to increase the accuracy of the model. On the 
other hand, it is better to select the lowest possible limit in 
order to simplify the design of the observer. The model used 
for the observer includes a discretization point, which is the 
same point as the leak point that is added to the state equations 
as a constant. In fact, it can be said that a floating point has 
been considered in the transmission line and leak site is 
determined with the recursive operation. 

III. A METHOD TO ESTIMATE THE SITE OF THE LEAK 
In this section, first, a method is proposed to determine the 

interval for the leak site and then another one is presented that 
requires very low computation effort and produces the desired 
accuracy. This method has the same idea as in [9]. An integral 
term has appeared in the closed solution of transmission line 
equations that relates to the slope effect. As it is obvious, the 
determination of the interval for this integral encounters some 
challenges due to unknownity of the leak site. On the other 
hand, it is obvious that the leak site does not relate to any 
independent variable. In this section, we will show that the 
effect of gravity on determining the leak site will appear in a 
constant term and an estimation with high precision will be 
presented for the leak site. 

This method, which is based on trial and error, is usually 
used when the flow meters and the devices to measure the 
pressure have fault and high precision leak detection is not 
possible. We assume that we have a pipeline of length , which 
has an angle of  along the transmission line. A point of the 
transmission line is selected for the approximation of the leak 
interval and as the hypothetical leak site, and then the pressure 

at the end of the pipeline is calculated in the following form 
using the pressure at the beginning of the transmission line and 
the closed-solution equations. 

 ,  (17) 

Different cases could be happened. The first is . 
This means that the pressure drop resulting from the leak is less 
than the actual one, so the leak site is definitely after . The 
reason is that, in order to increase the pressure drop, the length 
before the leak must be greater. The second case is  
and  which could be performed for any number of 
arbitrary points and the leak site interval will be reduced in 
each operation. 

The pressure relates to potential function and the potential 
functions do not have leap. Therefore, the following relations 
are correct in the steady state for pressure. If the pressure 
equation in (14) is written for before and after the leak, the 
following equations will be obtained. 

 , ,  (18) 

 , ,  (19) 

According to (6), the right side of (18) and (19) are equal 
and they only have one unknown which is the leak site. With 
this, the leak site could be calculated with high precision. The 
leak site is calculated as 

   

 ,
, , . (20) 

If the input pressure does not reach a constant value, then 
the closed solution cannot be obtained for the equations of the 
transmission line. For example, in the case that the input 
pressure contains noise, the closed solution is unreliable. In 
order to find a leak in this case, we assume that the input 
pressure of the transmission line and flow have a constant 
value along with some noises with the limited amplitude. It can 
be shown that, in the case that the leak acts in the form of a 
small signal, the closed solution equations will be valid for the 
pressure by taking the mean of the flow and pressure. 

 									  (21) 

By tacking mean from transmission line equation (1), one 
obtains 

 	 , , . (22) 

Since the mean is considered for time from zero to , (22) 
can be written as follows. Note that the time mean does not 
affect the variables independent from time such as . 

 . (23) 

By solving this equation, it is obvious that the solution is 
that of constant case plus 	 ), which is equal to 

 	 	 . (24) 
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Assuming small signal characteristics for the leak, the 
closed solution still can be used by taking the mean value of the 
pressure and the flow. It should be noted that the mean flow 
before the leak site is equal in all points. Equations can be 
generalized for after the leak site with the same reasoning. 

Considering the mentioned cases, in the presence of a 
varying response and solution for flow and pressure, their mean 
values could be used and the interval is obtained using the 
method described before. The initial estimation could be 
obtained with very high accuracy for leak site using (19) and 
(20). The following equation can be used as an initial 
estimation of the leak site. 

  

 ,
, ,  (25) 

Using the closed solution of the pressure in steady state, the 
flow value in the steady state could be calculated for the 
constant input pressure as given below. As it is clear, there is 
an integral term which depends on the angle along the 
transmission line. 

 ,  (26) 

The term  is constant and depends on the 
physical structure of the transmission line. Note that (25) has 
the same term. Given that the leak value is small and define 

 , (27) 

(25) could be reformulated to obtain an equation that relates to 
a leak of a non-sloped transmission line [9] 

   

 
,

, ,  (28) 

Equation (28) shows that the initial estimation of the leak 
site for the original pipeline and its equivalent without slope is 
equal. But given the fact that at the leak site, (4) should be 
established between the pressure and flow and given the fact 
that the pressure at all points of the transmission line and its 
equivalent line is not equal, should be noticed. An equation is 
presented to consider this point, which in some way is the 
relationship between the original pipeline pressures and its 
equivalent pipeline in a steady state. 

 , ,  (29) 
This equation implies that before the start of a positive 

slope or within its range in the transmission line, the pressure 
is more than one in the equivalent transmission line and after 
the completion of the positive slope, the pressure is exactly the 
same as in the equivalent transmission line. Obviously, for 

, (27) is obtained. This knowledge helps to choose proper 
order for the observer. When the flow and pressure do not 
reach the constant value, the initial estimation has a higher 
error rate. The observer is designed to reduce the error. An 
important issue to design an observer is to reduce its order to 
reduce the computational load. In this study, an observer is 
provided with order equal to the one of non-sloped 

transmission line. While without using the equivalence 
concept, a higher order should be selected to show the slope 
effect on the transmission line. 

Due to the nonlinearity of the system, first, a nonlinear 
structure is selected for the initial observer, and an algorithm 
is presented to obtain a very close point to the system's point 
of work, and with the linearization of the initial equations of 
the observer around the obtained point, a linear observer is 
designed for the system. The initial equations of a nonlinear 
observer are as follows. 

 

	
 (30) 

 , , , , , , , ,   
 ,   

The flow and pressure at the beginning and end of the 
transmission line are measured. Thus, their mean are available 
and according to (25), the initial estimation of the leak site can 
be obtained. On the other hand, an initial estimation of the 
pressure in the leak site is obtained by determining the site of 
the leak using the closed solution that was provided for the 
absence of a constant steady state. In this way, the initial work 
point is calculated and the linearization is performed at this 
point. 

  (31) 

 ,   

  (32) 

 , ,   

Given the obtained equations, the observer's gain is 
determined such that  becomes Hurwitz. 

IV. RIMULATION RESULTS 
In this section, simulation results for a transmission line of 

. A leak occurs at 	 	  and 	 	 . The leak 
coefficient  was considered in the pipeline 
simulator. The pressure at the beginning and end of the 
transmission line have been contaminated with noise term that 
has a maximum range of  at the beginning and  at the 
end of the line, indicating that there is no steady state condition 
in the defined scenario. In this example, the transmission line 
parameters are provided in Table 2. 

Table 2. Parameter values. 
parameters   

value    

 
																									
													

										 	
 (33) 
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The pipeline has been discretized every 10 meters long to 
be simulated in the computer. The input and output flows and 
pressure have been shown in Figs. 2 and 3 respectively. The 
selected sampling time is . 

 
Fig. 2. Input and output flows of the transmission line. 

 
Fig. 3. Input and output pressures of the transmission line. 

Improvement of estimation of the leak site and leak 
coefficient has been shown by applying the linear observer in 
Figs. 4 and 5. Note that the initial estimate of the leak site is 

 and its coefficient is  
which have acceptable accuracy. 

 
Fig. 4. Improvement of the leak site estimation by linear observer. 

 
Fig. 5. Improvement of the leak coefficient estimation by linear observer. 

As it is clear, the leak site and coefficient estimations have 
been accurately performed. Note that high precision estimation 
requires a detailed map of the transmission line. The other 
important issue is the lack with bias (non-zero mean error) in 
measuring devices. An important issue of using our method is 

to assume that the leak amount is small relative to the flow in 
the transmission line. One of the criteria for determining the 
interval for leak flow with a small signal is a slight change in 
the coefficient of friction, in order to have valid solution for the 
differential equations. Note that the solution of these equations 
has been obtained by assuming constant friction coefficient. 
Given that the coefficient of friction has negligible changes 
against the flow changes, the acceptable interval can be 
considered as a small signal. When a leak occurs in the line, it 
takes time for the leak flood to reach a constant value or it has 
some minor changes around a constant value. The time when 
the leak flow reaches this state is called the deployment time . 
On the other hand, the leak effect does not immediately reach 
the two heads of the line, and it takes a while, which is 
proportional to the wave velocity and the leak distance from 
the heads of the line. The time it reaches the beginning of the 
line is different from the time it reaches the end of the line. 
When a second leak effect reaches one of the heads of the line, 
the leak effect of the first leak should not be entered the time 
unit of deployment to one of the heads of the line, that is, 
interference occurs. Then we need new measurements in the 
transmission line to use this theory. Obviously, if the 
interference does not occur, the first leak site is calculated 
using this theory. The first leak coefficient is determined in 
accordance to (4) by determining the leak site. Two cases are 
created after the second leak occurrence and its effect reach 
two headings of transmission line. 

  (34) 

The first leak site and coefficient are determined in 
accordance to the assumption of the flow and the pressure at 
the beginning and end of the line. 

 ,  (35) 

For the second leak, the same algorithm is employed. 
Obviously, after the first leak information, the second leak 
must satisfy the condition, and according to the uniqueness 
solution of the differential equation of the transmission line, 
only one of the two obtained sites will satisfy the condition. In 
general, a new measurement is needed for the th leak with 
interference of 2 . 

V. CONCLUSIONS 
In this paper, partial differential equations for sloped 

transmission lines were solved and a method was proposed to 
estimate the leak site and coefficient according to the potential 
of the pressure function. The transmission line discretization 
technique was used to illustrate the accuracy of the obtained 
equations for the pipeline simulator. In general, changing the 
view of the problem improves the accuracy of estimating the 
site of the leak compared to other model-based methods, 
including non-linear observer designing. Finally, the proposed 
method was generalized to cover two leaks occurrences. 

REFERENCES 
[1] S.X. Ding, Model-Based Fault Diagnosis Techniques, 2nd Ed, Duisburg 

Germany, Springer, 2008. 
[2] C. Verde, L. Torres, and O. Gonzalez, “Decentralized scheme for leaks’ 

0 20 40 60 80 100
Time, s

10

20

30

40

50

60

inlet head pressure
outlet head pressure

312

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 
 

  

location in a branched pipeline”, Journal of Loss Prevention in the 
Process Industries, vol. 43, pp. 18-28, 2016. 

[3] D. Wang, G. Yuan, and J. Lian, “The application and analysis of H  
filter based on SLAM in detection and location of underwater oil 
pipeline leakage”, Science, vol. 330, Issue 6004, pp. 634 DOI: 
10.1126/science.1195840. 

[4] M. GUILLÉN, J.F. DULHOSTE, G. BESANÇON, I. RUBIO, R. SANTOS, AND 
D. GEORGES, LEAK DETECTION AND LOCATION BASED ON IMPROVED 
PIPE MODEL AND NONLINEAR OBSERVER”, EUROPEAN CONTROL 
CONFERENCE (ECC), STRASBOURG, FRANCE, 2014. 

[5] M. Quinones-Grueiro1, C. Verde, and A. Prieto-Moreno, “Leaks’ 
detection in water distribution networks with demand patterns”, 3rd 
Conference on Control and Fault-Tolerant Systems, Barcelona, Spain, 
2016. 

[6] C. Verde, “Multi-leak detection and isolation in fluid pipelines”, Control 
Engineering Practice, vol. 9, no. 6, pp. 673-682, 2001. 

[7] O. Gonzalez, C. Verde, and L. Torres, “Leak Estimation Method for 
Complex Pipelines with Branch Junctions”, Journal of Pressure Vessel 
Technology, vol. 139, no. 2, 2016. 

[8] A. Abdulshaheed, F. Mustapha, and A. Ghavamian, “A pressure-based 
method for monitoring leaks in a pipe distribution system, A Review”, 
Renewable and Sustainable Energy Reviews, vol. 69, pp. 902-911, 2017. 

[9] M. Haeri and M. Derakhshan, “Leakage diagnosis using closed-form 
solution and linear observer”, Control, Instrumentation, and Automation 
(ICCIA), 2017 5th International Conference on, Shiraz Iran, 2017. 

 [10] S.L. Ke and H.C.Ti, “Transient analysis of isothermal gas flow in 
pipeline network”, volume 76, Issue 2, Chemical engineering journal, 
February 2000. 

[11] J.A. Delgado, G. Beasancon, O. Begovich, and J.E. Carvajal, “Multi-
leak diagnosis in pipelines based on extended Kalman filter”, Control 
Engineering Practice, vol. 49, pp. 139-148, 2015. 

[12] G.B.X. Thomas, Thomas’s Calculus Early Transcendentals”, 12th Ed, 
California, Massachusetts, Wiley, 2011. 

[13] E. Kreyszig, Advanced Engineering Mathematics, 10th Ed, New York, 
WILEY, 2010. 

313

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Fuzzy rules adaptive digital controller for
nonlinear-switching LED current drive circuit

Chidentree Treesatayapun
Department of robotic and advanced manufacturing, CINVESTAV,

1062, Parque Industrial, Ramos Arizpe, Coah., Mexico, C.P. 25903

Email: treesatayapun@gmail.com, chidentree@cinvestav.edu.mx

Abstract—In this paper, an adaptive controller for regulating
and dimming problems of LED current control is developed when
the LED driving system is considered as a class of unknown
nonlinear discrete-time systems. The controller is designed by a
Fuzzy-rules emulated network (FREN) with direct human knowl-
edge as IF-THEN rules of the controlled plant. The online learn-
ing algorithm is established to tune all adjustable parameters of
FREN with the convergence analysis. The prototyping system is
constructed by using Raspberry Pi model B as a main processing
unit. Experimental results validate the satisfied performance for
both current regulation and dimmer applications with positive
and negative slopes.

I. INTRODUCTION

Light-emitting diode (LED) technology has recently
emerged as an attractive lighting source because of high
efficiency, long lifetime, good color rending index and so
on. In general, the luminous flux of LEDs is depended on
the forward current supplied to LED [1]. Recently, several
schemes, which include the concave current control [2], the
current sharing transformer [3], the quasi-resonant driver [4]
and the buck converter control [5] as examples, have been suc-
cessfully developed for LED current regulation. Furthermore,
the dimmable current controllers have been investigated for a
wide class of applications [6], [7].

The uncertainty of LED forward voltage is an importance
role for designing LED current controls [8]. Fuzzy logic con-
trollers have been successfully developed for wide applications
especially under uncertainties and unknown controlled plants
[9], [10]. Recently, in [11], [12], LED current controllers based
on Fuzzy systems have been developed but the convergence
analysis has been neglected. Furthermore, the fuzzy control
has been utilized by the optimizing process [13] but only sim-
ulation results have been validated without stability analysis.
Most of all, a dimmable case has not yet been addressed.

Currently, embedded systems have extensively manifested
for a wide spectrum of applications. Raspberry Pi is an
efficient device beside of its functional and economic attribute
plus flexibility for programing code. Furthermore, this device
is equipped with the built-in input-output unit (GPIO) which
can earn the connectivity for external sensors and actuators
[14]. Extensive applications of Raspberry Pi have been widely
addressed on many cyber communities [15].

Those motivate us to develop the controller based on Fuzzy
system for dealing uncertainties of practical LED drivers with
convergence analysis. The simple LED current control system
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Fig. 1. LED current control: Circuit diagram.

is designed with less electronic devices and explainable. The
proposed electronic circuit is capable for working with a
Raspberry Pi model B as a main processor and a controller.
The adaptive controller is developed by the fuzzy rules em-
ulated network (FREN) [9], [16] for compact structure and
computation. The learning algorithm for adjustable parameters
is established with the non-complicated algorithm but the per-
formance of tracking error can be guaranteed. Both controller
and learning algorithm can be implemented with the Raspberry
Pi unit by the Python programing code.

II. PROBLEM FORMULATION

For the circuit diagram of LED array current control in Fig.
1, it is considered as the unknown plant for a class of nonlinear
discrete-time systems which can be mathematically defines by
the unknown nonlinear function f(−) as

y(k + 1) = f(ȳk, u(k), ūk−1), (1)

when ȳk = [yk yk−1 · · · yk−ny+1]T and ūk−1 =
[uk−1 · · · uk−nu ]

T . The delay orders ny and nu are unknown.
According to the physical system illustrated in Fig. 1, y
denotes the LED’s current as the output and u stands for
the control voltage as the input of switching duty-cycle. The
following assumption will be stated for a class of discrete-time
system (1) with the practical plant in Fig. 1.

Assumption:1 For the nonlinear function f(−) in (1), it is
continuous respect with the current control effort u(k) such
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that the derivative ∂f(−)
∂u(k) is always existed and bounded as

0 < pm ≤ ∂f(−)
∂u(k)

!!
u(k)∈Ωu

≤ pM , when Ωu in a bounded
compact set.

The aforementioned assumption is reasonable and noncon-

servative. For controllable practical plants, the derivative ∂f(−)
∂u(k)

can be unknown beside of undefined mathematical model (1)
but the relation between y(k + 1) and u(k) can be obtained
by the experimental setup that can lead to the approximation
of pm and pM . This demonstration will be represented in the
experimental system section.

III. COMPACT FUZZY RULES ADAPTIVE CONTROL

A. Controller design

Regrading to the system representation in (1), it exists the
ideal control effort u∗(k) such that

r(k + 1) = f(ȳk, u
∗(k), ūk−1), (2)

when r(k + 1) is the desired trajectory of LED’s current.
According to the universal function approximation of FREN
in [17], [16], it exists the ideal weight vector β∗ ∈ RnF for
nF IF-THEN rules such that

u∗(k) = β∗Tϕ(k) + εu(k), (3)

when ϕ(k) ∈ RnF is the vector of membership functions and
εu(k) is the residue error where

ε̄u = sup
β∗∈Ωβ , k=(0, ∞]

{|εu(k)|}, (4)

for a compact set Ωβ . The practical control law u(k) based
on FREN is established as

u(k) = βT (k)ϕ(k), (5)

when β(k) is the vector of adjustable parameters. The tracking
error e(k) is defined by

e(k) = r(k)− y(k), (6)

thus, the cost function E(k) is given as

E(k) =
1

2
e2(k). (7)

To minimize the cost function in (7), the tuning law for
adjustable parameters β(k) in (5) is developed by the gradient
descent method such that

β(k + 1) = β(k)− η
∂E(k + 1)

∂β(k)
, (8)

when η is the learning rate which will be discussed later for
the performance analysis. By using the chain-rule pass through
(7), (6) and (1), the derivative term can be determined as

∂E(k + 1)

∂β(k)
=

∂E(k + 1)

∂e(k + 1)

∂e(k + 1)

∂y(k + 1)

∂y(k + 1)

∂u(k)

∂u(k)

∂β(k)
,

= −e(k + 1)p(k)ϕ(k), (9)

when p(k) denotes as p(k) = ∂y(k+1)
∂u(k) as the assumption 1.

Substitution (9) into (8), the tuning law can be rewritten as

β(k + 1) = β(k) + ηe(k + 1)p(k)ϕ(k). (10)

This tuning law is non-practical because of the unknown p(k).
In accordance with the assumption 1, pm can be reckoned by
the experimental system, thus, the practical tuning law can be
established as

β(k + 1) = β(k) + ηe(k + 1)pmϕ(k). (11)

Beside of the gradient descent method, the section of learning
rate can cause the performance of system. The convergence
can be assured by a small learning rate but the speed can be
slow and vice versa. The suitable learning rate of (11) will
be determined to guarantee the performance of closed-loop
system.

B. Performance analysis

The following theorem will be established to determine
the learning rate η which is related on the characteristic of
controlled plant and guarantees the performance of closed-
loop system.

Theorem III.1. For a class of nonlinear discrete-time systems

mentioned in (1) under the assumption 1, the convergence of

tracking error and internal signals can be guaranteed by the

utilization of the control law (5) and the tuning law (11) when

the learning rate is designed by

0 < η ≤
γη
p2M

, (12)

where

0 < γη ≤ 1. (13)

Proof. By using (1) and (2), the tracking error dynamic can
be obtained as

e(k + 1) = r(k + 1)− y(k + 1),

= f(ȳk, u
∗(k), ūk−1)− f(ȳk, u(k), ūk−1).(14)

According to the assumption 1 and mean-value theorem, the
dynamic in (14) can be rewritten as

e(k + 1) =
∂f(ȳk, u(k), ūk−1)

∂u(k)

!!!
u(k)=uc(k)

"
u∗(k)− u(k)

#
,

(15)
when uc(k) ∈ [min {u∗(k), u(k)}, max {u∗(k), u(k)}]. Let’s
define

pc(k) =
∂f(ȳk, u(k), ūk−1)

∂u(k)

!!!
u(k)=uc(k)

, (16)

and apply (3) and (5) into (15), we have

e(k + 1) = pc(k)
"
β∗Tϕ(k) + εu(k)− βT (k)ϕ(k)

#
,

= pc(k)β̃
T (k)ϕ(k) + pc(k)εu(k), (17)

where

β̃(k) = β∗ − β(k). (18)

Recalling the tuning law (11) and applying (18) again, we
obtain

β̃(k + 1) = β̃(k)− ηe(k + 1)pmϕ(k). (19)
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Substitution (17) into (19), it leads to

β̃(k + 1) = β̃(k)− ηpm
"
pc(k)β̃

T (k)ϕ(k)

+pc(k)εu(k)
#
ϕ(k),

= [I − ηpmpc(k)Mϕ(k)]β̃(k)

−ηpmpc(k)εu(k)ϕ(k), (20)

when

Mϕ(k) = ϕ(k)ϕT (k). (21)

The eigenvalue of Mϕ(k) or λϕM (k)can be computed by

λϕM (k) = tr(Mϕ(k)) = ||ϕ(k)||2. (22)

Thus, the dynamic in (20) can be rewritten as

β̃(k+1) = [1−ηpmpc(k)||ϕ(k)||
2]β̃(k)−ηpmpc(k)εu(k)ϕ(k).

(23)
For the convergence of the sequence β̃ in (23), it requires that

−1 ≤ 1− ηpmpc(k)||ϕ(k)||
2 ≤ 1, (24)

or

0 ≤ η ≤
2

pmpc(k)||ϕ(k)||2
. (25)

ϕ(k) is a vector of membership functions which have ϕi(k) ∈
[0, 1], ∀i = 1, 2, . . . , nF . With the learning rate proposed
by (12), it leads to

0 ≤ η =
γη
p2M

≤
2

pmpc(k)||ϕ(k)||2
. (26)

The second term in the right-hand side of (23) can be bounded
as

ηpmpc(k)|εu(k)|||ϕ(k)|| =
γηpmpc(k)|εu(k)|

p2M
||ϕ(k)|| < ε̄u.

(27)
It can induce the convergence of internal signals β̃. Let’s recall
(19) with one-step backward, thus, we have

β̃(k) = β̃(k − 1)− ηe(k)pmϕ(k − 1). (28)

By substitution (28 )into (17), it can be obtained

e(k + 1) = pc(k)
"
β̃(k − 1)− ηe(k)pmϕ(k − 1)

#T
ϕ(k)

+pc(k)εu(k),

= −[ηpc(k)pmϕ
T (k − 1)ϕ(k)]e(k)

+pc(k)β̃
T (k − 1)ϕ(k) + pc(k)εu(k). (29)

For the convergence of sequence e(k), it only requires that

ηpc(k)pmϕ
T (k − 1)ϕ(k) < 1, (30)

because of the property of ϕ and assumption 1. By rearrange-
ment (30) together with the learning rate (12), we have

η =
γη
p2M

<
1

pc(k)pmϕT (k − 1)ϕ(k)
. (31)

That leads to the convergence of sequence e(k) under the
learning rate proposed by this theorem. This proof is com-
pleted.
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To utilize the proposed controller, the parameters pM and
pm are required. In practice, the setup of experimental system
for the controlled plant can reveal those parameters. This will
be demonstrated by the following section.

IV. EMBEDDED SYSTEM IMPLEMENTATION

A Raspberry Pi model B is developed as the embedded
system for our prototype LED current control as the block
diagram in Fig. 2. The LED driver and current measurement
are considered as the unknown discrete-time system. The
control signal u(k) is generated by a circuit of digital (PWM)
to analog voltage when PWM signal is obtained at GPIO-18.
The LED current is measured by the resister Rs and U1D in
Fig. 1. The analog voltage y(k + 1) is converted to be 8-Bit
digital signal by ADC-0804LCN pass through GPIO inputs.
The control algorithm proposed by section III is implemented
by Python code.

As the previous section, the parameters pM and pm are
required to establish the proposed controller. With the system
implementation mentioned above, the characteristic of con-
trolled plant can be obtained by applying the input signal
(control voltage) u(k) as the sliding voltage from 0 to 3.75
[V] and measuring the output signal (LED average current)
y(k + 1) [mA]. Thus, the result is plotted in Fig. 3 and
minimum slope and maximum slope reveal pm and pM ,
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respectively. According to this testing result, those parameters
can be determined by

10.08− 5.1

3− 1.5
= 3.32! pm = 3, (32)

and
25− 15

3.82− 3.51
= 32.258! pM = 35. (33)

Next, the next work architecture of FREN for the control
law (5) is designed. The set of five IF-THEN rules is estab-
lished by the human knowledge as the following fact that ”IF
the higher LED current is required THEN the control voltage
should be increased”. That leads us to the following IF-THEN
rules:

• IF e(k) is Positive Large (PL) THEN u(k) is Positive
Large (PL:βPL),

• IF e(k) is Positive Small (PS) THEN u(k) is Positive
Small (PS:βPS),

• IF e(k) is Zero (Z) THEN u(k) is Zero (Z:βZ),
• IF e(k) is Negative Large (NL) THEN u(k) is Negative

Large (NL:βNL),
• IF e(k) is Negative Small (NS) THEN u(k) is Negative

Small (NS:βNS).

The network architecture of FREN is depicted in Fig. 4.
According to the control law (5), it is clear that

ϕ(k) = [µPL(ek) µPS(ek) µZ(ek) µNS(ek) µNL(ek)]
T ,

= [ϕPL(k) ϕPS(k) ϕZ(k) ϕNS(k) ϕNL(k)]
T , (34)

and

β(k) = [βPL(k) βPS(k) βZ(k) βNS(k) βNL(k)]
T . (35)

In this application, the nominal range of tracking error e(k)
is designed as ±10 [mA] thus, the membership functions
µ!(−) illustrated in Fig. 5 is selected, when " denotes

Fig. 6. Experimental setup.

the linguistic variable such that PL, PS and so on. The
initial setting of adjustable parameters β(1) is also designed
regarding to the IF-THEN rules mentioned above as

β(1) = [−2.5 − 1 0 1 2.5]T . (36)

To tune the parameter β(k), as the result from theorem III.1
and pM obtained by (33), let’s select γη = 0.7, thus, the
learning rate can be determined by

η =
γη
p2M

=
0.7

352
= 0.0005. (37)

By using η in (37) and pm in (32), the tuning law (11) can
be obtained as

β(k + 1) = β(k) + 0.0005e(k+ 1)3ϕ(k),

= β(k) + 0.0015e(k+ 1)ϕ(k). (38)

For all practical informations and details, the programing
code and be summarized as the followings.

% ---- Initial setting ----
Set \beta(1) % Define initial weight
Set r(1) % First desired trajectory
Get y(1) % Acquire LED current by GPIO input
e(1)=r(1)-y(1)
% ---- --------------- ----
For k=1:kmax. % >>> Begin main loop

u(k)=FREN(e(k))%Control:u(k)=\beta(k)\varphi(e(k))
Send u(k) % GPIO output PWM to analog voltage
Get y(k+1)% Acquire LED current by GPIO input
e(k+1)=r(k+1)-y(k+1)
% ----- Update \beta ------
\beta(k+1)=\beta(k)+0.0015e(k+1)\varphi(k)
k=k+1

End % >>> End main loop

This code is very simple and effortless for implementation
according to the computation performance of the embedded
system. In the next section, the prototype will be introduced
with the performance results to validate the proposed controller
and the designed system.

V. EXPERIMENTAL RESULTS

The prototype is constructed by the block diagram in Fig. 2
and the circuit diagram in Fig. 1. Thus, the experimental setup
is shown in Fig. 6. The tracking performance is depicted in
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Fig. 11. Real-time signals.

Fig. 7 for the particle current pattern including diminution and
regulation. It’s clear that the LED current can track the desired
trajectory precisely. Fig. 8 illustrates the control effort and Fig.
9 presents the tracking error. The time variation of ||β(k)||2 is
drawn in Fig. 10. Those figures are plotted within the discrete-
time domain with respect to the sampling-time index k. The
real-time signals are shown in Fig. 11 as the results from an
oscilloscope.

VI. CONCLUSIONS

The LED current controller has been designed by an adap-
tive network FREN which can utilize the knowledge related
on the controlled plant within the format of IF-THEN rules.
All adjustable parameters of FREN has been automatically
tuned the proposed learning algorithm when the convergence
analysis has been expressed with the simple tuning law. While
the LED driven circuit has been considered as an unknown
plant, only two parameters pm and pm have been required
and directly determined by V-I characteristic curve. Because of
the compact network architecture and computation of FREN,
the proposed control scheme has been facilely implemented
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by a Raspberry Pi model B. The experimental setup has
been constructed for the prototyping LED current control.
The performance of the proposed controller has been validated
by the experimental results for both regulating and dimming
problems.
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Abstract— Development of mission critical safety systems 
requires much effort as the resulted system will have impacts on 
the human life, property and environment. The design criteria 
such as data interchange between CPUs, synchronization, 
computation speed and diagnostic measures shall exhaustively be 
evaluated along with the effects of the parameters used in the 
reliability and safety calculations ex tunc. This study focuses on 
the average frequency of a dangerous failure of the safety 
function (PFHG). In comparison to formulas provided in IEC 
61508, a comprehensive and innovative Markov model is 
proposed for diverse architecture, which helps to cover different 
safety relevant states to get quantitative results more correctly 
than provided in the standards and previous studies. The 
proposed model is applied to the vital computer to be used in the 
railway domain for CBTC metro and ERTMS ETCS systems and 
compared with the current models.  

Keywords— functional safety; PFHG; IEC 61508; Markov; 
CCF; SIL; CBTC; ERTMS ETCS 

I. INTRODUCTION

Development of safety-critical systems is relatively 
complex and requires much effort since the resulted system 
will have impacts on the human life, property, and 
environment. From concept until decommissioning, safety 
standards shall be adhered to avoid and control of systematic 
faults as well as control the random faults. The safety standards 
possess detailed information and evolving every day. A deep 
understanding of these standards is required to apply the 
requirements given in these standards. National standards, 
regulations, and directives are also to be followed for the safety 
acceptance. These are shown in a hierarchical manner in Fig. 1. 

Fig. 1. Hierarchy of Laws [EU Recommendations commission (2014)]. 

In today’s technical safety-critical systems, independent 
safety assessment against the international standards shall be 
realized for the acceptance and approval of the system. For the 
railway signalling, both onboard and trackside, the European 
Norms EN 50126, EN 50129, EN 50128, and EN 50159, 
dealing with RAMS, electronic system, SW, and transmission, 
respectively, are referenced in European countries. These 
norms are derived from the core norm IEC 61508 like many 
other European and international norms as depicted below in 
Fig. 2.  

Fig. 2. Derivation of standards from IEC 61508. 

IEC 61508 provides formulas for quantitative analyses, 
however there is neither information nor reference about how 
these formulas are derived. Moreover, the formulas are only 
relevant for the homogenous configurations, i.e. in case the 
design utilizes diversity, the formulas are not applicable. Fuqua 
(2003) explains Markov model from the reliability perspective, 
however no common cause faults (CCFs) are considered in this 
study. Kim et al. (2005) analyses triple modular and dual 
system with Markov model where all the modules are same and 
no CCF is considered for safety calculation. Chen et al (2013) 
gives Markov state transition for homogenous redundant 
system without considering CCF. Zhang et al (2003) applies 
Markov model to IEC 61508 to analyze availability of systems 
with self-diagnostic components, but no diverse design is 
considered neither CCF is involved as stated in the paper. 
Considering the studies, it is revealed that a comprehensive 
study is lacking for the safety analyses of diverse system with 
consideration of common cause failures. This paper proposes a 
new and detailed Markov model for the safety calculation of 
1oo2 architecture for safety critical systems. Having given a 
brief introduction in Section I, quantitative hazard requirements 
for safety critical systems are mentioned in Section II. It is 
important, because our study is resulted after searching ways to 
reach the challenging quantitative requirements provided in the 
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harmonization subsets and standards explained in this part. 
Section III provides short information about Markov model and 
explains the current state models. In section IV, the proposed 
model and its advantages are given. In section V, the new 
model is applied for train-on board computer to be used both 
on-board and at trackside control systems in Metro CBTC and 
ERTMS ETCS open line train systems and results are 
discussed. Finally, the paper conveys some concluding 
remarks. 

II. QUANTITATIVE REQUIREMENTS FOR MISSION CRITICAL 

SAFE CONTROL SYSTEMS 

A safety function is defined in IEC 61508 4 as a function to 
be implemented by an E/E/PE safety-related system or other 
risk reduction measures that are intended to achieve or 
maintain a safe state for the equipment under control (EUC), in 
respect of a particular hazardous event. Both in IEC 61508 and 
in EN 50129, safety integrity level (SIL) is allocated as in 
TABLE I.  

TABLE I.  SIL TABLE 

 

For the interoperability of different trains in Europe, the 
interoperability requirements are developed by the leading 
railway industry companies in cooperation with the European 
Union (EU), railway stakeholders and the GSM for Railway 
(GSM-R) industry. European rail traffic management system/ 
European train control system (ERTMS/ETCS) defines firstly 
system functional requirements based on the architecture 
provided in Subset–026. Then, safety requirements in Subset–
091 are set after performing the analyses in Subset–088 (in five 
parts) and Subset–118 (for Driver Machine Interface, DMI). As 
provided in EN 50129, Table E.6 – Failure and hazard analysis 
methods, a defined set of analyses shall be realized for the 
complete and correct derivation of safety requirements. 
Pursuant thereto in Subset–088, there are very exhaustive fault 
tree analysis (FTA) and functional analysis in the form of 
failure modes, effects and criticality analysis (FMECA) for 
both Level–1 and Level–2 with several different modes such as 
full supervision or shunting. For FTA, the main concept is 
provided in Fig. 3. The core hazard for ETCS on-board is 
defined in Subset–091 in clause 4.2.1.8 as exceedance of the 
safe speed or distance as advised to ETCS. This core hazard is 
resulted by several child hazards provided in comprehensive 
FTAs. Following this, in clause 6.1.1.3, the quantitative value 
of the tolerable hazard rate is apportioned to on-board, 
transmission and finally to trackside, as 0,67x1E-09 (1/h). Note 
that, the allocation is not for specific function, but for the entire 
sub-systems resulting much lower hazard rates for functions in 
the subsystems. 

 

Fig. 3. Conceptual Fault Tree [Subset 088]. 

Similarly, the IEEE Standard 1474.1 sets the safety 
requirement that the CBTC (Communication Based Train 
Control) wayside and train-borne equipment located within any 
contiguous portion of a one-way route (including the maximum 
number of other trains that can be located in this contiguous 
portion of a one-way route under the specified peak operating 
headway) that can be traversed by a train traveling at the 
specified maximum authorized speed for one hour or less shall 
have a total calculated aggregate MTBHE (mean time between 
hazardous event - total of all critical and catastrophic hazards) 
of at least 1E-09 operating hours. The standard gives an 
example that if the specified end-to-end trip time for a given 
one-way route is 2 h, and if the route includes 4 sets of wayside 
CBTC equipment, and if a maximum of 10 trains can be 
operating on the route at a given time, then the MTBHE of the 
combined 4 sets of wayside CBTC equipment and 10 sets of 
train-borne CBTC equipment on that route would be at least 
0.5E-09 operating hours. In [14], it shown that the hazard rate 
for an on-board computer with a safety function of processing 
correct logic such as applying emergency brake when required 
is to be less then 1E-12 [1/h]. The plausibility of these 
significantly quantitative requirements is discussed in [19]. 
However, to be able to reach requirements set in these 
harmonization and application standards, several strategies 
shall be followed to cover the contemporary needs of critical 
and sophisticated systems. In this context, a route map for 
several design criteria is created in [13]. A further item is to 
realize more detailed model as proposed in  taking into account 
not only diversity, but also common cause failures at each 
possible state. 

III. MODELLING 

In this part, firstly, information about Markov model is 
represented with simple two states. It is surely much more 
complex in case the number of states increases, however the 
theory is the same and it is applicable for any kind of 
complexity level. Hereafter, the models used in current studies 
and standards are given.  
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TABLE II.  ABBREVIATIONS AND THEIR EXPLANATIONS 

DC Diagnostic coverage 

(expressed as a fraction 

in the equations and as a 

percentage elsewhere) 

1ID Control Unit 1 
Independent Dangerous 
Failure 

DD Dangerous Detected 1IS Control Unit 1 
Independent Safe 
Failure 

DU Dangerous Undetected 1IDD Control Unit 1 
Independent Dangerous 
Detected Failure 

SD Safe Detected 1IDU Control Unit 1 
Independent Dangerous 
Undetected Failure 

SU Safe Undetected 1ISD Control Unit 1 
Independent Safe 
Detected Failure 

CC Common Cause 1ISU Control Unit 1 
Independent Safe 
Undetected Failure 

CCF Common Cause Fault CD CCF Dangerous Failure 

MTTR Mean time to restoration 

(hour) 

CS CCF Safe Failure 

MRT Mean repair time (hour) CDD CCF Dangerous 
Detected Failure 

T1 Proof test interval (year) CDU CCF Dangerous 
Undetected Failure 

 Total failure rate (per 

hour) of a channel in a 

subsystem 

CSD CCF Safe Detected 
Failure 

s Safe failure rate (per 

hour) 

CSU CCF Safe Undetected 
Failure 

sd Detected safe failure rate 

(per hour) 

ß The fraction of 

undetected failures that 

have a common cause 

d Dangerous failure rate 

(per hour) 

ßd Of those failures that are 

detected by the 

diagnostic tests, the 

fraction that have a 

common cause 

dd Detected dangerous 

failure rate (per hour) 

µ repair rate 

du Undetected dangerous 

failure rate (per hour) 

µPR rate for proof test and 
repair 

1 Control Unit 1 Failure µOFS rate for online 
diagnostic and bringing 
the system to fail safe 
state. 

1D Control Unit 1 
Dangerous Failure 
(Independent + CC) 

µFSR rate for repair from FS 
to OK OK state (i.e. to 
go and change the 
system with the new 
ones, can be assumed as 
1/MTTR). 

1DD Control Unit 1 
Dangerous Detected 
Failure 

z CC factor for SU 
failures 

1DU Control Unit 1 
Dangerous Undetected 
Failure 

zD CC factor for SD 
failures 

A. Markovian Approach 
Stochastic processes can handle complex and sequence-

dependent situations. They are able to model dynamic system 
behaviors like repairs, shared loads, dependent failures, 
variable configurations, phased mission requirements. 

 

Fig. 4. Two states Markov diagram 

  (1) 

The matrix T is called a state transition rate matrix. The 
elements tij (row i and column j) represent the transition rate 
from state i to state j. T is a square matrix of which diagonal 
elements are zero. 

  (2) 

  (3) 

P(0) is the initial state and a row vector. 

P(t+ t) is the probability of state i at time t+ t and is the 
sum of the following two mutually exclusive events. 

E1: The system is in state 1 at time t and continues to 
remain in state 1 throughout the interval t. 

E2: The system is in state 2 at time t and it transits to state 1 
during the interval t. 

  (4) 

  (5) 

   (6) 

   (7) 

   (8) 

If the equations are rearranged and if t Æ 0, then 

   (9) 
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   (10) 

   (11) 

This is in the form of: 

Ax=B or A.P(t)=B 

Then the equations can be solved by utilizing linear algebra 
rules like Cramer’s rule, or taking inverse. Laplace transform 
can be utilized for a faster solution, too. 

B. Markov Model for 1oo2 Architecture 
In this section, Markov model for 1oo2 used in the 

literature and in the industry is illustrated briefly. As given in 
the section I, no exhaustive model is provided for the safety 
calculations considering the CCF and diverse design including 
all possible states. 

In [17], a Markov model is created as shown in Fig. 5 and 
relevant formulas are provided. However, as in the standard 
IEC 61508, no diverse design is taken into account. Moreover, 
the transitions between states do not cover every possible 
condition. 

 

Fig. 5. Markov model for 1oo2 architecture [17] 

IV. PROPOSED MARKOV MODEL 

A. Description of the Model 
The proposed model differs from the current models in 

given in IEC 61508 and from the literature references [2], [3], 
[4], [5], [17], [18] in several perspectives that are described 
below. Firstly, it places diverse design, which results in more 
states, but gives results that are more correct. It takes into 
account all possible transitions and states including safe 
failures and safe common cause failures, both detected and 
undetected. In addition, new states such as “OK-SD”, “OK-
DU&DD”, “OK-DU&SD” are defined of which detailed list is 
given in the fallowing part. Moreover, special attention is paid 

to the detected faults, which is one of the main contribution of 
this study. In case there is a DD transition while the unit is at 
DU state, the unit shall transit to DU&DD state. Similar is also 
valid for SD transition at DU state where the unit will transit to 
DU&SD state. In the current studies, these conditions are 
overlooked, however they are crucial since when these 
conditions are occurred, then the system will not go a failure 
state in case of the second unit fails undetected or a CCF 
happens, but the system will go to FS state as the fault is 
detected. By this way, a better safety performance is reached. 
On the other hand, if there exists a SU failure while the unit is 
at DU state, this will not change the safety performance since 
the failure is not detected and no counter-measure can be 
applied for safety. Moreover, indicating SU faults in different 
states are important for reliability and availability analyses, 
since in case of their occurrence, the system cannot perform its 
intended function, but this state does not cause a dangerous 
result. Thereof, to avoid state explosion, SU faults are shown in 
FS state. In case, there exist SU fault, the system moves to FS 
state, however, in any other case such as while the system is at 
OK-DU state, if SU occurs, the system cannot transform to FS 
since there is DU fault. CCF for safe failures are also required, 
because in previous studies the safe failures are simply added, 
however it is not correct since after adding failure rates, the 
CCF shall be subtracted, i.e. AUB=A+B-(A B), otherwise it 
would be considered two times in a wrong way. As in the 
dangerous failures, two different CCF are defined for the safe 
failures, namely safe detected and safe undetected. 

B. Assumptions 
For modelling, it is assumed that there is only one transition 

at a time step. 9. If DD occurs, the system will be placed into 
the state in such a short time that the probability of occurrence 
of other failures can be ignored. Furthermore, commenting the 
proof test interval T1 is substantial, since if there are proof 
tests, it is impossible to state that the system is as new as once 
it was at the beginning of its mission-life. Dogruguven & 
Ustoglu (2018) shows that the contribution of a T1 has relative 
low influence on the safety performance when compared to 
other parameters such as  or DC, hence in this paper, T1 has 
selected equal to life time of the system. For both items, rate 
for proof test and repair are set same. At the end of lifetime, the 
system can be shut down safely and therefore it will transit to 
the safe state. To evaluate safe CCF, the ratio d / s is 
considered. Likewise, for the ratio of detected safe CCF to 
undetected, the ratio  and D are used. 

C. States 
In this study, the states are not illustrated, but listed as the 

number of states and transitions are much more than given in 
the previous studies due to artifacts given in part A of this 
section. At first, possible states considering the explanations 
are defined along with the status of the modules in 1oo2 
Architecture. The state of interest is the state where both units 
are failed, namely P14. 
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TABLE III.  STATES FOR 1OO2 ARCHITECTURE 

 

Afterwards, the possible next different states are evaluated. 
See TABLE IV.  

TABLE IV.  STATES FOR 1OO2 ARCHITECTURE 

 

 

 

After having analysed, it is found that there are some states, 
which cannot be possible to be reached such as the state P22. 
Therefore, these are reduced and finally the following table is 
obtained. 

TABLE V.  FINAL STATES FOR 1OO2 ARCHITECTURE 

 

V. RESULTS 

The parameters that are evaluated in reliability and safety 
calculations can be seen in TABLE VI. The tool PTC 
Windchill Quality Solutions 11.0 (former Relex) is used for 
exhaustive reliability calculations, and MathWorks Matlab 
R2017a is utilized for Markov calculations of the proposed and 
conventional models. 
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TABLE VI.  PARAMETER VALUES IN FAILURE IN TIME (FIT) 

 

The analysis according to the proposed Markov Analysis 
gives the PFH of Safety Critical Logic as 3.0952E-10 [1/h]. 
The reliability method used is MIL HDBK 217 FN2, Parts 
Stress and the Duty Cycle is 75% since a train usually works 
between 06:00 and 24:00. For the conventional approach, the 
result is found as 5.2193E-09 [1/h].  

VI. CONCLUSION 

Mission critical safety systems performing vital tasks 
require much effort, both qualitatively and quantitatively. The 
quantitative requirements of today’s safety critical systems are 
significantly low as mentioned in section II. The formulas for 
safety calculations given in the standard IEC 61508 have no 
reference and one cannot evaluate their completeness. In this 
study, an innovative Markovian model for safety calculations is 
developed for the 1oo2 Architecture which one of the most 
used architecture in the safety industry. New states and 
transitions are described in section IV. To reduce CCF, diverse 
HW architecture is used which allows using the same SW in 
different components for SIL 4 application resulting in 
reducing costs and efforts that would be needed in case of 
diverse SW design. The newly developed model is applied for 
an application, namely mission critical computer in railway 
domain. This helps to compare the result with the conventional 
approach in a more realistic way, since both the very detailed 
reliability calculations and safety parameters are from 
application world rather than assumed values. Consequently, 
the results show that the proposed model gives about fifteen 
times better results than conventional models in the literature. 
It is of paramount importance to be able to reach challenging 
hazard rates required in the standards for safety critical 
applications. 
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Abstract—Rotary Inverted Pendulums (RIP) are 
mechatronic systems that include a nonlinearity due to the 
frictions in the joints. RIP is the most convenient example to 
understand the influence of the frictions on the dynamics of the 
motion systems. In this paper, an adaptive friction coefficients 
estimation method was developed to estimate the frictions in 
three pendulums joints of a Rotary Triple Inverted Pendulums 
(RTIP) and compared with existing friction estimation models 
in the literature such as Non-conservative, Linear, and Non-
Linear friction models. Joint accelerations were classified into 
three groups such as low, medium and high. The adaptive 
friction coefficients were optimized based on this classification 
of acceleration. Based on the position RMSEs obtained from 
each joint friction model, the adaptive friction estimation 
method was much better than the existing friction estimation 
models in the literature. Among the friction estimation models, 
the best results were produced by Adaptive Non-linear Friction 
model. 

Keywords—Rotary Triple Inverted Pendulums (RTIP), 
SimMechanics, RMSE, Linear Friction Estimation, Non-Linear 
Friction Estimation, Non-Conservative Friction Estimation, 
Adaptive Friction Coefficients Estimation 

I. INTRODUCTION

The Rotary Inverted Pendulum System (RIPS) is a very 
popular mechatronic system that can exist in many different 
forms used for educational purposes also may be called 
“Furuta Pendulum” [1]. The Furuta pendulum system consists 
of a rotational horizontal arm attached to a servomotor that 
controls the free pendulums that rotate in the vertical plane [2]. 
Based on its history, The Furuta pendulum was developed by 
K. Furuta at Tokyo Institute of Technology and was called the
“TITECH pendulum” [3]. It is an underactuated and unstable
mechatronic system, with nonlinear dynamics. It can be
considered as a practical laboratory setup to understand the
human dynamics and to test the different linear and nonlinear
control laws [4]. It is a multi-degree of freedom system.
Therefore, it is difficult to control [5]. On the other hand, in
this type of systems, the frictions are highly nonlinear, they
can result in steady state errors, limit cycles, and poor
performance for the systems [6].  Therefore, the friction
estimation in a mechatronic system has the potential to
ameliorate the quality and the dynamic behavior of the system
in the phase of control [7].

In this paper, an adaptive friction coefficients estimation 
method is developed to estimate the friction coefficients in 
three pendulums joints of an RTIP. The position signals of the 
joints obtained experimentally from a dSPACE controller 

board were classified based on their low, medium and high 
accelerations. The adaptive friction coefficients’ estimation 
method was studied in four initial angle positions of joint 1 as 
follows: 45, 90, 135 and 180 degrees along with joint 2 and 3 
at an angle position of 0 degrees. The adaptive friction 
coefficients were studied and compared with the existing 
friction estimation models such as Non-Conservative, Linear, 
and a Non-Linear friction estimation models. In Figure 1, an 
original prototype design and a CAD drawing are depicted. A 
Mechanical simulation carried out with estimated friction 
coefficients is compared in respect to the real experimental 
position signals. Encouraging results are observed. 

Fig. 1. CAD design and real prototype of a RTIP 

The paper is organized as follows: A mechanical 
simulation model based on Matlab/SimMechanics of the RTIP 
is presented in the Section II. Section III deals with the 
frictions’ estimation models. Experimental setup and 
simulation results are presented in Section IV. Section V is the 
conclusion of the work. 

II. MECHANICAL SIMULATION MODEL

In this part, a “SimMechanics” model of the RTIP will be 
explained. In Figure 2, a “SimMechanics” model of the 
system is presented. SimMechanics is a software intended for 
the dynamic simulations of any multi-body system [8]. In our 
SimMechanics model, the fixed part of the RTIP and the 
horizontal arm are connected with one revolution joint which 
has one rotational degree of freedom. Moreover, three 
pendulums 1, 2 and 3 are connected by revolution joints 1, 2 
and 3 respectively which have also one rotational degree of 
freedom. 

Arm angle 

Joint-1 

Joint-2 

Joint-3 
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Fig. 2. SimMechanics block diagram for the dynamic model of the RTIP

For system simulation, friction model blocks were added to 
each pendulum joint, they contain joint sensors and joint 
actuators, see Figure 3. 

 
Fig. 3. Friction model block 

Furthermore, the initial conditions can be given directly by 
specifying the initial position and orientation of rigid bodies 
[9]. The orientation position of the horizontal arm is 
represented by the angle	 , and the positions of the three 
pendulums by the angles 	 ,	  and  respectively. In order 
to verify the performance of the SimMechanics model, the 
motion equations of the RTIP were determined by using the 
Newton-Euler method. The dynamic torque equations of the 
RTIP can be written in a dynamic matrix form [10], as 
follows: 

, 	 , 																										  

where ,  and  are the vectors of joint angles, the angular 
velocities and the angular accelerations respectively.  is 
the mass matrix, ,  is the Coriolis and centrifugal force 
vector, 	 ,  is the friction torque vector ,  is the 
gravity vector and  is the command torque vector [11]. The 
dynamic matrix form was derived and simulated in 

Matlab/Simulink. The initial conditions for both 
SimMechanics and Mathematic Model were chosen as 
follows,  		,	 ,	  	and  . The 
obtained results from both the SimMechanics model and the 
mathematical model matches exactly. Figure 4 presents the 
obtained results from both of the models. 

 
Fig. 4. Positions of 4 joints of the RTIP obtained by the SimMechanics 

model and the mathematical model 

From the above results, it is clear that the RTIP has a 
complex non-linear dynamic behavior. However, the friction 
coefficients should be determined experimentally to obtain the 
most accurate dynamic model [12]. The friction can be varied 
with many factors, for example, position and acceleration 
[13]. The variation in the position and the acceleration of the 
pendulums of RTIP can change the friction’s characteristics in 
a complex manner. Since the friction’s coefficients in the 
joints of pendulums depend on the position and acceleration. 
Therefore, it is necessary to follow an adaptive approach to 
determine the friction’s coefficients in accordance with the 
behavior of both position and acceleration. 
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III. FRICTION ESTIMATION MODELS 
To estimate the adaptive friction coefficients in the 

pendulums joints of the RTIP, three friction estimation models 
will be used: Non-Conservative Friction torques Model 
(NCFM), Linear Friction Model (LFM) and Non-Linear 
Friction Model (NLFM).    

A. Non-Conservative Friction Model 
The non-conservative torques are due to a natural damping 

of the pendulums called viscous friction torque and it is 
introduced through Rayleigh’s dissipation function  
[14]. The non-conservative friction torque is given in equation 
(2). 

	 	 																																	  

where  is the viscous friction coefficient and  is the 
angular velocity of the i-th pendulum. It is a classical friction 
model which based only on one type of friction coefficient. 
[15] 

B.  Linear Friction Model 
The Viscous friction presented in the non-conservative 

model can be combined with the Coulomb friction, called 
linear friction model, which is presented by equation (3). [16] 

	 																																																																															  

Where  is the Coulomb frictions and  is the viscous 
friction torque which is proportional to the angular velocity 
	 , and  given by equation (4). 

	 																																																																																				  

where 	are the constant viscous coefficients. The Coulomb 
friction is related to the normal contact force  [17], which is 
derived as follows: 

	 																																																								  

where  is the angular velocity, m is the pendulum mass and 
l is the distance from the pendulum rotation center to the mass 
center, see Figure 5.  

 
 

Fig. 5. Pendulum parameters 

The Coulomb frictions   is given by equation (6). 

	 	 	 	 	 																													  

where 	 are the dynamic friction coefficients and is 
the signum function.  

C. Non-Linear Friction Model 
The new researches in this field have found that the joint 

friction model is a complex nonlinear model. Coulomb and 
viscous frictions were used to simplify the friction model. But 
in fact, the friction torques of some joints of RTIP exceeded 
their full speed range. The simple friction model could not 
cover the characteristics, especially at motion reversal [18]. A 
better description of the joint friction characteristics may be 
based on the following nonlinear equations: 

	 	 	 	 	 															  

where the zero-drift error of friction torque,  is the 
Coulomb friction coefficient,  is the viscous friction 
coefficient, and  are the experimental friction 
coefficients. Also, 	  is the angular velocity, is the 
signum function and  is the arctangent function. 

IV. EXPERIMENTAL SETUP AND SIMULATION RESULT 

A. Data Collection 
The horizontal arm of the RTIP is driven by an AC 

servomotor with 1:10 gear ratio (quasi-direct drive) [19]. The 
arm angle position	  is fixed at 0 degrees. The pendulums’ 
angles 	  , 	 	 and 	  are measured with three encoders 
having a resolution of 2048 pulses per revolution. The signals 
obtained from the encoder passes through the slip ring 
mounted in the joints. A dSPACE -DS1103 controller board 
treats the received signals from the encoders [20]. The friction 
in the joints depends on the positions and the accelerations of 
the pendulums. In this case, an adaptive friction coefficients 
estimation should be determined experimentally. The initial 
positions of the system will be taken in four cases with the 
value of 	   as follows: 45, 90, 135 and 180 degrees along 
with 	 	and 	  at an angle of 0 degrees.  For each case, joints 
acceleration was classified into three groups such as low, 
medium and high. The adaptive friction coefficients were 
optimized based on this acceleration classification. The 
experimental hardware configuration is shown in Figure 6.  

 
Fig. 6. The experimental hardware configuration 

B. Simulation Results   
For each optimization simulation, the Pattern Search (PS) 

method was used to optimize the adaptive frictions 
coefficients. The PC method allows the optimization of a 
number of parameters at the same time [21]. The adaptive 
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friction coefficients were optimized and compared with the 
existing friction estimation models such as NCFM, LFM and 
NLFM based on the RMSE’s.   

For the cases : 	 , 	 , , 	
,	 ,  and 	 ,	 ,  only 

the comparison results between the adaptive friction 
coefficients and the existing friction estimation models are 
presented. The cases 	 , 	 ,  present 
the details of this comparative study of the friction models 
with adaptive coefficients for  our RTIP. 

1) Initial positions for: 	 ,	 ,  
 

The joints’ accelerations and their values were classified 
into three groups: High [0 to 4s], medium [4 to 30s] and low 
[30 to 70s]. The adaptive friction coefficients were optimized 
by using the NCFM, LFM, and NLFM. The RMSEs between 
the modeled signals and the measured signals were calculated 
using the adaptive friction coefficients [22]. It was compared 
by the obtained RMSEs with existing friction estimation 
models see Table I. 

TABLE I.  RMSES OBTAINED USING EXISTING FRICTION ESTIMATION 
MODELS AND THE RMSES OBTAINED WITH ADAPTIVE FRICTION 

COEFFICIENTS  FOR INITIAL POSITION 	 ,	  AND  

 
2) Initial position for: 	 ,	 , 	   

 
The joints’ accelerations and their values were classified 

into three groups: High [0 to 10s], medium [10 to 30s] and low 
[30 to 90s]. The adaptive friction coefficients were optimized 
by using the NCFM, LFM, and NLFM. The RMSEs between 
the modeled signals and the measured signals were calculated 
using the adaptive friction coefficients. It was compared by 
the obtained RMSEs with existing friction estimation models 
see Table II. 

TABLE II.  RMSES OBTAINED USING EXISTING FRICTION ESTIMATION 
MODELS AND THE RMSES OBTAINED WITH ADAPTIVE FRICTION 

COEFFICIENTS  FOR INITIAL POSITION 	 ,	  AND  

 
3) Initial position for: 	 ,	 	 	, 	  

 
The joints’ accelerations and their values were classified 

into different groups as follows:  High [0 to 12 s], medium [12 
to 20s] and low [20 to 30s] for joint 1; high [0 to 6 s], medium 

[6 to 16s] and low [16 to 30s] for joint 2; low [0 to 1.9s], high 
[1.9 to 4.3s], medium [4.3 to 9s] and low [9 to 25s] for joint 3. 
The adaptive friction coefficients were optimized by using the 
NCFM, LFM, and NLFM.  The RMSEs between the modeled 
signals and the measured signals were calculated using the 
adaptive friction coefficients. It was compared by the obtained 
RMSEs with existing friction estimation models see Table III. 

TABLE III.  RMSES OBTAINED USING EXISTING FRICTION ESTIMATION 
MODELS AND THE RMSES OBTAINED WITH ADAPTIVE FRICTION 

COEFFICIENTS  FOR INITIAL POSITION 	 ,	  AND  

 

Joints 

RMSEs obtained with 
existing friction estimation 

models  

RMSEs obtained with 
adaptive friction 

coefficients  
NCFM LFM NLFM NCFM LFM NLFM 

Joint (1) 0.1686 0.1149 0.1116 0.1645 0.1105 0.1096 

Joint (2) 0.2102 0.2004 0.1892 0.2008 0.1894 0.1852 

Joint (3) 0.6217 0.5606 0.4079 0.5007 0.4852 0.4032 

 
4) Initial position for 	 ,	 , 	   

 
Table IV presents the classification of joints accelerations 

and their values into different groups as follows: High [0 to 12 
s], medium [12 to 20s] and low [20 to 30s] for joint 1; high [0 
to 6 s], medium [6 to 16s] and low [16 to 30s] for joint 2; low 
[0 to 1.9s], high [1.9 to 4.3s], medium [4.3 to 9s] and low [9 
to 25s] for joint 3. Tables V, VI, and VII present the adaptive 
friction coefficients using the NCFM, LFM, and NLFM.  The 
RMSEs between the modeled signals and the measured 
signals were calculated using the adaptive friction 
coefficients. It was compared by the obtained RMSEs with 
existing friction estimation models see Table VIII. 

TABLE IV.  CLASSIFICATION OF JOINTS ACCELERATIONS FOR THE 
INITIAL POSITIONS 	 ,	  AND  

Joint 1 
Positions [Deg] Accelerations  [Deg/s^2] 

Max values Min 
values Max values Min values 

[0 to 12s] 134.2969 91.9775  6.9117 
 

4.2371 

[12 to 20s] 14.3701 8.7451 1.1155 
 

0.9755 
 

[20 to 40s] 3.7793 3.6914 59.0392 56.8847 

Joint 2 
Positions [Deg] Accelerations  [Deg/s^2] 

Max values Min 
values Max values Min values 

[0 to 6s] 159.5215 128.6279 1.2428 
 

1.1017 
 

[6 to 16s] 77.1680 53.7891 6.1600 
 

4.9842 

[16 to 40s] 2.3730 2.1094 63.8500 52.9298 

Joint 3 
Positions [Deg] Accelerations  [Deg/s^2] 

Max values Min 
values Max values Min values 

[0 to 1.3] 489.6387 120.1465 1.7097 
 

1.5173 

[1.3 to 4.5s] 877.2803 489.6387 1.4684 
 

0.8899 
 

[4.5 to 13s] 1.2357 0.8773 8.6337 
 

6.2568 

[13 to 30s] 1.1399 
 

1.0153 
 

3.4886 
 

3.3282 
 

Joints 

RMSEs obtained with 
existing friction estimation 

models  

RMSEs obtained with 
adaptive friction 

coefficients  
NCFM LFM NLFM NCFM LFM NLFM 

Joint (1) 0.0052 0.0049 0.0025 0.0045 0.0041 0.0020 

Joint (2) 0.0071 0.0065 0.0047 0.0068 0.0055 0.0037 

Joint (3) 0.0085 0.0079 0.0035 0.0083 0.0076 0.0032 

Joints 

RMSEs obtained with 
existing friction estimation 

models  

RMSEs obtained with 
adaptive friction 

coefficients  
NCFM LFM NLFM NCFM LFM NLFM 

Joint (1) 0.0274 0.0245 0.0227 0.0232 0.0216 0.0188 

Joint (2) 0.0242 0.0211 0.0201 0.0225 0.0209 0.0186 

Joint (3) 0.2087 0.1474 0.1275 0.1978 0.1425 0.1093 
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TABLE V.  ADAPTIVE FRICTION COEFFICIENTS FOR THE INITIAL 
POSITIONS 	 ,	  AND    BY NCFM 

 

TABLE VI.  ADAPTIVE FRICTION COEFFICIENTS FOR THE INITIAL 
POSITIONS 	 ,	  AND    BY LFM 

 
Figure 7 illustrates the experiment’s position signals 

obtained from the dSPACE controller for the cases : 	
,	 ,  ,  the signals with the adaptive non-

linear friction coefficients estimation model and  the signals 
with the existing non-linear friction coefficients estimation 
model. 

 
Fig. 7. Experimental position signals ,  the NLFM simulation and the 
ANLFM simulation for initial position 	 ,	 , 	  

TABLE VII.  ADAPTIVE FRICTION COEFFICIENTS FOR THE INITIAL 
POSITIONS 	 ,	  AND    BY NLFM 

 

TABLE VIII.  RMSES OBTAINED USING EXISTING FRICTION ESTIMATION 
MODELS AND THE RMSES OBTAINED WITH ADAPTIVE FRICTION 

COEFFICIENTS  FOR INITIAL POSITION 	 ,	  AND  

 

C. Results and Discussion 
According to the calculated RMSEs, the Adaptive Non-

Conservative Friction Estimation Model (ANCFM), the 
Adaptive Linear Friction Estimation Model (ALFM) and the 
Adaptive Non-Linear Friction Estimation Model (ANLFM) 
returned more accurately than the existing friction model 
(NCFM, LFM, and NLFM). ANCFM reduces the RMSEs 
values than the existing NCFM as follows: 

• 13.45% in joint 1, 4.2% in joint 2 and 2.3% for the 
initial positions of 	 ,	  and .  

• 15.3 % in joint 1, 7.02% in joint 2 and 5.22 % in joint 
3 for the initial positions of 	 , 	  and 

.  

Adaptive friction coefficients for the initial positions 
,	  and  obtained by NCFM 

Time of joint 1 [0 to 7s] [7 to 14s] [14 to 40s] 

Joint 
(1) 

 
[Nm.s/

rad] 
0.0040 0.0033 0.0335 

Time of joint 2 [0 to 6s] [6 to 16s] [16 to 40s] 

Joint 
(2) 

 
[Nm.s/

rad] 
2.4424 

 0.0015 0.001514 

Time of joint 3 [0 to 1.3] [1.3 to 
4.5s] 

[4.5 to 
13s] 

[13 to 
40s] 

Joint 
(3) 

 
[Nm.s/

rad] 
0.00100 7.476773 

 
1.3091 

 
7.631294
39  

Adaptive friction coefficients for the initial positions 
,	  and  obtained by LFM 

Time of joint 1 [0 to 7s] [7 to 14s] [14 to 40s] 

Joint 
(1) 

 
[Nm.s/rad] 0.0015 0.0037 0.0314 

 [Nm] 0.0209 0.0429 0.0174 
Time of joint 2 [0 to 6s] [6 to 16s] [16 to 40s] 

Joint 
(2) 

 
[Nm.s/rad] 0.0030 0.0018 0.001497 

 [Nm] 2.4117 
 0.00277 1.000  

Time of joint 3 [0 to 
1.3] 

[1.3 to 
4.5s] 

[4.5 to 
13s] 

[13 to 
30s]

Joint 
(3) 

 
[Nm.s/rad] 

5.4906 
 

7.473992 
 

8.065127 
 

8. 
75075896 

 [Nm] 0.0050 6.31293 
 

1.570093 
 

1. 
5072305 

Adaptive friction coefficients for the initial positions 
,  and  obtained by NLFM 

Time of joint 1 [0 to 7s] [7 to 14s] [14 to 40s] 

Joint 
(1) 

 [Nm] 9.0313  0.0040 1.1121 

 [Nm] 2.3530  0.2421 0.01534 
 

[Nm.s/rad] 3.91191  3.6013 
 

3.51961  

 [Nm] 2.8946  1.43741 
 

9.1137 

 [Nm] 6.4761  8.8573 
 

2.9317 
 

Time of joint 2 [0 to 6s] [6 to 16s] [16 to 40s] 

Joint 
(2) 

 [Nm] 6.5109  1.6102 
 0.00843 

 [Nm] 9.7363  8.1431 
 0.01538 

 
[Nm.s/rad] 1.1790  1.5427 

 0.00585 

 [Nm] 2.3295  2.7212 
 

2.23205 

 [Nm] 7.7406  3.58796 
 

1.4999 
 

Time of joint 3 [0 to 
1.3] 

[1.3 to 
4.5s] [4.5 to 13s] [13 to 30s] 

Joint 
(3) 

 [Nm] 0.0454 0.0468 0.0085 1.3362

 [Nm] 0.2768 0.2541 4.3257 
 

9.7933
 

 
[Nm.s/rad] 

8.0860 
 0.0028 4.6348 

 
2.1884

 

 [Nm] 0.7500 0.36377 1.2492 
 

1.0913 

 [Nm] 3.5539 
 

7.9573
 0.0077 1.8542

Joints 

RMSEs obtained with 
existing friction 

estimation models  

RMSEs obtained with 
adaptive friction 

coefficients  

NCFM LFM NLFM NCFM LFM NLFM 

Joint (1) 0.1467 0.1231 0.1003 0.1397 0.1127 0.0983 

Joint (2) 1.8120 1.8056 0.1341 1.8105 1.8032 0.1115 

Joint (3) 0.7212 0.6945 0.6390 0.6995 0.6743 0.6248 
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• 2.43 % in joint 1, 4.47% in joint 2 and 19.46 % in joint 
3 for the initial positions of 	 ,	  and 

. 

• 4.9 % in joint 1, 0.08% in joint 2 and 3 % in joint 3 for 
the initial positions of 	 ,	  and 

. 

• Also, ALFM reduces the RMSEs values than the 
existing LFM as follows: 

• 16,32% in joint 1, 15.38% in joint 2 and 3.79% for the 
initial positions of 	 ,	  and .  

• 11.83 % in joint 1, 0.9% in joint 2 and 3.39 % in joint 
3 for the initial positions of 	 , 	  and 

.  

• 3.8 % in joint 1, 5.48% in joint 2 and 13.44 % in joint 
3 for the initial positions of 	 ,	  and 

. 

• 8.44 % in joint 1, 0.13% in joint 2 and 2.9 % in joint 3 
for the initial positions of 	 , 	  and 

. 

The ANLFM returned more accurately than the NLFM, 
ANCFM, and ALFM. ANLFM reduces the RMSEs values 
than the existing NLFM as follows: 

• 20 % in joint 1, 21.27% in joint 2 and 8.57% for the 
initial positions of 	 ,	  and .  

• 17.18 % in joint 1, 7.46% in joint 2 and 14.27 % in 
joint 3 for the initial positions of 	 ,	  
and .  

• 2.1 % in joint 1, 2.11% in joint 2 and 1.14 % in joint 3 
for the initial positions of 	 , 	  and 

. 

• 1.9 % in joint 1, 16.85% in joint 2 and 2.22 % in joint 
3 for the initial positions of 	 ,	  and 

 

V. CONCLUSION 
In this paper, a novel adaptive friction coefficient 

estimation model has been developed based on the 
classification of joints accelerations of an RTIP into three 
groups such as low, medium and high. The adaptive friction 
coefficients estimation was compared with the existing 
friction estimation models (NCFM, LFM, and NLFM) based 
on the RMSEs of joints of the RTIP. According to the 
comparison performance, the ANLFM has given the best 
results for all joints of the RTIP.  A better Adaptive Friction 
Estimation Model needs to be applied to the inverse dynamic 
model to control the system. In future works, an adaptive 
Fuzzy Logic Friction Estimation Model based on velocities, 
accelerations, and jerks will be developed and applied to the 
system in order to observe more accurate results. 
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Abstract—Fractional order dynamic model could model various 
real materials more adequately than integer order ones and 
provide a more adequate description of many actual dynamical 
processes. Fractional order controller is naturally suitable for 
these fractional order models. In this paper, a new strategy for 
digital control and parameters identification of robust fractional 
order controllers applied to a class of fractional order system 
models is presented. The proposed strategy is based on fractional 
reference model. The model consists on an ideal closed-loop 
system whose open-loop is given by the Bode’s ideal transfer 
function with the suitable parameters. This technique suggests an 
online parameters tuning of fractional order PIαDβ controller 
(FPID) using the Fictitious Reference Iterative Tuning method 
(FRIT). After having set the optimal non-integer orders α and β, 
the gains of the FPID are then estimated in a recursive manner 
using the so-called Recursive Least Squares (RLS) algorithm with 
forgetting factor, which can cope with variation of plant 
characteristics adaptively.  
Better performance using fractional order PIαDβ controllers can 
be achieved and is demonstrated through an example with a 
comparison to the classical integer order PID controllers for 
controlling fractional order systems (FOS). 

Keywords—fractional order system, fractional order PID 
control, fictitious reference iterative tunin, recursive least square 
algorithm, online tuning, fractional reference model, Bode’s ideal 
loop. 

I. INTRODUCTION

 Most theoretical control system design methods are based 
on mathematical models. However, it is often difficult to 
collect input-output data for the identification of a controlled 
plant that has already been set up and is in full operation. 
Therefore direct approaches based on input-output 
measurements with no need for help from a plant model have 
attracted attention from several researchers.  

Among the direct controller parameter tuning methods, 
fictitious reference iterative tuning (FRIT) proposed in [1] 
which is performed on input and output data obtained from 
only a one-shot experiment. FRIT based PID control (FRIT-
PID) can be considered as a free model control approach, it has 
received much attention recently as a practical and useful 
method, and its extended methods have been studied in [2]; [3]; 
[4]. Therefore, this method can be implemented online where 
the controller parameters have to be updated periodically [3]; 
[5]. 

Given the large number of discoveries on the fractal 
dimensions of nature and science/technology fields, fractional 
calculus and its corresponding applications have attracted 

considerable research interest, and many excellent results have 
been obtained in many scientific areas of physics and 
engineering [6]; [7]; [8]; [9]. Fractional (or non integer order) 
systems are considered as a generalization of integer order 
systems [10], [11]. The advantages of fractional form become 
apparent in modeling mechanical and electrical properties of 
real devices as well as in the theory of dynamical systems. 
Sometimes, mathematical modeling of processes and physical 
phenomena leads to differential equations of fractional orders 
and so fractional order calculus is more necessary and accurate 
than the integer order calculus to describe or explain their real 
dynamic behavior. 

For example, Reyes-Melo et al. [8] indicated that the dielectric 
relaxation phenomena in polymeric materials can be clearly  
described by using a fractional order model. Meral et al. [13] 
confirmed that the essential properties of viscoelastic materials 
can be precisely reflected by using a fractional order model.  
Le Méhauté and Crepy [37] have proposed a concept of a 
fractance—a new electrical circuit element, which has 
intermediate properties between resistance and capacitance. 
Recent research on the modeling of real inductors and 
capacitors shows that the nature of these two circuit elements 
are fractional orders and that these elements should be modeled 
by using fractional calculus [38]; [9]. Furthermore, Boulgameh 
et al [39] have validated experimentally the dynamical 
fractional order model of PN junction diode based small signal 
equivalent circuits. 

The interest of these fractional order operators has been 
motivated by their good performances obtained in system 
identification and control theory; from where their introduction 
in the synthesis of PID control systems has allowed having 
some remarkable results in term of robustness quality 
compared with the conventional PID controller. 

 Oustaloup in his book [27] has developed a new strategy of 
control named CRONE, which is the acronym in French of        
‗Commande Robuste d‘Ordre Non Entier‘, i.e., robust control 
of non integer order or robust control of fractional order. He 
has applied it in various fields of systems control [30]. More 
recently, Podlubny [12] has proposed a generalization of the 
PID controller, namely the fractional order controller PIαDβ, 
involving non integer actions α and β of integration and 
derivation respectively. 

 Several methods have been proposed for the synthesis and 
the control design PID. These strategies are known as reference 
model tuning and consist to obtain a control guaranteeing that 
the transfer function of the controlled system, with unit 
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feedback is equivalent to Bode‘s ideal transfer function. Using 
a closed loop system with Bode‘s ideal transfer function as 
reference model makes closed loop controlled system robust to 
gain variations and step responses exhibiting an iso-damping 
property [28]; [31]; [32]. Furthermore, it was proved in many 
works, e.g. [29]; [33]; [34]; [35], the ability to design the 
fractional controlled system using Bode‘s ideal transfer 
function as a fractional reference model. 

In order to demonstrate the necessity of a fractional order 
controller PIαDβ for a more efficient control of fractional order 
systems, we propose in this paper, an extension of the standard 
FRIT-PID to fractional order control using fractional order 
controller PIαDβ, using the Bode‘s ideal loop, denoted (BIL), of 
the FRIT-PID approach as a fractional reference model, thinks 
to its advantageous features cited above, instead of integer 
order model. So, in this context, we have designed a FRIT 
approach with a fractional order system (FS) - fractional order 
reference model (BIL) and fractional order control.  

The parameters tuning of the PIαDβ is achieved online using 
the so-called recursive least squares (RLS) algorithm with 
forgetting factor [14], the numerical evaluation of the fractional 
operators is carried out using the DAFI filter proposed in 
[15].The suggested approach, denoted FRIT-FPID, will be 
compared with the FRIT-PID method proposed in [16] of 
course with BIL as a fractional reference model. 

This paper is divided in five parts. The first one presents some 
mathematical materials used to approximate and simulate 
fractional order systems. The second part is devoted to the 
presentation of Bode‘s ideal transfer function which will be 
proposed as a fractional reference model with the suitable 
parameters. Part three presents the FRIT-PID method. In the 
fourth part, an online tuning of controller parameters via RLS 
algorithm is presented. Part five, establishes the proposed 
FRIT-FPID approach and its online implementation using 
DAFI filter and RLS algorithm with forgetting factor. An 
example is provided to demonstrate the necessity of such 
controllers for the more efficient control of fractional order 
systems. Finally, we draw the main conclusions and address 
perspectives towards future developments. 

 
II. FRACTIONAL CALCULUS AND FRACTIONAL 

                        ORDER DYNAMIC SYSTEMS 

The idea of fractional calculus has been known since the 
development of the regular (integer-order) calculus, with the 
first reference probably being associated with Leibniz and 
L‘Hôpital in 1695 where half-order derivative was mentioned 
[40]. 

A. Definitions 

Fractional calculus is a generalization of integration and 
differentiation to fractional order operator denoted by 𝐷𝑡

𝛼
𝑎 , 

where 𝑎 is related to the initial conditions and (𝛼 ∈  𝑅) is the 
operation order. They are represented by the following 
irrational transfer function: 

 𝐺 𝑠 = Yα (s)
Y(s) = 1

𝑠α                                    (1)             

where s = jw is the complex frequency and α ∈ 𝑅. 

There are several definitions of fractional integration and 
differentiation [41]. A commonly used definition is the 
Riemann-Liouville (RL) given by [24]: 

           𝐷𝑎 𝑡𝛼𝑓 𝑡 = 1
Γ(𝑚−𝛼)  

𝑑
𝑑𝑡 

𝑚
 𝑓(𝜏)

(𝑡−𝜏)1−(𝑚−𝛼)
𝑡
𝑎 𝑑𝜏                    (2) 

where 𝑚 is an integer number, 𝑚 − 1 < 𝛼 < 𝑚  and  𝛤(·) is 
the well-known Euler‘s gamma function. 

An alternative definition, based on the concept of fractional 
differentiation, is the Grünwald-Letnikov (GL) definition given 
by: 

𝐷𝑡
𝛼

𝑎 y t = limh→0  1
∝   −1 𝑘 α

𝑘 
 (𝑡−𝑎)/ 
𝑘=0 𝑦 𝑡 − 𝑘       (3)    

where [·] denotes the integer part and  is the sampling time. 
The Laplace transform of the fractional operator, under zero 
initial conditions for real order 𝛼 is given by [41]: 

                   𝐿 𝐷𝑡
𝛼

𝑎 y(t) = 𝑠𝛼𝑌(𝑠)                                        (4) 
 

B. Fractional order system and their simulation 

Fractional order system is a dynamical system that can be 
modeled by fractional differential equation using Fractional 
order differentiator [42]. A major difficulty with fractional 
models is its time-domain simulation. Often, the analytical 
solution of fractional differential equation is not simple to 
compute. During the last 20 years, many methods are 
developed in order to approximate and simulate this type of 
irrational models. Two types of methods can be considered. 
The first ones, also called indirect methods, are based on the 
simulation of the continuous fractional model with the help of a 
specific operator or representation [17]; [18]; [19]; [20]; [21], 
[22]. In [23] an approximation of fractional order operators by 
rational functions is presented; the differentiator or integrator is 
approximated in a given frequency band [𝜔𝑙 , 𝜔 ] by a rational 
function using a set of elementary first order cells. 

The second ones, called direct methods, are based on 
numerical approximation of the fractional order operator. The 
most commonly used is that directly related to GL definition 
given by:  

            𝑎𝑑  𝑡𝛼𝑦 𝑡 
𝑑𝑡𝛼 ≈ 1

∝   −1 𝑘 α
𝑘 𝑁

𝑘=0 𝑦 𝑡 − 𝑘             (5)               

where N is a limited number of terms, fixed according to the 
short memory principle [25].  

Grünwald-Letnikov approximation is very simple to use. 
However, the simulation requires, for each step, the 
computation of sums of increasing dimension with time. This 
makes real-time simulation hard to achieve and amplify greatly 
noise present in the data. This is a real constraint when this 
approximation is used for model identification and parameter 
estimation.  To cope with this problem, a new technique for 
numerical simulation of fractional order systems in a given 
frequency band of interest [ωL, ωH] is proposed in [15] using 
the so called Digital Adjustable Fractional Integrator (DAFI). 
Fig. 1 presents the block diagram of this filter used for 
numerical simulation of fractional operators given in equation 
(1). 

where 𝑖  , (i=1,2,..,N), are given by: 

𝑖 𝛼 =  𝜔𝑐10𝜀(0.2𝛼−0.1) −𝛼   1−100.4𝜀(𝑖−𝑗−𝛼) 𝑁−1
𝑗=0

  1−100.4𝜀(𝑖−𝑗) 𝑁−1
𝑗=0,𝑗≠𝑖

          (6) 

such that 𝜔𝑐 ≪ 𝜔𝐿 , 𝜀 and 𝑁 represent the approximation error 
and the filter dimension respectively. 
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Fig. 1. Digital adjustable fractional order integrator (DAFI) 

 

                   𝑁 = 𝑖𝑛𝑡𝑒𝑔𝑒𝑟  
𝑙𝑜𝑔 𝜔𝑚𝑎𝑥

𝑝0
 

𝑙𝑜𝑔  𝑎𝑏   + 1                        (7) 

          𝑝0 = 𝜔𝑐10 𝜀
20𝛼 ,  𝑎𝑏 = 10 𝜀

10𝛼 1−𝛼                    (8)  

where 

 𝜔𝑚𝑎𝑥 ≫ 𝜔𝐻 . The output 𝑦𝛼   is then given by: 

𝑦𝛼 𝑘 =  𝑖(𝛼𝑁
𝑖=0 )𝑦𝑖(𝑘)                              (9) 

and 

   𝑦𝑖 𝑘 = 𝑒−𝑇
𝜏𝑖𝑦𝑖 𝑘 − 1 +  1 − 𝑒−𝑇

𝜏𝑖 𝑦(𝑘 − 1)              (10) 

                               𝜏𝑖 = 1
𝑝𝑖 0.5                                   (11) 

  where T is the sampling time.     

 
III. BODE‘S IDEAL TRANSFER FUNCTION AS A 

REFERENCE MODEL 

 In 1945, H.W. Bode has presented in his book a design of 
feedback amplifiers [36]. He has proposed an ideal shape of the 
open loop transfer function of the form:   

𝑀 𝑠 =  𝜔𝑢
𝑠  

𝜇
,     1 < 𝜇 < 2                        (12) 

 
   where  

 𝜔𝑢  is the gain crossover frequency, that is  𝑀 𝑗𝜔𝑢  = 1.  
 

The open-loop Bode diagrams Fig. 2 have an amplitude slope 
of −20𝜇 dB/dec and a constant phase of −𝜇𝜋/2 rad. 
Therefore, the closed-loop system Fig.3 has a constant phase 
margin of 𝑃𝑀 = 𝜋(1 − 𝜇/2) 𝑟𝑎𝑑, that is independent of the 
system gain  𝐾𝑢 = 𝜔𝑢

𝜇 . This makes closed-loop systems robust 
to gain variations and, therefore, the closed loop system with a 
unit feedback may be used as a typical reference model in 
order to synthesize robust control systems. 
 

 
Fig. 2. Bode diagrams of amplitude and phase of 𝑀(𝑠) for 1 <  𝜇 <  2. 

 
 

 
 

Fig. 3. Fractional-order control system with Bode‘s ideal transfer  
function  𝑀(𝑠). 

 

The desired specifications of the step response of the reference 
system can be achieved using the appropriate values of the 
parameters μ  and ωu  [28].  

IV. THE FRIT METHOD 

Consider the unity-feedback control system shown in Fig. 4, 
where the process is a stable or unstable. In the figure, 𝐶 𝜃, 𝑠  
is the controller, and 𝜃 denotes a parameter vector to be tuned 
in the controller.  Also, 𝑢, 𝑦, 𝑟, and 𝑒 = 𝑟 − 𝑦  denote the 
control input, output, reference signal, and error signal, 
respectively. 

 

 
Fig. 4 The unity-feedback control system. 

Let us consider the case where the feedback controller 𝐶 𝜃, 𝑠  
is a fractional order PID (FPID) linearly parameterized in terms 
of adjustable control parameters vector 𝜃. That is,  𝐶 𝜃, 𝑠  can 
be expressed as: 

𝐶 𝜃, 𝑠 = 𝜃𝑇𝜑(𝑠)    (13) 

where 

𝜃 =  𝑘𝑝 , 𝑘𝑖 , 𝑘𝑑 
𝑇
                                     (14) 

is the controller parameters and  

        𝜑 𝑠 =  1,  𝑠−1, 𝑠 𝑇                                  (15) 

is the PID controller operators.                                                      

 

  Process 𝐶 𝜃, 𝑠  𝑟(𝑘) 

 

 𝑒 𝑢 
y(k) 
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FRIT is a direct control parameter tuning method using one-
shot experimental input-output data with no need for help from 
a plant model. FRIT searches PID control parameters so that 
the plant output follows the reference model output, which 
specifies an ideal response for the reference signal. However, if 
an inappropriate reference model is selected, FRIT might 
possibly derive improper control parameters [26]. 

The tuning method minimizes the following performance 
index [3]: 

𝐽  𝜃 =   𝑒  𝑘  2𝑁
𝑘=1                                (16) 

where 

                       𝑒  𝑘 = 𝜃𝑇𝜉 𝑘 −  𝑑 𝑘                 (17)         

𝜉 𝑘 = ∅ 𝑧  1 − 𝑀 𝑧  𝑦 𝑘                     (18) 

                         𝑑 𝑘 =  𝑀 𝑧 𝑢 𝑘     (19) 

where 𝑀 𝑧  is the reference model.  

The minimization problem of  𝐽 (𝜃) is regarded as a least-
squares problem because 𝑒 (𝑘) is linear with respect to 𝜃. 

 

V. ONLINE TUNING VIA RECURSIVE LEAST-
SQUARES METHOD 

In [3], a normalized recursive least square method for the 
adaptive adjusting law for the model reference adaptive control 
based on an online FRIT approach is proposed. The 
boundedness of all signals in the closed loop system as well as 
asymptotically tracking the reference model output was proved. 

     Although this tuning procedure is carried out online, the 
controller parameters can be abruptly updated at a definite 
period of time, so that the control performance may be 
deteriorated. Moreover, the computational complexity of 
solving the normal equation is relatively large. 

     To resolve these problems, the authors in [16] utilize the so 
called RLS method with forgetting factor [14] and propose a 
filtering rule for reducing the variations of controller 
parameters. 

The RLS algorithm with a forgetting factor  𝜆 , (0 < 𝜆 < 1), is 
then given by: 

 𝑘 = 𝑃 𝑘 − 1 𝜉 𝑘  𝜆 + 𝜉 𝑘 𝑇𝑃 𝑘 − 1 𝜉 𝑘         (20)                           

𝑃 𝑘 =  𝑃 𝑘 − 1 −   𝑘  𝜉 𝑘 𝑇𝑃 𝑘 − 1   𝜆         (21)                                          

𝜃  𝑘 = 𝜃  𝑘 − 1 +   𝑘  𝑑 𝑘 − 𝜉 𝑘 𝑇𝜃  𝑘 − 1      (22)  

where 𝜃  0  is the initial controller parameter and 𝑃 0  is the 
initial correlation matrix usually set to be: 

𝑃 0 =𝛾𝐼, 
where 𝛾 > 0 is a large constant for high signal to- noise ratio. 

The filtering rule of the implemented controller parameters is 
given by: 

                  𝜃(𝑘) = (1 − 𝑚)𝜃(𝑘 − 1) + 𝑚 𝜃 (𝑘 − 1)           (23) 

where 𝑚 is a sufficiently small positive constant.  

                                    

VI. THE PROPOSED ONLINE FRACTIONAL ORDER 
CONTROLLER PARAMETER TUNING ALGORITHM 
USING THE BODE‘S IDEAL TRANSFER FUNCTION 

In this section a generalization of the FRIT method to 
fractional order is proposed. The classical controller PID is 
generalized to a fractional PID denoted FPID in order to 
control the fractional order system. The proposed method, 
denoted FRIT-FPID serves to tune the FPID parameters using 
Bode‘s ideal loop BIL as a fractional reference model.  

The proposed tuning strategy starts by the determination of 
the parameter 𝜇 of Bode‘s open loop transfer function 
according to the desired control performances such that the 
phase margin ∅𝑚  and the unity gain frequency 𝜔𝑢  in a given 
frequency band [𝜔𝐿 , 𝜔𝐻] around 𝜔𝑢 . The suggested approach is 
implemented online using DAFI filter and RLS algorithm with 
forgetting factor. The transfer function of the fractional order 
controller can be given as [12]: 

            𝐶 𝑠 = 𝑘𝑝 + 𝑘𝑖
1
𝑠𝛼 + 𝑘𝑑𝑠𝛽  ,      𝛼, 𝛽 ∈ 𝑅                 (24) 

where 𝑘𝑝 , 𝑘𝑖  and 𝑘𝑑  are the proportional, integral and 
derivative gains, respectively, and 𝛼 and 𝛽 are the fractional 
integrator and fractional derivator respectively. 

The regressive form of the fractional order controller can be 
given by:  

   𝐶𝑐 𝑠, 𝜃 = 𝜃𝑇∅𝑐𝑓  𝑠                           (25)   

where                       𝜃 =  𝑘𝑝 , 𝑘𝑖 , 𝑘𝑑 
𝑇
                               (26)    

                               ∅𝑐𝑓  𝑠 =  1, 1
𝑠𝛼 , 𝑠𝛽  

𝑇
                         (27)  

                

 
Fig. 5. Block diagram of online Fractional control system tuning 

 
Fig. 6. Block diagram of RLS algorithm 

Fig. 5, shows the block diagram of the online fractional control 
system tuning. Moreover, a more detailed mechanism of the 
RLS algorithm is illustrated in Fig. 6. 

        The design of the fractional order integrator 𝛼 and the 
fractional differentiator 𝛽  of the FPID controller has started by 
using offline experiments. We first running the tuning 
algorithm in a limited time interval  0, 𝐾  , with a given 
arbitrary initial parameters  𝜃0(0), 𝛼0 and 𝛽0, where 

335

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 0 < 𝛼0, 𝛽0 < 1. In the next step, we running the algorithm for 
several chosen values 𝛼𝑖  and 𝛽𝑖 , 0 < 𝛼𝑖 , 𝛽𝑖 < 1, where the 
initial vector parameters 𝜃𝑖(0) of the i-th experiment is the 
final tuned parameters 𝜃𝑖−1 𝐾  of the previous one. The 
optimal values of 𝛼 and 𝛽 are then given by: 

  (𝛼, 𝛽)op = argmin
0<𝛼𝑖 ,𝛽𝑖<1

  𝑦𝑝 𝑘 − 𝑦𝑚 (𝑘) 2𝐾
𝑘=1              (28) 

where 𝑦𝑝 𝑘  is the controlled system output and 𝑦𝑚 (𝑘) is the 
model output. Controller parameters tuning, with the designed 
optimal orders (𝛼, 𝛽)op  , can then be performed online to cope 
with variation of plant characteristics and disturbances 
adaptively. 

VII. ILLUSTRATIVE EXAMPLE 
In this section we give an example showing the usefulness 

of the proposed method FRIT-FPID in comparison with the 
conventional method FRIT-PID, applied to a fractional order 
system which plays the role of «reality», and its integer order 
approximation which plays the role of «model».  
 

A. Fractional Order Controlled System 
          We consider the unity feedback control fractional-order 

system (Fig. 4), which plays the role of ―reality‖ given by [43] 
as: 

 𝐺𝑝 𝑠 = 1
𝑎2𝑠𝛽2 +𝑎1𝑠𝛽1 +𝑎0

                       (29) 

Where we take 𝑎2 =0.8, 𝑎1 = 0.5, 𝑎0 = 1,  𝛽2 = 2.2, 𝛽1 = 0.9. 
 
with the following specifications: 
• Phase margin = 35°; 
• The settling time Ts = 1.1 s, corresponding to the unity gain 
crossover frequency of  𝜔𝑢= 10 𝑟𝑎𝑑/𝑠. 
The open loop Bode‘s ideal transfer function assuring these 
specifications in a frequency range [𝑤𝐿  ,𝑤𝐻  ] = [0.1𝜔𝑢  , 10𝜔𝑢 ] 
= [1 rad/s, 100 rad/s] around 𝜔𝑢  , must be chosen as: 
 

               𝐺 𝑠 = 1
(𝑠 𝜔𝑢 ) 𝜇 = 1

(𝑠 10) 1.61                      (30)                                      

The reference signal r(k) is given by a unit step with an 
amplitude of 1.  
According to the desired output 𝑦𝑑 𝑘 = 𝑀 𝑧 𝑟 𝑘 .  
The sampling time is chosen to be 0.01. We apply the RLS 
algorithm and set the initial controller Parameters as: 
𝜃 0 =  1,40,55 𝑇 , we set the parameters in the algorithm as:  
𝛾 = 102 , 𝑚 = 10−2 and  𝜆 = 1 − 5. 10−5.  
Fig. 7, 8 and 9 show the gains evolution and the output 
responses using FRIT-PID and the proposed FRIT-FPID 
methods. We can clearly see that the tuned PID and FPID 
parameters converge to the optimal values rapidly in both 
methods and the best tracking performances is achieved using 
the proposed FRIT-FPID method. 

         Fig. 9 shows that the fractional order controlled system 
has well followed the fractional order reference model (BIL) 
using the proposed FRIT-FPID method, contrary to the 
response using the classical FRIT-PID method, where 
fractional order controlled system cannot follow the (BIL). 

         The fractional order system stabilizes rapid at 𝑡 = 1,5𝑠 
and has a limited surplus oscillations comparatively to results 
obtained in [43], where the fractional order system has 
stabilized at 𝑡 ≈ 5𝑠. 

 
          

 
Fig. 7. Evolution of PID parameters.  

 
Fig. 8. Evolution of FPID parameters.  

         
   Fig. 9. Output using the conventional FRIT-PID method and the proposed 

FRIT-FPID method (𝛼 = 0.9, 𝛽 = 0.9). 
  
The best results obtained by the proposed method can be 
justified by the flexibility of the fractional PIαDβ controller that 
has two more degrees of freedom 𝛼 and 𝛽 than the classical 
one. This last has a fixed structure which limits the overall 
possible loop shapes of the fractional reference model.  
The classical PID controller is shown to be not so suitable for 
the control of the fractional order system. 
 

B. Integer Order Approximation 

For the comparison purpose, let us approximate the 
considered fractional-order system by a second-order system. 
(Noticing that  𝛽2 = 2.2,  𝛽1 = 0.9 are close to 2 and 1 
respectively).  
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Fig. 10 and 11 show the gains evolution and the output 
response using FRIT-PID for controlling the integer order 
system (IS). 

 
         Fig. 10. Evolution of PID parameters (for an integer order system: IS).  

 

Fig. 11. Output using FRIT-PID method (IS IC.FM) 

       It‘s clear from Fig. 11 that the integer order controlled 
system converges to the reference signal, but it cannot follow 
the fractional reference model (BIL). We explain this by the 
fixed structure of the classical PID controller which limits the 
overall possible loop shapes of the fractional reference model.  

 
Fig. 12. Comparison of the unit-step response of the closed-loop (FS) and (IS) 

using the conventional FRIT-PID and the proposed FRIT-FPID methods. 

          Fig. 12 gives a comparison of the unit-step response of 
the closed loop with the fractional-order system controlled by 
fractional order PIαDβ controller, the unit-step response of the 
closed loop with the same fractional-order system controlled by 
the integer-order PID controller and the closed loop with the 
integer order system controlled by a classical order PID 
controller. 

           The comparison shows that for satisfactory feedback 
control of the fractional order system using BIL as a 
fractional reference model it is recommended to use a 
controller of the similar nature; i.e., a fractional order PIαDβ 
controller instead of a classical PID controller.  

          In order to evaluate the robustness of the proposed 
method in the case of fractional order system, which plays the 
role of «reality» compared with the integer order 
approximation, which plays the role of « model », we perform 
the following tests: 

A. Abrupt Plant parametric variation test: 

Consider the case where the gain of the fractional order plant is 
abruptly increased with 5% at t=2 s, i.e., the plant is 1,05*𝐺𝑝  
after 2 s.  
Fig. 13 shows the output obtained by the proposed FRIT-FPID 
approach.  

 
Fig. 13. Response of the fractional order system response in the case of 
parametric variation using the proposed FRIT-FPID, (𝛼 = 0.9, 𝛽 = 0.9) 

 
After the fractional order plant parametric variation at time 2 s, 
the fractional order control system has well established this 
change. These results can be explained by the advantage of 
introducing the BIL as a fractional reference model, because it 
makes the fractional order system 𝐺𝑝  robust to gain variations. 

B. Output test with a reference noise: 

We provide white noise with zero mean and standard deviation 
of 10−2 as reference disturbance. The output result using the 
proposed method is shown in Fig. 14.  

 

Fig. 14. Response with reference noise using FRIT-FPID method  

(𝛼 = 0.9, 𝛽 = 0.9)  
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It is clear from the Fig. 14 that the output using the proposed 
FRIT-FPID method is less affected by the noise. This is due to 
the introduction of an online fractional PIαDβ controller, that 
has two more degrees of freedom α and β than the classical 
one, which give a better flexibility to the control system to 
behave with this kind of disturbance. 
   
 Both tests show that the proposed FRIT-FPID technique is 
robust against fractional order plant parameters variation and 
measurement noise.  

VIII.    CONCLUSION 
In this paper, we have provided a new and powerful design 

of the fractional order PID controller for the control of the 
fractional order systems, which play the role of reality. The 
proposed concept aims to tune the fractional order PID 
controller online using DAFI filter and RLS algorithm with 
forgetting factor.  

The basic idea of the proposed technique, denoted FRIT-
FPID, consists of the combination between the classical FRIT 
considered as a free model control approach, and a fractional 
order controller PIαDβ. The proposed approach uses Bode‘s 
ideal control loop (BIL) as a fractional reference model. The 
desired response of the fractional order plant can be achieved 
by choosing an appropriate reference model with suitable 
parameters 𝜇 and 𝜔𝑢 .  

The simulation results show that the proposed concept 
FRIT-FPID is a suitable way for the control of the fractional 
order systems.  

With the proposed methodology we get closed loop 
fractional order system robust to gain variations and 
measurement noise. 

The FRIT-FPID method is especially oriented to practical 
implementation thanks to online parameters tuning of 
fractional order controller using RLS and the DAFI filter as a 
powerful tool for numerical simulation of fractional operators. 

Future research direction is to investigate the effectiveness 
of the proposed technique by carrying out its practical 
implementation. 
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Abstract— Our contribution in this work consists of the 
study and control of a doubly fed induction machine (DFIM) 
operating in motor mode using a control based on the 
orientation of the stator flux. At first, we were interested in the 
study of the functioning principle of the DFIM and its modeling. 
In a second time, we were interested in the modeling of the 
inverter with space vector pulse width modulation control 
(SVPWM) and finally we realized the implementation of the 
control by orientation of the stator flux on the Matlab / Simulink 
environment. The analysis of the simulation results of this 
control approach clearly shows that the system perfectly follows 
the reference values and, consequently, provides a good static 
and dynamic performance of the machine under study.  

Keywords—doubly fed induction motor, direct stator flux 
orientation, control SVPWM inverter, PI regulation. 

I. INTRODUCTION 

 In the recent times, in the industrial areas, the Current 
Alternative rotating machines are more usable especially 
double-fed Induction machine (DFIM), because of its many 
advantages over other types of rotating electrical machines 
[1]. The advantages of DFIM in motor operation for high 
power applications such as traction, marine propulsion or as a 
generator in wind systems [2], [3], the many benefits of this 
machine are: reduced manufacturing cost, relatively simple 
construction, higher speed and do not require ongoing 
maintenance. . The power supply of the doubly fed induction 
Machine operating in motor and variable speed mode is 
provide by a voltage inverter, which is connected to the rotor 
winding. The control of this machine, essentially nonlinear 
because of the coupling between the flux and the 
electromagnetic torque, is complex. In order to obtain a 
doubly fed induction machine whose performances are similar 
to a DC machine, it is necessary to ensure the decoupling 
between the flux and the electromagnetic torque. This is the 
idea of the appearance of the vector control technique, or the 
control by field orientation. The purpose of this technique is 
to manage the asynchronous machine as a self-excited DC 
machine where there is a natural decoupling between the 
magnitude controlling the flux (the field current) and that 
related to the torque (the armature current). By this technique 
(the vector control), and for the doubly fed induction machine 
(DFIM), the rotor current producing the torque is kept in 
quadrature with the stator flux. The application of the latter to 
the doubly fed induction machine presents an attractive 
solution to achieve better performance for power generation 
applications and variable speed electric drives. Conventional 
PI or PID control techniques cover a wide range in industrial 
applications. These are linear control techniques and have the 

advantage of simplicity of implementation and ease of 
synthesis. The objective of our work is the application of the 
vector control to the rotor of the doubly fed induction motor 
(DFIM). The DFIM stator winding is directly connected to the 
line grid, while windings of the wound rotor are controlled by 
means of a bi-directional power converter.  The paper is 
organize as follows: In Section 2 mathematical model of the 
DFIM is presented. In section 3, we begin with the DFIM 
oriented model in view of the vector control; next, the stator 
flux is estimated. The mathematical model of SVPWM 
control converter side rotor in section 4, and the simulation 
results are given in section 5. Finally, we give some 
conclusion remarks on the control proposed of DFIM using 
SVPWM. 

II. DESCRIPTION OF DFIM
The overall system is illustrated in Figure 1 below; it is 

constituted by the induction machine connected directly to the 
network by it stator and the converters (rectifier and inverter) 
by it rotor. In order to control the electrical system, it is 
necessary to study and analyse its mathematical model taking 
into account certain hypotheses in order to obtain a simplified 
model [3]. 

Ac M
Grid

DFIM

Rectifier Inverter

AC

DC AC

DC

R,L

C

Variable load

Figure.1 Overall Block Diagram of DFIM Drive System [4]. 

       In the training of high power as the rolling mill, there 
is a new and original solution using a double feed induction 
motor (DFIM). The stator is feed by a fixed network while the 
rotor by a variable supply which can be either a voltage or 
current source. The three-phase induction motor with wound 
rotor is doubly fed when, as well as the stator windings being 
supplied with three phase power at an angular frequency s, 
the rotor windings are also fed with three phase power at a 
frequency .  Figure.1 shows the power is supplied by the 
network to the stator and the slip power passes through the 
rotor to be rejected to the network. We have a motor operation 
below the speed of synchronism. The conventional cage 
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induction machine can function as well but the slip power is 
dissipated into Joule losses in the rotor. The same figure shows 
that the slip power can also be provided by the network to the 
rotor, when the motor operates above the synchronism speed. 
The conventional cage induction machine cannot have this 
operation 

III.  DOUBLY  FED INDUCTION  MOTOR MODELING 
      By applying Park's transformation and taking into 

account the hypotheses Classics, we can establish the 
expressions of the stator and rotor voltages in the rotating 
mark d-q any: 

 

                   (1) 

                            
With is, ir, vs and vr denote stator currents, rotor currents, 

stator terminal voltage and rotor terminal voltage, 
respectively.  

 Moreover: 

                                            (2) 

	 :  Angle between the stator and rotor winding, 

: Angle between the stator winding and the axis d, 

: Angle between the rotor winding and the axis d. 

 

The subscripts s and r stand for stator and rotor while 
subscripts d and q stand for vector component with respect to 
a fixed stator reference frame [5].  

The fluxes are given by: 

 

                        (3) 

 
Where s, r, Ls, Lr and Msr represents the stator flux, 

the rotor flux, the stator inductance, the rotor inductance and 
the mutual inductance, respectively. 

Then, the model of the doubly fed induction machine is 
described by the following equation of state: 

 

                                                 (4)    

 

                                                   (5) 

 

With: 

      				 				 				                        (6) 

 

    				 				 				                        (7) 

The equation (8) and (9) given the dynamical equation 
and electromagnetically torque by respectively: 

 

                           (8) 

 

Where J and fv denote the moment of inertia of the motor 
and viscous friction coefficient, respectively, Tl is the 
external load and  is the mechanical speed.  

 

                     (9) 

 

Where, p is the number of pole pairs. 

IV. VECTOR  CONTROL BY STATOR FLUX ORIENTATION 
  It is important to remember that the difficulty of 

controlling a DFIM is prompted by the fact that the 
electromagnetic torque from the interaction between charged 
currents in the stator windings and currents induced in those 
rotor [6]. In order to master these difficulties, and to obtain a 
situation equivalent to that of the DC machine, Blaschke and 
Hasse proposed a control technique known as FOC (Field 
Oriented Control) or flow control . Several techniques have 
been presented in the literature, which can be classified: 

• Vector control directly. 
• Vector control indirectly. 

The indirect method can be considered as the easiest to 
implement and widely used.  In this work, use this method, 
given its huge advantage in the fact that the amplitude does 
not flow, but only its position. Specifically, we will focus on 
the orientation of stator flux. Stator flux orientation along the 
axis line is used to write [6], [7]: 

									 										            (10) 

 

From equation (2): 

                 (11) 

 

The expression of the electromagnetic torque becomes: 

 

       (12) 

 

By imposing a unit power factor on the stator: 

 

        	 	                         (13) 
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    The intermediate voltages are defined by the following 
voltages equations, in order to obtain a good decoupling 
between the axes d and q: 

 

                                        (14) 

With ed and eq are considered as compensation terms. 

The transfer functions connecting the rotor components 
of axis are: 

                                                        (15) 

 

                                                         (16) 

Where: 

                 and    

A. Stator flux estimator 

In the direct vector control stator flux oriented DFIM, 
precise knowledge of the amplitude and the position of the 
stator flux vector is necessary. Motor mode of DFIM, the 
stator and rotor currents are measured, the stator flux can be 
estimated [8].  

The flux estimator may be obtained by the following 
equations: 

 

                                               (17) 

 

The position stator flux is calculated by the following 
equations: 

                                    (18) 

In which: 

  ,               (19) 

 

Where:  	and  the electrical stator position,  is 
the electrical rotor position. 

A. Speed regulation  

The mechanical equation is given by: 

                   (20) 

Thus, the speed transfer function can be expressed by: 

                         (21) 

Tl(s) is a disturbing input, while Tem(s) is main input. 
Consequently, the block diagram of the speed regulation is 
given by Figure.2 

 
Figure.2 Block diagram of the speed control. 

 
From the closed-loop transfer function and by 

identification with the fundamental second-order 
characteristic equation, we find: 

                                              (22) 

With:      

V. SPACE VECTOR  MODULATION 

        In the SVPWM algorithm, the d-axis and q-axis 
voltages are converted into three phase instantaneous 
reference voltages. The unreal switching times periods 
relative to the instantaneous values of the reference phase 
voltages and can be defined as [9]: 

                (23) 

The three-phase voltage source is obtained from eight 
possible switching positions of the three terminal inverter 
shown in Figure.3 and given in Table 1.  

 
Figure.3 Three-phase voltage source PWM Inverter 

Table 1: Eight Switching Positions and Voltage Vectors 

T1 T2 T3 Vab Vbc Vca Vα Vβ 
 

No
m 

O O O 0 0 0 0 0   
 

F O O Udc  -
Udc  0  

 

 
 

F F O 0 Udc -
Udc  Udc  

 

 

O F O -Udc Udc 0  Udc  

 

 

O F F -Udc 0 Udc  0  

 

 

O O F 0 -
Udc 

Udc  -
Udc  

 

 

F O F Udc -
Udc 

0  -
Udc  

 

 

F F F 0 0 0 0 0   
 

 

  

Ωref(S) Tl 
Ω(S) 

Tem(S) 
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The SVPWM can be implemented by [10]: 

¾ Determine Vd, Vq, Vref and angle α 
¾ Determine time duration T1, T2 and T0 
¾ Determine the switching time of each transistor 

 
• Step1: Determination Vd, Vq ,Vref and Angle α 

In SVPWM block, the three-phase voltage is transform 
into d-q axis using (23) [9], [10]: 

						 	
		 						

                 (24) 

 

    ,                     (25) 

When the voltage vector Vrefis examined on the -  axis, 
six space vectors will form when the output voltages are 
checked for period TZ. These vectors are placed at 60  degree 
intervals on the axis set. This case is shown in Figure 4. 

Sector2

Sector5

V1
100

V2
110

V3
010

V4
011

V5
001

V6
101

V0
000

V7
111

θ 

Vref

ω 

α

β 

 
Figure. 4   Demonstration of space vectors on the -  axis 

• Step 2 : Determine time duration  

 

    

 

• Step 3 : Determine the switching time of each IGBT 
(S1 to S6) 

Following figure gives the switching times of each IGBT 
switches. Here Figure.5 gives the brief idea about the 
switching timing pattern of inverter IGBT switches under 
different sectors to generate three-phase voltage waveform. 

 
Figure.5 Switching pulse pattern for the three phases in Sector 1. 

 
Based on above figure, cyclical reports for the different 

sectors is summarized in Table (2), and it will be built in 
Simulink model to implement SVPWM. 

Table 2: Cyclical reports for the different sectors 
 

 

 

 
 

 

 

 

 

 

 

 

 

Secteur 4 Secteur 5 Secteur 6 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

VI. SIMULATION RESULT 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 6. Test variable speed and torque load (a) Rotation speed (b) 
Electromagnetic torque (c) Stator flux (d) axis rotor current (e) Stator 

currents (f) Rotor currents 

 

(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Test with SVPWM Inverter, (a) Electromagnetic torque (b) Axis 
rotor current (c) Rotor currents (d) Stator currents 
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(a) 

 
(b) 

Figure 8.Harmonic spectrum (a) With SPWM, (b) SVPWM 
 

The simulation results of a current and speed adjustment 
of the doubly fed induction motor (DFIM) and stator flux 
directed by a conventional PI are presented. We recall that 
two types of pulse width modulation were used for the control 
of the converters, that of the sinusoidal triangle and space 
vector pulse width modulation, and that the regulators are 
continuous. We will discuss the dynamic behaviour of the 
DFIM at no load start and when inserting a load torque. These 
results show that the direct component of the stator flux 
nearly follows its reference value, which is (1Wb), and the 
quadrature component takes almost its zero value imposed by 
the condition of orientation of the stator flux. The speed 
follows the reference requested, in all operating zones. We 
see that the impacts of the load torque affect the response of 
the speed. The response of the system shows oscillation 
during the impact of the nominal load torque. We note in 
Figure 6.d and 7.b that the component of the rotor currents of 
the axis (d) is insensitive to the impacts of variations in speed 
and load torque. The rotor component of the current axis (q) 
does not permanently exceed their nominal values. The 
disturbance of load torque does not substantially affect the 
stator fluxes, which shows the efficiency of the vector control 

and the validity of the imposed laws. Figure 6.c shows the 
correct orientation of the stator flux along the axis (d). The 
components of the stator and rotor currents in the (a, b, c) 
reference are always sinusoids, their frequencies and their 
amplitudes vary respectively as a function of the rotation 
speed and the load torque imposed (Figure 6.e and Figure 
6.f). Moreover, from the harmonic spectrum obtained it is 
clearly seen the improvement of the harmonic rate of the 
stator currents which goes from 5.33% to 3.68% 

VII. CONCLUSION 
          In this work, we have presented the principle of 

vector control modeling by stator flux orientation which 
allows to treat the doubly fed induction motor in a similar 
way to that of the DC machine. The results of the simulation 
in speed regulation mode lead us to say that the vector-
controlled DFIM constitutes a real electronic speed variator. 
The performances of the DFIM obtained by a vector control 
are dependent on the choice of the reference system. In order 
to judge the effectiveness of the vector control, various tests 
were carried out where the results show a robustness of the 
DFIM, which in our opinion is acceptable. We have 
mentioned the problem of the control of the converter it can 
be concluded that the performance offered by the SVPWM is 
even better than when an SPWM is applied. 
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Abstract— In this paper we present a modular integrated 
electrical control system hardware for small scale underwater 
vehicles to implement underwater researches and substitute 
human roles in the hard environments.  This system is fully 
compatible to implement new designs with not much change in 
the whole system. We also introduce a new bus system for this 
kind of vehicles that is eligible to perform all the needed 
necessities. Additionally, the paper proposes an algorithm and 
an operation chart on a proper microcontroller controlled 
Remotely Operated Vehicle (ROV) motion. 

Keywords—ROV, modular, motherboard, control 

I. INTRODUCTION

Along the history of technological developments in 
electronics and robotics sciences, many physical duties have 
passed to the robots or the other electro-mechanical devices 
(vehicles etc.). Many of these duties would be dangerous for 
people as they may lose a part of their body or may lost their 
lives. In recent years, ROVs are very popular vehicles to 
implement missions in different environments. For 
underwater environments aquanauts are responsible for 
small-hand jobs e.g. welding metals together. There are 
plenty of underwater vehicles operating in the constructions 
of large structures [1]. However, in case of fine work, 
aquanauts are strictly needed. The accuracy of the underwater 
ROVs for this kind of works are fairly capable for 
implementation. It is clear that ROVs have a bright future. To 
improve the compatibility, smartness, reliability and the 
accuracy of the ROV, it is needed to design a powerful 
electrical system. In market, there are several ROV controller 
boards builded as a static, non-configurable systems such as 
OpenROV Controller [9]. In order to bridge the gap in these 
systems, we designed a reconfigurable ROV controller 
system. This system consists of a motherboard and daughter 
module boards, each different module board has a function 
such as power regulation, communication etc. Also, we offer 
a custom module board template that the user may wish to 
design a unique module to implement a desired function. In 
the next section, the properties of this ROV electrical control 
system which is consisted of electronic printed circuit boards 
and a control model will be explained. This paper explains 
the construction and the features of designed main control 
board, daughter boards (modules) and a controller model for 
basic movements. 

II. ROV MAIN CONTROLLER SYSTEM

A. General Overwiev
ROV Main Controller System (ROV MSC) is a compact

hardware solution designed to fill the gap in the underwater 
ROV control systems. In regular ROV designs, the electrical 
part of the vehicle is either the set of different commercial 
control boards, sensors, actuators, motors (for example; 
Arduino Uno [2], BlueESC etc.) or vehicle-specific electrical 
systems. However, this motherboard system is quite flexible 
on the mission or the user’s desire. The ROV Main Controller 
System forms by a motherboard and numerous module sub-
system boards. All the individual sub-systems are designed 
(or will be designed) to perform a specific mission. Once the 
user has this motherboard, it is up to user that use a pre-
designed sub-system module boards or design a new sub-
system for the ROV to achieve a specific work function. 
There are many sub-system module boards connectors on the 
motherboard. The sub-systems may easily be plugged in the 
motherboard. The only restriction on the sub-system design 
process is being compatible with the motherboard connectors 
and the designer must consider the internal pin bus of the 
motherboard. 

B. Benefits of Building ROVs on a Motherboard System
The best and the most difference maker feature of this

system is to be modular and to be mission-based. Once this 
system is obtained by some user. It is possible to use it as just 
an underwater explorer vehicle as well as a commercial 
underwater vehicle to perform a human work such as welling 
[1]. It is very easy to change the function of the ROV by either 
plugging a different pre-designed sub-system module on its 
motherboard or to design a new one. Another benefit of this 
system is the pre-designed smart Ethernet sub-system. The 
user may control the vehicle from everywhere and receive-
transmit large amount of data between the control point and 
the ROV. One of the other benefits of this system is the 
electrical protection. There are electrical protection circuits 
on every main voltage lines and the sub-systems. This means 
that the sub-system modules will be still functional after a 
possible crash or short circuit in the system. 
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C. Technical properties of ROV MCS 
The ROV Main Controller System (ROV MCS) consist of 

one motherboard and several sub-systems. The motherboard 
contains the essential processing and electrical properties as 
a core part of the ROV. Mainly, the motherboard consists of 
a microcontroller unit (STM32F407VG), a power input, logic 
level converters, sub-system module connectors and the 
Power and Data Bus (PDB). The ROV MCS contains a large-
scale power and data bus opportunities. The PDB on the 
motherboard is capable to provide several different serial 
communication interfaces. This means that any sub-system 
module plugged on the motherboard will be joined to the 
communication network of ROV MCS and be able to 
communicate to any other sub-systems modules or directly to 
the microcontroller unit. In order to form a functional ROV 
MCS, it is needed to supply some mandatory sub-system 
modules. 

 

III. MOTHERBOARD AND SUB-SYSTEMS    

A.  Motherboard 
The motherboard is a basic platform that puts together all 

the individual sub-system modules in order to form a 
functional ROV. The motherboard is a 90x180mm PCB that 
carries a 100-pin STM32F407VG microcontroller unit, a 
BNO055 9-degree-of-freedom (DOF) absolute orientation 
inertial measurement unit (IMU) sensor to monitor the 
position of the ROV, a sixteen channels bidirectional logic 
level converter circuit between 3.3 Volts and 5 Volts, 12 
Volts, 5 Volts, 3.3 Volts power supply header, a SWD 
interface for programming, a UART interface for both 
communication and flash programming, a reset button, power 
light emitting diodes (LEDs) indicating the status of 12 Volts, 
5 Volts and 3.3 Volts power supplies, four user LEDs, seven 
edge card connectors for sub-system modules, power and 
data bus (100-pin, PDB) for both sub-system to sub-system 
and sub-system to motherboard interfacing. The PDB is a 
100-pin wire bus that reaches (in parallel) all the module 
connectors in the same configuration. This bus contains all 
the needed interfacing wires to build a functional ROV. The 
order of the nets in the PDB is arranged carefully to gain the 
best functionality when using sub-system modules so that the 
number of the wires to carry large amount of current is also 
kept large to reduce the electrical stress (i.e. power supply 
wires). There are also all the needed fundamental serial 
communication interfaces placed in the PDB. This bus also 
contains regular microcontroller pins (digital input-output 
(IO) pins, PWM capable pins, analog to digital converter 
channels) on both 3.3 Volts and 5 Volts logic level. Pin map 
for PDB can be found in Figure 3. The system may contain 
many sub-systems boards. Some of these sub-systems are 
mandatory sub-systems while the others are optional. A 
general block diagram of MCS can be found in Figure 1. The 
mandatory sub-systems are required to provide a basic ROV 
operation. All the mandatory and optional sub-systems must 
meet some design restrictions which are mentioned in the rest 
of the paper. Also, Figure 5 contains a motherboard with 
some plugged sub-systems. 
 

 
Fig. 1. Block diagram of the ROV MSC system, there are seven 
slots on the bus, blocks enclosed with a straight line represent the 
mandatory sub-systems while the blocks enclosed with a dashed line 
represent optional sub-systems. 
 

 
Fig. 2 Block diagram of EPS 
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12V   
5V   
3.3V   
SPI   
I2C   
UART   
ETH PHY   
Digital IO   
PWM   
ADC   
GND   

 
Fig. 3 Power and data bus (PDB) pin map 

 
 

B. Electrical Power Sub-system 
Electrical Power Sub-system (EPS sub-system) board is 

one of the mandatory sub-system modules which tasked to 
regulate and protect the power lines in whole the system. The 
12 Volts wire on the PDB is the input of this sub-system. The 
EPS board employs many power modules. Such as three 
TPS54231 switch mode regulators [5] to produce 3.3 volts, 5 
volts and 9 Volts (9 Volts output does not supply the PDB) 
output voltages to supply the motherboard and the other sub-
system modules. A block diagram of this module can be 
found in Figure 2. All output voltage lines are capable to 
provide 2 Amperes. The board is protected by a 5-Ampere 
resettable fuse (reusable for many times), line protectors on 
each output voltage produced (short circuit, over current and 
high voltage protections). The output of 9 Volts is finished 
with a DC barrel jack connector in case of another 
independent electronic device used (such as an Ethernet 
switch). This board has also six optional servo motor output 
ports operating on 5 Volts. Physical look of EPS board can 
be found in Figure 4. 

 
Fig. 4 EPS board 
 

C. Ethernet Communication System 
The Ethernet Communication System (ECS sub-system) is 

one of the mandatory sub-system modules with a 1.6 mm 
thick two layered PCB carries two different Ethernet 
controller systems. Each of these controllers are interfaced 
with the motherboard via ARM Ethernet Physical Layer 
(ETH PHY [4]) or SPI. The ETH PHY [4] controller is 
DP83848-EP ETH PHY IC. This controller has a specific 
embedded hardware interface with the STM32F407VG 
microcontroller. The other Ethernet controller is ENC28J60 
[6] that interfaces with the main microcontroller unit via SPI 
line on the PDB. The ECS sub-system builds all the 
communication between the ROV and the outer world. All 
the control signals, camera footage (if used), sensor 
measurements are transmitted and received on via this board. 
The both of the Ethernet controllers on this board may be 
reached by a RJ45 connector from outside. The following pin 
groups of the PDB used by the ECS sub-system module: ETH 
PHY [4], SPI, .3V, GND. Physical look of ESC board can be 
found in Figure 6. 
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Fig. 5. Motherboard with some plugged modules 
 

 
Fig. 6. ECS board  

D. Electrical Speed Controllers 
Electrical speed controller module [3] (ESC Sub-system) is 

one of the pre-designed sub-system modules. It is a two 
layered 1.6 mm PCB board with a 100-pin edge pads (which 
is compatible with the PDB connectors) and carries four 
independent three-phase motor driver circuits. All the 
individual ESC circuits on the board are controlled by a 
microcontroller unit. There are also on-board programmer 
circuits and micro USB connectors for each microcontroller 
uni. Microcontrollers produces motor control signals. These 
signals, then, reaches the mosfet driver integrated circuits 
(ICs). Mosfets are tasked to switch the driving voltage source 
and to generate the motor outputs. Current capacity of all the 
individual ESC circuits is up to 8 Amperes for each phase. 
Another significant feature of the ESC module is that it does 
not use the 12 Volts power supply on the PDB to drive the 
inverter circuit. There is an isolated 12 Volts power supply 
input port on the board and it must be powered by this port 
with 12 Volts too. This pre-designed sub-system module uses 
the following pins on the PDB: 5V, Digital IO, PWM, GND. 
ESC board can be seen in Figure 7. 

 

 

 
Fig. 7. ESC board 

E. Sensor and Serial Interface 
The SSI pre-designed sub-system module is a 1.6 mm thick 

two layered PCB that is responsible for the peripheral 
connections on the ROV. It is a very flexible board as it 
provides a variety of different logic level interfaces. This 
feature makes it usable with different types of sensors or other 
external devices. The SSI sub-system module has the 
following interfaces in both 3.3 Volts and 5 Volts logic 
levels: SPI interface, I2C interface, PWM output pins, ADC 
input pins, Digital IO pins, UART interface and two general 
purpose high side mosfet driver circuits reachable via digital 
IO pins. All the peripheral pins of PDB are reachable from 
the SSI sub-system, except ETH PHY [4] pins. SSI board can 
bee seen in Figure 8. 
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Fig. 8.    SSI Board 

F. Payload or Custom Sub-systems 
This is a custom board could be any type of systems that 

desired to add its function to the ROV in the user’s lead. This 
sub-system may be designed and plugged on the motherboard 
in case of necessity. However, there are some restrictions in 
the design of payload boards. Custom payload boards must 
be compatible with the 100-pin PDB connectors on the 
motherboard. The board must be 1.6 mm thick PCB and the 
pin configuration of the PDB must be considered in the 
design phase. As mentioned above, the minimum required 
number of sub-systems to perform a sufficient ROV function 
is three. Therefore, the motherboard is able to carry up to four 
more sub-systems. The number of these sub-systems may 
vary up to the mission or the user desire. In figure 9, an empty 
custom board can be found. 
 

 

 
Fig. 9.     An empty custom board 

 

IV. OPERATING ALGORITHM 

A. Balance Algorithm 
Stabilization is one of the critical issues in ROV movement. 

Regular environmental disturbances (waves and currents) 
and unexpected environmental disturbances such as strong 
waves may cause the ROV lose its stabilization. In order to 
eliminate these distubance and maintain a stabile movement, 
we use a balance algorithm. The balance algorithm is based 
on PID (Proportional-Integral-Derivative) controller. PID 
controller is one of the most popular controllers applied in 
industries. Simple in structure, reliable in operation and 
robust in performance, result in its popularity among control 
engineers. The proportional, integral, and derivative (PID) 
controller is well known as three term controller. The input 
to the controller is the error from the system. The Kp, Ki, and 
Kd are referred as the proportional, integral, and derivative 

constants (the three terms get multiplied by these constants) 
respectively. In the PID controller, the error gets managed in 
three ways. In the PID function, the error will be used on the 
PID controller to execute the proportional term, the integral 
term for reduction of steady-state errors, and the derivative 
term to handle overshoots. 

 

 
 

Fig. 10. Software block diagram 
 

B. Horizontal Motor Speed Calculation 
The movement in the x and y axes is one of the essential 

requirements for ROV. The ROV has 4 motors to perform 
horizontal movements. These motors are placed at a specific 
angle to generate a force vector in any horizontal direction.  
 
 

 
Fig. 11. Horizontal motor forces directions 

 
 

 FHM1 = - FHM2 (Eq. 1) 
FHM2   = - FHM4  (Eq. 2) 

 
 

The required motor speeds are calculated based on the HM1 
and HM4 motors. Then, the HM2 and HM3 motors are run 
opposite to the HM1 and HM4 motors (Eq. 1 and Eq. 2). 

 
 

Fy = FHM1 × cos( /8) + FHM4 × cos( /8) (Eq. 3) 
Fx = FHM1 × cos(3 /8) + FHM4 × cos(5 /8) (Eq. 4) 
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Using equations 1 and 2, 
 

 

 , ,    (Eq. 5) 
 

 
In numerical linear algebra, the Gauss–Seidel method, also 

known as the Liebmann method or the method of successive 
displacement, is an iterative method used to solve a linear 
system of equations. The motor speeds are adjusted to 
generate the required motor forces calculated using the Gauss 
Seidel method. The forces may found in Figure 11. 

C. Vertical Motor Speed Calculation 
 

 
Fig. 12. Vertical motors speed variables 
 

Four motors can move the robot in roll, pitch axes and 
stabilize depth of ROV. The speed of the motors, can be seen 
in Figure 12, depends on three variables.  These variables are 
pitchPIDval, rollPIDval, depthPIDval. The pitchPIDval and 
rollPIDval value is the speed vector required for the targeted 
angle on the pitch and roll axis, depthPIDval value is the 
speed vector required for the targeted depth. The speeds of 
the motors are a combination of these variables in Figure 13. 

D. Communications between modules and MCS 
Communication between modules and MCS is 

considerably necessary to work properly for the ROV. MCS 
uses I2C protocol for communication. MCS is master device 
and modules are slave devices on this communication 
protocol. Each module has unique communication address. In 
this way, MCS can communicate with other modules 
individually. 

E. User inputs and Control Station  
Control station is a ground unit composed by a custom 

computer, a microcontroller unit with user inputs (buttons, 
sliders), and a joystick that is tasked with two operations. The 
first is to receive control commands from user and transmit 
them into the ROV and second is to receive camera footage 
and telemetry signals from ROV and to perform a visual 
control environment for user. Additionally, main power 
supply is also transmitted the ROV through the control 
station. 

 
Fig. 13. Vertical balance diagram of ROV 
 

V. CONCLUSION 
In the art of engineering, the golden rule is to divide the 

huge and complicated cases into smaller and simple sub-
works. In the light of this rule, we, as the students of Yildiz 
Technical University, proposed a new technic for electrical 
systems of small-scale underwater vehicles. In practice, this 
way of organizing the whole study, as proposed above, 
reduced the failure rates in the design phases. At the end of 
this study, a new order to design this kind of vehicles applied 
successfully. Standardization of the proposals on this study is 
the main object for further plans. 
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Abstract—In this paper, an ellipse based energy calculation
algorithm is proposed for Self Adaptive Monte Carlo Localization
method, abbreviated as SA-MCL. SA-MCL is a localization
method based on particle filters and solves position tracking,
global localization and kidnapping problems in localization. The
SA-MCL is faster since it uses map energy grids concept where
the particles are distributed similar energy regions on the map.
However, the traditional SA-MCL is only suitable for the robots
with range sensors which are (quasi-)uniformly placed on the
robot. With the ellipse based energy calculation algorithm, this
constraint is eliminated, and improved SA-MCL proposed in this
study can be utilized for localization problem of all mobile robots
equipped with range sensors. The algorithm proposed is validated
in simulation and the efficiency of it is demonstrated on ROS.

Index Terms—indoor localization, particle filter, SA-MCL,
robot operating system, mobile robots, automated guided vehicles

I. INTRODUCTION

Nowadays, with the fourth industrial revolution horizon
industrialized countries concentrate on production methods
that are fast, efficient, equipped with new technologies, more
flexible and end-user oriented. A modular production structure
is desired to achieve smart factories. One of the components
of smart factories is Cyber-Physical System (CPS) and it can
be defined as a combination of physical and computational
processes. In that case, CPS is a principle unit with sensors,
actuators, and data processing units, which can evaluate its
own data and perform an action according to this evaluation.

In a smart factory, the CPSs can be production lines,
assembly units, smart warehouses and smart product transport
vehicles between production lines and warehouses [1]. Today,
Automated Guided Vehicles (AGV) are preferred for product
transportation and logistics in advanced factories. However,
they need to keep a line or have to follow the paths which
are previously assigned. Such a method in today’s factories is
to be changed for smart factories concept. The goal of smart
factories is that mobile robots, which perform load-carrying
from one point to another, are self-organizing and capable

This work is fully supported by The Scientific and Technological Research
Council of Turkey (TUBITAK) project under grant no. 116E734.

*Corresponding Author

of using the entire free space within the factory as desired
[2]. In order to reach such a fully autonomous mobile robotic
system, researchers focus on five main problems: localization,
path planning, path following, obstacle avoidance, mapping.

Localization, the problem to focus on in this study, finds the
answer to ’where am I?’ in the desired autonomous system.
Determination of robot pose if unknown (global localization),
keeping track of movement to estimate robot pose under the
assumption that the current robot pose is known (position
tracking), and taking well localized robot to other place with-
out being told (kidnapping) are three sub-problems of it [3].
Most of the localization methods in literature only overcome
global localization and position tracking sub-problems. An
improved version of Monte Carlo Localization (MCL) called
Self Adaptive Monte Carlo Localization (SA-MCL) [4] is one
of the methods that also able to solve kidnapping problem.

MCL [5] is a method that use particle filter concept to
determine possible poses of the robot. It is a widely used
method to estimate and track the robot’s pose by using the
map of the environment when there is no initial guess about
the pose of the robot. At first, the particles are distributed
to entire map with uniform distribution. The particles are
sampled when the robot moves and weighted depending upon
the measurement. Particles resampled based on their weights
and this cycle continues until the particles are concentrated
around the robot position. The SA-MCL uses energy grids, and
instead of the entire map, the particles are distributed similar
energy regions (SER). However, the SA-MCL works only if
the range sensors on the robot are (quasi-)uniformly placed.
However, such an assumption cannot be fulfilled in most of
the real-world applications.

In this study, an ellipse based energy calculation algorithm
is proposed to eliminate the constraint that the range sensors
on the robot are (quasi-)uniformly placed. The algorithm
proposed is validated in simulation. With the aid of the ellipse-
based energy model, the SA-MCL can be used to localize any
mobile robot with range sensors.

The paper is organized as follows: the next section discusses
some of the related works, an overview of the SA-MCL is
given in section III. Section IV presents the ellipse based en-
ergy grid method. The validation and test results are discussed
in section V. Section VI contains conclusion and future works.978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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II. RELATED WORKS

To deal with ’where am I’ question, in literature, three
main Markov localization approaches are available. Kalman
Filter (KF), especially Extended Kalman Filter (EKF), is the
most commonly utilized method to localize a mobile robot
[6]. A Gaussian distribution is used to describe the pose of the
robot. A linearization process is required for nonlinear systems
to obtain Jacobian of them. Unscented Kalman Filter (UKF)
was proposed in [7] to skip the linearization process. These
approaches are preferred for localization thanks to the fastness,
suitability for implementation, but they are not suitable for use
where the robot’s initial pose is not known.

Histogram filters are used in another approach, grid lo-
calization (GL), to estimate the pose of the robot on a
grid decomposition of the state space [3]. The pros of the
method are that all of the sub-problems of localization can
be overcome. However, the computational complexity of the
algorithm is heavy when the resolution of the grids is high
and it makes difficult to utilize in real-time applications.

Traditional MCL algorithm can solve position tracking and
global localization problems, but do not have the ability to
overcome the kidnapped robot problem. Augmented MCL
algorithm was proposed to eliminate this drawback [3]. On the
other hand, SA-MCL [4] can solve all of the sub-problems of
localization. However, relocalization process of them is slower
since the number of particles used is high. The comparison of
three main approaches is given in Table I.

TABLE I
COMPARISON OF THREE BASIC LOCALIZATION METHODS [4]

KF GL MCL

Pose Representation Gaussian Histogram Particles
Position Tracking ! ! !

Global Localization ✗ ! !

Kidnapping ✗ ! ✗

Efficiency fast slow medium

III. OVERVIEW OF SA-MCL

For a mathematical perspective,

bel(xt) = p(xt |z0 :t , u1 :t) (1)

where xt is robot pose vector which contains orientation
and 2D position at time t, bel(xt) represents the density of
probability of the pose xt, z0:t and u1:t are measurement data
from beginning to time t and control input data from first step
to time t, respectively. If (1) is modified w.r.t. MCL approach,
the posterior bel(xt) is

bel(xt) ∝ {⟨x [n]

t ,ω[n]

t ⟩}n=1 ,...,N (2)

where x[n]
t is a particle that represents assumed pose of the

robot at time t and ω[n]
t is the importance factor which gives a

weight to each particle. If the initial pose of the robot is known
approximately then initial belief bel(x0) represented based on
a Gaussian distribution centered on the approx. pose. On the

other hand, the particles are uniformly distributed over the
state space to represent bel(x0) [8].

A. SA-MCL Algorithm

Zhang proposed Self Adaptive MCL (SA-MCL) algorithm
in [4], [8], [9] which is an improved MCL algorithm using
self-adaptive samples. The process of the SA-MCL is given
in Fig. 1. SA-MCL is implemented in three steps: Pre-caching

the Map, Calculate SER and Localization. The offline process
of SA-MCL, Pre-caching the Map, takes the map and produces
G3D and GE in (3) grids which stores measurement data and
energy information of the map respectively.

G3D =

⎡

⎢⎢⎣

x
y
θ

measurements

⎤

⎥⎥⎦ , GE =

⎡

⎣
x
y

energy

⎤

⎦ (3)

The SA-MCL can detect the position of the mobile robot
more quickly since it distributes the particles into the SER
contours rather than distributing them to the entire map. SER
is determined in Calculate SER step of the SA-MCL with
respect to a defined metric

|E − E(k)| < δ (4)

where E is the calculated energy of current pose w.r.t. zt
measurements, E(k) is the energy of kth energy grid in the
database, and δ is the SER threshold in the range [0, 1]. The δ
threshold value selection is very important. A high selection of
the threshold value may cause the particles to spread over a
wider region on the map and thus lead to longer iterations,
while a lower selection may cause the measurement error
tolerance to be ignored and the particles to be scattered over
regions where the robot is not located.

Pre-caching Calculate 
SER

Localization

GE

G3D

zt

SER

Map

St
St-1 , zt, ut

Offline Online

Fig. 1. The process of the SAMCL algorithm

The energy term mentioned above is a special information
extracted from measurements. For range sensors, the mea-
surement data are distances, denoted as d for an individual
measurement. The energy grid database (GE) is created via
the algorithm in Table II [4]. It was assumed that each range
sensor only measures a distance w.r.t its heading angle.

Localization step of the SA-MCL consists of three sub-
routines which are global localization, position tracking, and
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TABLE II
TRADITIONAL ENERGY CALCULATION FOR EACH GRID CELL

1 Input map
2 for all grid cells k ∈ {1, 2, ...,K}
3 for all range sensors i ∈ {1, 2, ..., I}

4 measured distance d̃
[k]

i
< dmax

5 ã
[k]

i
= 1− d̃

[k]

i
/dmax

6 E(k) =
I

!

i=1

ã
[k]

i

7 end for
8 normalize E(k) = 1

I
Ẽ(k)

9 end for
10 return GE energy grid vector

kidnapping. At first, standard MCL algorithm is run to globally
localize the robot. The only difference from standard MCL
algorithm is that the particles are distributed over SER instead
of the entire map. After the particles are sufficiently clustered,
the position tracking subroutine of Localization starts to work
since the position of the robot is approximately detected.
Another difference that distinguishes the SA-MCL from the
MCL algorithm is seen at this point. The weights of the
particles are constantly monitored, and when an unexpected
event occurs, some of the particles are assigned as global
particles and redistributed into the SER. Thus, in the case of
possible kidnapping, the robot is re-localized.

B. SA-KLD-MCL Algorithm

The adaptive MCL method (AMCL) in [10] aims to re-
duce computational load of traditional MCL algorithm by
arranging adaptively the number of used particles. KLD
(Kullback–Leibler distance) sampling method is utilized to
determine the number of used particles. It means that a small
number of samples selected when focused on a small part of
the state space, a large number of samples selected when the
state uncertainty is high.

Self-Adaptive Kulback-Leibler Distance MCL (SA-KLD-
MCL) algorithm [11] is a combination of SA-MCL and AMCL
algorithms. It works completely the same as the SA-MCL. The
only difference is in the Localization step of the SA-MCL. The
number of particles scattered on the map is fixed in the SA-
MCL. In the SA-KLD-MLC algorithm, the number of particles
is reduced/expanded depending on the KL distance metric as
the particles are focused around the robot pose or move away
from the robot pose.

IV. ELLIPSE BASED ENERGY GRID CALCULATION

The energy information of a grid in [4] does not depend
on the orientation of the robot since it is assumed that the
robot sensors are uniformly placed w.r.t the center of the robot.
Uniformly placed term means that 1. each sensor heading
crosses the center of the robot, 2. each sensor is equidistant
from the center of the robot, and 3. the sensors are spaced with
constant angle steps w.r.t. the center of the robot. If the sensors
are not uniformly placed, the achieved energy for a grid cell
will be different for different orientations. For example; in Fig.

2, a robot with non-uniformly placed sensors measures in a
long and narrow room at different orientations is shown. It is
obvious that energy of case ’a’ Ea and ’b’ Eb relationship is
Ea > Eb according to the algorithm given in Table II. The
given case is the worst case actually, but the same situation
can be achieved if a sufficient number of range sensors are not
used even the sensors are placed uniformly (see in Fig. 3).

(a)

(b)

d1
d2

d3

d1
d2

d3

Fig. 2. A robot with non-uniformly placed sensors measuring at different
orientations. Energy of case (a) and case (b) is different.

Such assumptions (1. sensors are uniformly or quasi-
uniformly placed around their circumference, 2. range sensors
measure a single distance in the direction of heading angle)
are not valid in all cases. Mobile robots, for example, having
2 LIDAR range sensors which are located in front and rear
do not provide these assumptions. To solve this kind of non-
uniformly placed case, the author in [12] suggests that,

• let the robot turn 360o at each position and take the
measurements simultaneously or

• use orientation information in addition to planar coordi-
nates.

However, in real-world applications, the robot cannot turn
360o at each position to calculate its energy. This suggestion is
not feasible. On the other hand, with the addition of orientation
info to GE grid, it is no longer an energy grid since energy
is nondirectional (scalar) variable. For that reasons, the ellipse
based energy grid calculation method is proposed in this study.

(a)

(b)

d1

d2

d3

d1
d2

d3

Fig. 3. A robot with uniformly placed sensors measuring at different
orientations. Energy of case (a) and case (b) is still different.

Uniformly placed sensors assumption defines circle-like en-
ergy definition. Ellipse based energy model is a generalization
of circle-like energy definition (GE) in (3) since a circle is
achieved when the radii of an ellipse (a, b) equal to each other.
In Fig. 4, an example of Ellipse Based Energy visualization
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is indicated. In this example, a mobile robot (mainly AGV)
equipped with a front and rear LIDARs is considered. The
blue box and red line represent the mobile robot position
and heading angle. Blue and red dashed regions show scan
regions of the front and rear LIDARs with 180o scanning
angle. Magenta and cyan points represent seen obstacles by
front and rear LIDARs respectively. The red ellipse is energy
ellipse drawn with respect to measurements of LIDAR sensors.
Since the obstacles are near to the center of the robot, the
achieved ellipse is small.

Binary Occupancy Grid
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Fig. 4. Achieved Ellipse w.r.t. LIDAR measurements

The algorithm proposed to calculate energy of grid cells is
shown in Table III. The input of the algorithm is map and
the output is ellipse based energy-grid GEellipse

. In line 4, θi
and pi represent scanning angle and resolution of each sensor
thus Ni gives the number of measurements of ith sensor.
If we define the center of robot (x, y) = (xc, yc) and ith

sensor position (xi, yi) with respect to robot frame, line 5
computes the average offset of the sensors (xoff , yoff ) in the
direction x and y with respect to robot frame. By considering
offsets, max possible energy ellipse dimensions (amax, bmax)
is calculated in line 6 where dmax represents scan range of the
sensors. In line 8, each sensor measures the map and gives the

distance d̃[k]i (n). Line 9, computes the energy h̃[k]
i (n) of the

nth measurement of the ith sensor for the kth grid cell. Line

10 computes total energy H̃ [k]
i of the ith sensor of the kth

grid cell. As long as the physical structure of the robot does
not change, it is enough to perform the calculations between
4th and 6th lines once.

It is aimed that energy of each sensor H [k]
i and total energy

E(k) has the same value interval [0, 1] as probability density.
To achieve this aim, in line 11 we normalize the total energy
of each sensor. Similarly in line 17, the area ratio of current
energy ellipse with (a, b) dimensions and max possible energy
ellipse with (amax, bmax) dimensions is computed. Square
root operation is applied on ellipse area ratios in line 17 since
it was utilized the ratio of current average radius and max
possible radius of energy circle in traditional SA-MCL [4].
The dimensions (a, b) of current energy ellipse are calculated
between lines 13 to 15 by using total average energy of the
sensors S[k] and offset values. For all calculations, instead of
ratios, one minus ratio values are chosen as energy since it
is desired to reach greater energy value near obstacles. The

achieved energy grid is used to calculate SER as in traditional
SA-MCL.

TABLE III
ELLIPSE BASED ENERGY CALCULATION FOR EACH GRID CELL

1 Input map

2 for all grid cells k ∈ {1, 2, ...,K}

3 for all (LIDAR) range sensors i ∈ {1, 2, ..., I}

4 Ni =
θi

pi

5
"

xoff , yoff
#

=

$

I
!

i=1

|xi − xc|

I
,

I
!

i=1

|yi − yc|

I

%

6 (amax, bmax) =
"

dmax + xoff , dmax + yoff
#

7 for all measurements n ∈ {1, 2, ..., Ni}

8 measure distance d̃
[k]

i
(n) < dmax

9 h̃
[k]

i
(n) = 1− d̃

[k]

i
(n)/dmax

10 H̃
[k]

i
=

Ni
!

n=1

h̃
[k]

i
(n)

11 normalize H
[k]

i
=

1

Ni

H̃
[k]

i

12 end for

13 S[k] =
I

!

i=1

1−H
[k]

i

I

14 a[k] = S[k] · dmax + xoff

15 b[k] = S[k] · dmax + yoff

16 end for

17 E(k) = 1−

&

π · a[k] · b[k]

π · amax · bmax

18 end for
19 return energy grid vector GEellipse

The ellipse based energy model can be applied to any
kind of robot with range sensors. The number of sensors is
important as in standard SA-MCL, but the algorithm works
if most of the region around the mobile robot is sensed. For
example in Fig. 4 the right and left side of the robot is not
sensed but the algorithm finds approximately the same energy
value for any orientation at the same position.

V. RESULTS

A. Energy Distribution on a Map

In traditional SA-MCL [4], the particles were distributed
to different regions when the robot initially located on the
corridor of the map or at the corner of the map. Energy
distribution of the same map used in [4] is calculated with
our new energy function for a mobile robot in Fig. 4 and
traditional SA-MCL energy function for Pioneer mobile robot
utilized in [4] since the range sensors of the Pioneer mobile
robot are quasi-uniformly placed, but the front and rear laser
scanners of the mobile robot in Fig. 4 are not uniformly placed.
The achieved results (SER contours) are given in order in Fig.
5 and 6. The results explain that energy region classifications
of new function are smoother and more consistent, and the
achieved results are coherent with traditional SA-MCL.
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Fig. 5. Energy Distribution of Proposed New Energy Function

Fig. 6. Energy Distribution of Traditional SA-MCL Energy Function

B. Orientation Importance

The energy grid calculation in the traditional SA-MCL is
free from the orientation since it is assumed that the sensors
are uniformly placed on the robots. However, in our case, the
sensors are not uniformly placed on the robot. Although we
claim that the algorithm proposed in this study is independent
of the orientation of the robot, the variation of the energy
values with respect to the orientation should be investigated
whether negligible or not.

In Fig. 7, the energy values of 2 different positions on the
map (one is on the corridor and another around the corner)
are calculated for randomly selected 100 different orientations.
It is seen from the figure that the achieved ellipses for both
positions selected on the map have similar (a, b) dimensions
for each orientation. The energy value of the point at corridor
is calculated by proposed new energy function as 0.4415 with
1.85% standard deviation. On the other hand, the same value
is calculated as 0.4533 with 1.48% standard deviation by
traditional SA-MCL energy function. Similarly, the energy of
point around the corner is calculated by proposed new energy
function as 0.7451 with 2.10% standard deviation. On the
other hand, the same value is calculated as 0.7173 with 5.62%
standard deviation by traditional SA-MCL energy function. It
shows that near obstacles new method calculates energy better
and more reliable with respect to the orientation changes.
Traditional SA-MCL also has standard deviation since the
number of range sensors used is 18 as in [4]. To reach the
same energy for any orientation in traditional SA-MCL energy
function, infinite number of sensor must be utilized.

Fig. 7. Orientation Effects on Energy Distribution

C. Simulation Results

Here we show the test results of the proposed algorithm in
the Robot Operating System (ROS) environment [13]. For this
purpose,

(i) map energy grid and SER computation parts of the
standard SA-KLD-MCL algorithm in [11] were modified
with the ellipse based method proposed,

(ii) a highly symmetrical sample map (dimensions 10m x 8m)
and its grids (dimensions 10cm x 10cm) were created in
the Gazebo simulation environment,

(iii) 2 Hokuyo laser scanners were mounted on Jackal mobile
robot developed by Clearpath Robotics,

(iv) the positions of the laser scanners were chosen so as not
to provide the condition uniformly placed.

Robot Robot

(a) (b)

Fig. 8. SER Particle Distribution Robot (a) near corner (b) on a corridor

Then, the robot is controlled on Gazebo and the localization
performance of the proposed algorithm was monitored via
RVIZ. The particle distributions of the algorithm for different
initial positions are given in Fig. 8. The performance of the
improved SA-KLD-MCL with ellipse based energy calcula-
tion algorithm is visually demonstrated on Fig. 9. The first
three steps show the performance of the global localization
subroutine. The particles were distributed to SER in step 1,
gradually concentrated on actual pose of the robot. On the
other hand, position tracking performance of the algorithm is
visualized for the robot during the full tour on the map in the
last three steps. Similarly, the pose returns of the algorithm
proposed and actual poses were compared in Fig. 10. The
effects of particles utilized is also shown in Fig. 10. Global
localization lasted around 80 and 40 seconds for N = 4000
and N = 2000 cases respectively. It seems that the position
tracking performance was successful in both cases during the
tour of the robot on the map.
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1 2 3

4 5 6

Robot

Fig. 9. Global Localization (1-3) and Position Tracking (4-6) Steps of Mobile
Robot Using Improved SA-KLD-MCL with Ellipse Based Energy Calculation
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Fig. 10. Performance of SA-KLD-MCL with Ellipse Based Energy Calcula-
tion

Indigo release of ROS was used as the software framework
under Ubuntu 12.04 LTS operating system.

VI. CONCLUSIONS AND FUTURE WORKS

In this study, SA-MCL localization algorithm is improved
with the ellipse based energy calculation algorithm to remove
the sensor uniformly placement constraint of traditional SA-
MCL. The validity of the ellipse based energy calculation
algorithm is shown in terms of energy distribution on a
map, orientation dependancy, global localization and position
tracking performances in simulation. SER contours of im-
proved version are achieved smoother and more consistent than
traditional SA-MCL. It is demonstrated that the orientation of
the robot has less effects on the energy values. Moreover, the
algorithm proposed does not damage the global localization
ability of the traditional SA-MCL. Position tracking errors in
terms of mean squared error (MSE) are achieved 0.568 grids in

x direction and 0.068 grids in y direction for N = 2000 case.
On the other hand, N = 4000 case performance is worse that
MSE is 2.244 grids in x direction, 1.805 grids in y direction.
The results show that the position tracking performance of
the algorithm proposed is sufficient since MCL approches are
usually utilized for coarse localization applications in robotic.

In future studies, it is aimed to perform experimental
verification of the algorithm proposed. It has been shown in [4]
that the standard SA-MCL also works on multi-agent systems.
In this context, the effect of ellipse-based energy calculation
update on multi-agent systems can be examined. In addition,
the energy grid calculation in the SA-MCL is performed offline
at the beginning and no update is made during the localization
process. However, in real-world applications, the environments
are dynamic or quasi-static. For that reason, moving objects
filtering methods or an energy grid update mechanism can be
added to the algorithm achieved.
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Abstract— Microgrid is a distribution system consisted of loads 
and Distributed Generators (DGs) which are operating as a single 
power system to supply local area loads. DGs can provide various 
environmental and economical benefits but their presence in 
network poses great technical challenges in control, stability and 
protection sides which become a noticeable issues associated with 
the growing penetration of DGs in recent years. Power electronic 
interfaced DGs are of especial concern in microgrid control side as 
their control systems play a principal role in the DGs behaviors 
and subsequently microgrid stability. In this paper a hierarchical 
structure for multimode control system of inverter based DGs is 
presented which adaptively switches between Voltage Source 
Controller (VSC) and Current Source Controller (CSC) strictures 
according to network requirements during pre- and post-
contingency conditions. The proposed system is communication 
based and assisted by Microgrid Central Controller (MGCC) as a 
tertiary control level through communication channels. The 
effectiveness of the proposed system is evaluated and verified 
through a set of studies conducted in the MATLAB/Simulink 
environment.     

Index Terms—Adaptive Control, Hierarchical Control, 
Microgrid, Distributed Generation, Voltage Source Converters, 
Current Source Converters.  

I. INTRODUCTION

In the near future, implementation of Distributed Generators 
(DGs) units, including renewable energy sources, combined heat 
and power units, micro sources and energy storage units are 
expected to increase in power industry. Many DGs are added to 
networks through power electronic inverters at different scales, 
from several kilowatts to few megawatts. The utilization of DGs 
in power system has different benefits like, enhancing 
management system and reducing greenhouse gas emissions and 
electrical losses. However, despite having several technical 
benefits of the DGs, the presence of the electronically coupled 
DGs in the network poses create technical challenges in control 
and protection sides [1]. Such DGs are required to ride through 
faults and enhance seamless transition between islanding and 
grid connected modes [2], [3]. Therefore, it is important to look 
into control options and the necessities for reliable and stable 
operation of microgrid.  

Voltage Source Controller (VSC) and Current Source 
Controller (CSC) are two types control schemes that generally 
govern inverter based DGs [4]. This paper includes a detailed 
analysis of network control and stability during different 

contingencies, as well as faulty conditions for power distribution 
system, containing electronically coupled DGs with both control 
types. There are some publications in the literature related with 
this work. In [5] an algorithm for stabilizing of voltage source 
converter-based microgrid by adapting battery and droop control 
is proposed. In [6] VSC synchronizing control stability is 
investigated and positive-feedback system triggers 
synchronizing control stability. References [7]-[8] investigate 
the stability of DC-link voltage control of VSC base system. 
Paper [9] analyzes the stability of wind turbine during grid 
connection and effect of reactive power control on VSC control 
system stability is analyzed. Also some papers have discussed 
about the coordination between DGs control scheme and 
protection system. Paper [10] studied several scenarios for 
microgrids and coordination between control and protection 
systems.  

Recently, hierarchical structure for microgrid control has 
been proposed to standardize its functionality and operation 
[11]. Such a hierarchical approach consist of three levels. The 
primary control is the first level, which is independent, dealing 
with the local loops, and is performed by droop structure, voltage 
and current control loops. The primary control is responsible for 
maintaining voltage and frequency of the microgrid within the 
allowed limits subsequent to different contingencies. The 
secondary control is responsible for compensation of voltage 
and frequency derivations caused by primary control operation. 
At the highest level tertiary control takes the management of 
power flow and facilitate optimal operation of microgrid [12]. 
Although all the aforementioned studies propose different 
solutions for microgrid stability during different operation 
modes considering DGs control schemes but none take into 
account the post-contingency condition and propose an adaptive 
solution which can be implemented for prior, during and 
subsequent to faulty conditions. 

In this paper, a novel communication base thee-layered 
hierarchical structure for control system of inverter based DGs 
is proposed. The developed system is adaptive and become 
aware of prevailing condition of microgrid by assist of 
Microgrid Central Controller (MGCC) as tertiary control level. 
Therefore, during pre- and post-contingency conditions by 
obtaining mapping information from different units, the tertiary 
control detects the condition and by adaptively changes DGs 
control structure (VSC/CSC) and operation set points enables 
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DGs to ride through faults and disturbances also provides 
seamless transition between the operation modes of microgrid. 
In order to effectively validate the proposed control system, 
several study cases have been performed in MATLAB/Simulink 
software environment on time-domain simulation.    

II. PROPOSED CONTROL SYSTEM 

A. Adaptive Control Scheme  
Renewable energy resources and energy storage systems, 

which are interfaced to the microgrid through power electronic 
converters, are the main power supply in microgrid. To 
conceive a flexible and reliable operation of the microgrid, the 
capacities of import/export energy from/to the upstream grid 
and capability of operation in standalone and grid-connected 
modes are necessary. To achieve these objectives, inverter 
interfaced DGs with different types, capacities and control 
strategies may be utilized more widely in microgrids. As a 
consequence of the dynamic structure of microgrid, its stability 
concept becomes more complicated and quite different from 
traditional grid stability. Depending on the operation mode of 
the microgrid and its configuration, the network parameters and 
DG control strategies vary, so the voltage and frequency 
regulation are affected significantly. Therefore, a hierarchical 
and adaptive control scheme for the microgrid is essential. 

During grid connected mode of operation, the power flow in 
microgrid is bidirectional (there are power exchange between 
the microgrid and the upstream grid) and the utility grid is 
responsible for maintaining the output voltage and frequency of 
the microgrid. In most of the proposed DGs control systems by 
different researches, during grid connected operation, DGs are 

controlled in CSC mode (grid-feeding) and maximum power 
are extracted from the DGs. In the case of islanding operation, 
the load variation must be balanced by change in generation 
level so, DGs must have adequate capacities to fulfill maximum 
load demand during islanding operation. Otherwise, imbalance 
between production and consumption may lead to voltage and 
frequency instability.  

In the proposed hierarchical control scheme, a tertiary control 
level (MGCC) is established and all the DGs from different 
locations are connected to the MGCC unit through 
communication channels. Upon any change in operation 
condition or reconfiguration of microgrid (intentional/ 
unintentional islanding) the MGCC unit by receiving mapping 
information (DGs and PCC connection status and fault 
detection signals from protection relays) detects current 
configuration of the microgrid and by sending suitable control 
commands and operational set points, which are stored in 
MGCC database for all possible pre-  and post-contingency 
configurations, to the DGs primary controls adapts the control 
strategies of the DGs. In the proposed strategy, depending on 
different configurations, none or one or more of DGs would 
operate in grid-forming mode (VSI) and the responsibility of 
voltage and frequency regulation is given to primary controls of 
these DGs. 

In the proposed system, during islanding operation, the 
tertiary control level by receiving mapping information (the 
PCC disconnection) detects islanding condition and by sending 
suitable control commands and set points to all DGs, changes 
the operation mode of at least one of DGs to VSC mode (grid-
forming) which acts similar to a slack bus in conventional 

 
 

Fig. 1.  DGs control system. 
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systems. So the magnitude of frequency and voltage are 
developed by primary control level (droop control) of VSC 
based DG, which is responsible for voltage and frequency 
regulation during islanding operation. The rest of the DGs are 
controlled in CSC mode and deliver active and reactive powers 
according to their set points, which are provided by tertiary 
control level. 

When an unintentional islanding occurs (e.g., grid fault 
occurrence), the microgrid will divide in two different zones, in 
which protection and control analysis must be done separately 
and a distinct slack bus (VSC) must be specified for the islanded 
zone. In this regard, after fault occurrence, the MGCC by 
receiving fault detection signals from faulty section both ends 
relays and the PCC and DGs connection status, detects post-
contingency configuration. Therefore, the control mode of at 
least one of DGs is changed to VSC mode in the each islanded 
sections so the corresponding DG is responsible for voltage and 
frequency regulation in the islanded section.      

In general, the DGs working in grid-feeding mode (CSC) are 
classified into two categories: 1) DGs with uncontrollable 
power output (e.g., photovoltaic panel and wind turbine). The 
outputs of these types of DGs depend on weather conditions 
(wind speed and solar radiation) and will be affected by speed 
and condition of primary energy resources. Therefore, their set 
points are fixed to maximum production and they contribute to 
the system with full capacity. 2) DGs with controllable power 
output (e.g., micro turbines and fuel cells), whose output 
powers can be adjusted by their control systems. In the proposed 
system the output of all DGs are considered to be controllable 
during grid-feeding mode of operation.  Because of 
uncertainties involved in load demand and operation of 
microgrid and its planning, in order to compensate these 
fluctuations and to maintain frequency stability of the microgrid 
during islanding operation, a part of controllable DGs power 
capacities are considered as spinning reserves for the microgrid. 
Therefore, when the microgrid operates in islanding mode, 
beside the slack bus DG (VSC), these types of DGs (CSC) 
thanks to their secondary control inject their spinning power 
reserves into the microgrid to improve frequency behavior of 
the network.   

B. Hierarchical Model of the Proposed Scheme 
In this sub-section the mathematical equations of the 

embedded controllers in the proposed hierarchical control 
system, which are entirely illustrated in Fig. 1 are presented. 

1) Droop Controller: In the utilized droop controller in VSC-
based DG control system, the frequency and voltage droop 
characteristics can be used for controlling active and reactive 
power; 

 
𝜔𝑉𝑆𝐶 = 𝜔𝑛 − 𝑚𝑝(𝑝 − 𝑝0)                                  (1) 
𝑣𝑜𝑑

∗ = 𝑉𝑛 − 𝑛𝑞(𝑞 − 𝑞0)                                                            (2) 
𝑣𝑜𝑞

∗ = 0                                                                                         (3) 
 

where 𝑣𝑜𝑑
∗  and 𝜔𝑉𝑆𝐶 are reference voltage and frequency of the 

DG. 𝑉𝑛 and 𝜔𝑛 are magnitude of DG voltage and frequency in 
𝑞 = 𝑞0 and 𝑝 = 𝑝0; 𝑝 and 𝑞 are average active and reactive 
power of the DG, which passed through a low pass filter with 
cutoff frequency equal to 𝜔𝑛; m and n are 𝑃 − 𝜔 and 𝑄 − 𝐸 
droops gains. 

The droop controller enable DGs to share load demand 
information between each other. Droop controller equations can 
be expressed as; 

 
�̇� = −𝜔𝑐𝑝 + 𝜔𝑐(𝑣𝑜𝑑𝑖𝑜𝑑 + 𝑣𝑜𝑞𝑖𝑜𝑞)                                       (4) 
�̇� = −𝜔𝑐𝑞 + 𝜔𝑐(𝑣𝑜𝑑𝑖𝑜𝑞 − 𝑣𝑜𝑞𝑖𝑜𝑑)                                       (5) 
�̇� = 𝜔𝑉𝑆𝐶 − 𝜔𝑐𝑜𝑚                                                                     (6) 

 
where δ represents the angel between inverter rotational frame 
and common rotational frame. 𝜔𝑉𝑆𝐶 and 𝜔𝑐𝑜𝑚 are the frequency 
of inverter and common rotational frame, respectively. 𝑖𝑜𝑑, 𝑖𝑜𝑞, 
𝑣𝑜𝑑 and 𝑣𝑜𝑞 are the direct and quadratic component of output 
current and voltage, respectively. 

2) Voltage Controller: The equations related with voltage 
controller are written as [13]; 

 
�̇�𝑑 = 𝑣𝑜𝑑

∗ − 𝑣𝑜𝑑                                                                        (7) 
�̇�𝑞 = 𝑣𝑜𝑞

∗ − 𝑣𝑜𝑞                                                                         (8) 
𝑖𝑙𝑑

∗ = F. 𝑖𝑜𝑑 − 𝜔𝑛. 𝐶𝑓.𝑣𝑜𝑞 + 𝑘𝑝𝑣(𝑣𝑜𝑑
∗ − 𝑣𝑜𝑑) + 𝑘𝑖𝑣. 𝜑𝑑    (9) 

𝑖𝑙𝑞
∗ = F. 𝑖𝑜𝑞 + 𝜔𝑛. 𝐶𝑓. 𝑣𝑜𝑑 + 𝑘𝑝𝑣(𝑣𝑜𝑞

∗ − 𝑣𝑜𝑞) + 𝑘𝑖𝑣. 𝜑𝑞   (10) 
 

where 𝜑𝑑 and 𝜑𝑞 are the state variables related to voltage PI 
controller and other parameters represented in Fig. 1. 

3) Current Controller: The equations related with voltage 
controller are written as [13]; 

 
�̇�𝑑 = 𝑖𝑙𝑑

∗ − 𝑖𝑙𝑑                                                                      (11) 
�̇�𝑞 = 𝑖𝑙𝑞

∗ − 𝑖𝑙𝑞                                                                       (12) 
𝑣𝑖𝑑

∗ = −𝜔𝑛. 𝐿𝑓. 𝑖𝑙𝑞 + 𝑘𝑝𝑐(𝑖𝑙𝑑
∗ − 𝑖𝑙𝑑) + 𝑘𝑖𝑐. 𝛾𝑑              (13) 

𝑣𝑖𝑞
∗ = 𝜔𝑛. 𝐿𝑓. 𝑖𝑙𝑑 + 𝑘𝑝𝑐(𝑖𝑙𝑞

∗ − 𝑖𝑙𝑞) + 𝑘𝑖𝑐. 𝛾𝑞                  (14) 
 

where 𝛾𝑑 and 𝛾𝑞 are the state variables related to current PI 
controller and other parameters represented in Fig. 1. 

4) Power Controller: The power controller by receiving 
reference values (𝑃𝐷𝐺𝐾

∗  and 𝑄𝐷𝐺𝐾
∗ , can be regulated by MGCC), 

calculates current controller reference values (𝐼𝑙𝑑𝐶𝑆𝐶
∗ , 𝐼𝑙𝑞𝐶𝑆𝐶

∗ ) as 
follow; 
 

𝐼𝑙𝑞𝐶𝑆𝐶
∗ = 𝑃𝐷𝐺𝐾

∗ /𝑣𝑜𝑑                                                                  (15) 
𝑣𝑜𝑞 = �̇�                                                                                      (16) 
𝜔𝐶𝑆𝐶 = 𝑣𝑜𝑞. 𝑘𝑝𝑝 + 𝜆. 𝑘𝑖𝑝                                                       (17) 
�̇� = ω − 𝜔𝑐𝑜𝑚                                                                         (18) 

 
where 𝜆 is the state variable of power PI controller. 

5) Adaptive Controller: In the proposed control system 
during grid connected operation, all the DGs are operate as CSC 
mode according to tertiary control command. But in the case of 
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islanding operation (or long term contingencies, i.e. permanent 
faults) the tertiary control changes one or more DGs control 
level to VSC mode by sending control commands to primary 
control of the corresponding DGs. Therefore, at least one DG is 
controlled as VSC in each islanded zones and is responsible for 
voltage and frequency regulation at the corresponding zone. 
Thus, the magnitude of voltage and frequency are developed by 
its primary control level. 

In the developed control scheme, adaptive control block as a 
part of the primary control level by obtaining control commands 
(VSC/CSC) and corresponding reference values (𝑃𝐷𝐺𝐾

∗ , 𝑄𝐷𝐺𝐾
∗ ) 

from tertiary control level adaptively change the DGs control 
strategies after any reconfigurations. 

6) Secondary Controller: The secondary controller is utilized 
in CSC-based controller for maintaining frequency stability 
during islanding operation. Moreover, on the case of 
failure/unavailability of any of DGs during islanding operation, 
the slack bus (bus of VSC based DG) may be unable to 
compensate the supply-demand gap and black out may happen. 
In this regard, the CSC-based DGs in order to improve 
frequency behavior during islanding operation, thanks to their 
secondary controller unit, inject their spinning power reserves 
into the microgrid according grid requirements.  

 

𝑓�̅�𝐺𝐾 =
∑ 𝑓𝐷𝐺𝐾

𝑁
𝑖=1

𝑁
                                                                      (19) 

�̇� = 𝑓𝑀𝐺
∗ − 𝑓�̅�𝐺𝐾                                            (20) 

𝛿𝑓𝐷𝐺𝐾 = 𝐾𝑝𝑓(𝑓𝑀𝐺
∗ − 𝑓�̅�𝐺𝐾) + 𝐾𝑖𝑓. 𝜓                     (21) 

𝐼𝑙𝑑𝐶𝑆𝐶
∗ =

𝑃𝐷𝐺𝐾
∗

𝑣𝑜𝑑
+ 𝐾𝑝𝑓

𝑣𝑜𝑑
(𝑓𝑀𝐺

∗ − 𝑓�̅�𝐺𝐾) + 𝐾𝑖𝑓
𝑣𝑜𝑑

𝜓              (22) 
 

where 𝑓�̅�𝐺𝐾 and 𝑓𝑀𝐺
∗  are average and reference frequency of 

microgrid, respectively; 𝜓 is the state variable of frequency PI 
controller.   

7) Tertiary Controller: In the highest level of the proposed 
hierarchical control system, the tertiary control level (MGCC) 
detects the prevailing configuration and operation condition of 
the microgrid for pre- and post-contingency conditions by 
collecting operational data from PCC, DGs and protection 
relays, fault detection signals, through communication 
channels. Therefore, the MGCC sends suitable adaptive real 
and reactive power set points (𝑃𝐷𝐺

∗ ,𝑄𝐷𝐺
∗ ) and control commands 

(VSC/CSC) to power control and adaptive control blocks of the 
proposed control scheme, respectively, as shown in Fig. 1.  

III. SYSTEM STUDIES 

A. Model of Distribution System 
Fig. 2 shows single-line diagram of test microgrid which is 

used to investigate typical microgrid operation scenarios. The 
test microgrid contains four DGs, DG1 connected to bus 3 
through an inverter, is a 60 KVA, 380 V and 50 Hz fuel cell, 
DG2 connected to bus 6 through an inverter, is a 40 KVA, 380 
V and 50 Hz fuel cell, DG3 connected to bus 9 through an 
inverter, is a 55 KVA, 380 V and 50 Hz micro turbine and DG4 
connected to bus 13 through an inverter, is a 40 KVA, 380 V and 

50 Hz micro turbine. As well as the line data are represented in 
Table I. and loads data are in Table II. The test system topology 
is radial and it consists of 13 loads (numbered from L1 to L13) 
and 13 Buses (numbered from Bus1 to Bus13). Every lines are 
represented by symbols “Lij” (i and j represent the beginning 
Bus and ending Buses, respectively). The proposed test system 
in Fig. 2 is modeled in MATLAB/SimPowerSystems.   

TABLE I.  LINE DATA 

From Bus To Bus Resistance (Ω) Reactance (Ω) 
1 2 0.1502 0.0774 
2 3 0.1878 0.0968 
3 4 0.3756 0.1936 
4 5 0.3634 0.1904 
5 6 0.1502 0.0774 
1 7 0.238 0.14 
7 8 0.225 0.085 
8 9 0.145 0.112 
9 10 0.162 0.088 
4 11 0.21 0.15 
11 12 0.225 0.14 
12 13 0.11 0.066 

TABLE II.  LOAD DATA 

Bus Number P (KW) Q (Kvar) 
1 20 9 
2 8 6 
3 16 88 
4 16 10 
5 12 6 
6 10 4 
7 8 6 
8 10 5 
9 8 4 
10 8 4 
11 8 4 
12 10 4 
13 6 3 

 

B. Simulation Results 
Three test cases were carried out to test and validate the 

performance of the proposed adaptive control strategy. All the 
test cases are simulated in MATLAB/Simulink environment 
based on digital time-domain simulation. 

 
1) Transition from Grid-Connected Mode to Islanding 

Mode: This case study evaluates the effectiveness of the 

 
 
Fig. 2. Test distribution system model. 
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designed control scheme during transition from grid connected 
mode to islanding mode. During grid connected operation all the 
DGs operate in CSC mode and generate according to their set 
points and the excess production is absorbed by main grid 
(negative power flow for PCC), as illustrated in Fig. 3(a). After 
islanding inception at 1s, the tertiary control (MGCC) detects the 
condition thanks to whole microgrid monitoring through 
communication and by sending control command to the primary 
control of the DG1 adapts operation mode of it from CSC to 
VSC mode. As shown in Fig. 3(a), after islanding, the DG1 
(VSC) act as slack bus in conventional systems and in order to 
balance supply-demand and maintain voltage stability, decreases 
its generation (supply exceed demand) and other DGs operates 
as CSC and generate their maximum power as before islanding. 
Fig. 3(b) and 3(c) show the proposed system response, indicate 
that because of proper response of proposed control scheme, 
after a short transient period in the DGs voltages and the 
microgrid frequency at islanding incident, they can be restored 
to their corresponding reference set points.   

2) Load Variation Case: In this section, the performance of 
the proposed control system during load variation is evaluated. 
Subsequent to the microgrid islanding from previous case, the 
total load of the microgrid is varied according to Fig. 4(a) and 
corresponding response of each DGs is shown in Fig. 4(b) and 
4(c). As mentioned in previous case the operation mode of the 
DG1 is changed to VSC mode after islanding inception to 
maintain microgrid stability. Therefore, in this condition the 
primary control of the DG1 has a major role to compensate the 
load variation by adjusting its generation accordingly, Fig. 4(b) 
and 4(c). On the other hand, DG3 and DG4 thanks to their 
secondary control loops in their control algorithm (CSC), detect 
overload and frequency droop and try to improve frequency 
behavior by injecting their spinning power reserves into the 
network, Fig. 4(b). However, the DG2 because of the lack of 
secondary control loop in its control algorithm cannot detect the 
overload condition and doesn’t adjust its generation. It is 
observed from Fig. 4(d) and 4(e) that because of high 

performance of primary control of the DG1 (VSC) and 
secondary control of the DG3 and DG4 (CSC) and proper 
functionality of the proposed scheme, the DGs terminal voltages 
and the frequency of the microgrid restored to their prior load 
variation set points.  

3) Fault Occurrence Case: This case study tests the 
effectiveness of the proposed control scheme for prior, during 
and subsequent to a fault incident, which isn’t discussed in most 
literatures. Assume that after microgrid islanding in case 1, a 
three-phase permanent fault occurs at 8s at middle of line L34 
(Fig. 5(a)) and the fault is cleared by operation of both ends 
protection relays of the faulty section at 8.5s. After fault 
clearances, the microgrid is divided to two different zones, Fig. 
6, in which control analysis must be done separately for each 
zones. Therefore, the tertiary control level (MGCC) by 
continuously monitoring whole of the microgrid detects 
reconfiguration of microgrid subsequent to the fault and to 
maintain stability in the separated zone (zone 2) changes control 
strategy of the DG2 from CSC mode to VSC mode, which acts 
as a slack bus for zone 2. As seen from Fig. 5(b) and 5(c), 
because of desirable functionality of the tertiary control and 
proper cooperation and coordination of the DGs control systems 

(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
Fig. 4. Proposed system response to load variation case, (a) load variation 

pattern, (b) output active power of DGs, (c) output reactive power of DGs, (d) 
voltages of DGs, (e) frequency of microgrid. 
 

(a) 

 
(b) 

 
(c) 

 
Fig. 3. Proposed system response to islanding transition, (a) output active 

power of DGs and main grid, (b) voltages of DGs, (c) frequency of microgrid. 
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the voltage of the DGs and frequencies in both zones are restored 
to their corresponding prior fault nominal values. 

IV. CONCLUSION 
With the increasing concern to utilization of different types 

of DGs in power distribution systems and rapid development of 
multimode inverters, which are frequently used with renewable 
sources like wind power and solar PV, the impact of their 
operation mode (VSC/CSC) on microgrid stability and 
protection system become a serious problem. In this paper, an 
adaptive hierarchical structure for multimode control scheme of 
inverter based DGS is developed. In the proposed system in 
order to maintain voltage and frequency stability for different 
configurations prior, during and subsequent to fault periods, the 

tertiary control by continuously monitoring whole of network 
and obtaining mapping information from different units detects 
prevailing configuration of microgrid and then adaptively 
switches DGs control modes between VSC and CSC modes 
according to grid requirements. Different study cases have been 
conducted in MATLAB/ Simulink software environment and 
the effectiveness of the proposed system is validated during pre- 
and post-contingency conditions.   
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Fig. 5. Proposed system response to fault occurrence case, (a) fault 

current, (b) voltages of DGs, (c) frequencies of different zones.   
 

 

 
 
Fig. 6. Zones of the test system. 
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Abstract—This paper presents the design of a sliding mode 
controller (SMC) for trajectory tracking problem for a two-
link planar robot manipulator. A virtual prototype of the 
manipulator has been built by using Adams software. Also, the 
controller works is achieved in Matlab/Simulink software. The 
system is simulated in both Matlab and Adams software 
together which is called co-simulation. The manipulator system 
has two inputs (torques of actuators) and four outputs (angle of 
1st joint, angle of 2nd joint and x-y components of end effector 
position). The sliding mode controller (SMC) is designed with 
the constant variation reaching law. The simulation results 
show that the sliding mode controller (SMC) can successfully 
achieve trajectory tracking of a two-link planar robot 
manipulator according to the desired trajectory.   

Keywords—sliding mode control, two-link robot, robot 
manipulators, trajectory tracking, adams, matlab 

I. INTRODUCTION

The robot manipulators are commonly used in the 
industrial applications such as material handling works, 
continuous manufacturing systems, assembly lines, welding 
operations etc. The manipulators usually consist of rigid 
links are connected each other by the joints that allow motion 
of the neighboring links. The advantages of the planar robot 
manipulators are their high mobility and larger working area 
than other robot manipulator structures [1]. In the literature, 
the robot manipulators with two or three degrees of freedom 
are mostly used [2-3]. Also, the manipulators with four or 
more degrees of freedom are available in [4]. However, 
because of their complex dynamics and kinematics 
calculations, they have few widespread usages. Adams is 
software to build and simulate multi-body dynamics of 
platforms. Here, the virtual models are used to achieve 
desired layout of dynamic systems. Our former research 
which provided a background of the improving this paper 
presents development of a multi-body simulation model 
using by Adams software [5]. 

For many years, the problem of trajectory tracking 
control of robot manipulators has been discussed by 
researchers [6-7]. To deal with the trajectory tracking, the 
researchers have focused on the studies about the controller 
design such as fuzzy neural network [8], the PID [9], the 
SMC [10-11], the adaptive control [12-13], the time-delay 
control [14]. 

The sliding mode controller (SMC) was first introduced 
in the Soviet Union in the late 1950s and the first work on it 
was made by Emelyanov in early 1960s. In the 1977, Utkin's 
English books and articles were announced to the whole 
world. A new control approach with sliding mode was 
introduced by Utkin in 1992. Then the control strategy for 
linear and nonlinear systems, the different switching 
mechanisms and the creation of simple sliding-mode control 
rules are studied in [15-17]. The sliding mode controller has 
insensible feature against to errors in the modeling, the 
parametric change of the system and the external disturbing 
effects. Moreover, the SMC controller has many advantages 
such as robustness, stability, fast response, good transient 
performance [18]. 

This paper aims designing of a sliding mode controller 
(SMC) for trajectory tracking problem for a two-link planar 
robot manipulator. The numerical model of the system is 
modelled in Adams software according to the desired control 
loop. The Adams model has two inputs (torques of actuators) 
and four outputs (angle of 1st joint, angle of 2nd joint and x-y 
components of end effector position). The inverse kinematic 
equations of the planar manipulator are manually calculated. 
The reference angles of the joints are obtained to use as 
desired reference of the control loop. The sliding mode 
controller is designed and implemented for the trajectory 
tracking of end effector position. The controller 
performances are shown with graphics. It's shown that two-
link planar robot manipulator can be simulated and 
controlled in Adams and Matlab with co-simulation. 

This paper is organized as follows: in Section I 
introduction is given. In Section II, modelling and control of 
two-link manipulator with Adams and Matlab is given, 
followed by results and discussions are given in Section III. 
Finally, conclusion is drawn in Section IV. 

II. MODELLING AND CONTROL

Modelling and controlling strategy of the system and the 
system model is given in Fig 1. To obtain the dynamic model 
of two-link planar robot manipulator, Adams software is 
used. System parameters which are shown in Table 1 are 
defined in Adams. Thus, more realistic model is acquired. 
Besides this, it is very important to Adams cooperate with 
Matlab/Simulink. 
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Fig. 1. (a) Strategy of the study and (b) the system model 

The two-link planar robot manipulator is able to move in 
x-y plane. Firstly, the manipulator system is modeled in 
Adams. The Adams model has two inputs (torques of 
actuators) and four outputs (angle of 1st joint, angle of 2nd 
joint and x-y components of end effector position). The 
system parameters can be seen in Table 1. Then, created 
manipulator system is exported to the Matlab in order to 
perform controller design works in this software at the 
Simulink.  

TABLE I.  PROPERTIES OF TWO LINK ROBOT MANIPULATOR 

M1 Mass of the first link 1.2 kg 
M2 Mass of the second link 1.5 kg 
L1 Length of the first link 0.15 m 
L2 Length of the second link 0.2 m 

I1zz Mass moment of inertia of the first link 1.8 kg.m2

I2zz Mass moment of inertia of the second link 2.3 kg.m2 
T1 Torque applied to the first link N.m 
T2 Torque applied to the second link N.m 

θ1 Angle of the 1st joint Degree 

θ2 Angle of the 2nd joint Degree 

 

The controller design of the manipulator system is 
performed by using the sliding mode controller (SMC). SMC 
is a robust nonlinear control method which is insensible 
against external disturbing effects and parametric variations 
of the system. SMC is composed of two parts as reaching 
phase and sliding phase and its phase portrait can be seen in 
Fig 2. Firstly, sliding surface is designed for the system to be 
controlled. Then, the control signal which is switched in high 
frequency slides the state trajectories of the system to this 
surface in the phase portrait. The movement along this 
surface represents output action of the system. This 
movement in sliding surface represents the sliding mode. On 

the other hand, stage from the starting point to the sliding 
surface is called as reaching phase. If states of the system are 
on sliding surface, it provides durability against to parametric 
variations and disturbing effects. 

e(t)

ė(t)

Reaching Phase

Sliding Surface, s(t)=0

Sliding Phase

 

Fig. 2. Phase portrait of the SMC 

During the implementation of the SMC, there is 
important relation between torques of actuators (T1 and T2) 
and angles of joints (θ1(t) and θ2(t)). This relation has 
significant role to obtain the control signal (u(t)) which is 
applied to the input of the system. Main purpose of SMC is 
that controlled system output θ(t) can track desired output 
θd(t). Additionally, u(t) which is minimized tracking error 
can be produced. Thus, the system reaches to sliding surface 
and error converges to zero in sliding surface. 

For the angle of 1st joint of the manipulator, tracking 
error is defined as (1). 

                        (1) 

According to the tracking error, sliding surface can be 
determined as (2). 

                              (2) 

For reaching phase of SMC, the constant variation 
reaching law is used. This law can be represented by (3). 

                              (3) 

Where K is a positive value and sign() is the signum 
function defined as (4). 

, 	
, 	
, 	

                 (4) 

Description for sliding surface can be made as follows 
(5) and derivative of sliding surface is shown in (6). 

   (5) 

             (6) 
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Controller Design 
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If θ1d(t) is assumed a constant, the first and the second 
derivative of θ1d(t) are zero. Thus, (6) is rewritten as in (7). 

             (7) 

Later, if these equations are synthesized, u1(t) control 
signal that is related with the angle of 1st joint of the 
manipulator is produced as (8). 

       (8) 

If the same procedure is applied for the angle of 2nd joint 
of the manipulator, u2(t)  control signal is obtained as (9). 

       (9) 

The equations (8) and (9) are obtained by simulating the 
mass-spring-damper system. Here the coefficients (m1, m2, 
a1, a2, f1, f2, h1, h2) are related with the dynamics of the 
system. Others (K1, K2, 1, 2) are concerned with the 
controller. All these coefficients are determined by obtaining 
second order transfer functions by using Matlab/System 
Identification Toolbox. 

The general block diagram including system modeling 
and controller design can be seen in Fig 3. The system is a 
multiple input – multiple output (MIMO) structure which 
consist of pre-defined two inputs and four outputs. The 
inputs are defined as controller (torques, N.m). Similarly, 
outputs are defined as angle of 1st joint (deg), angle of 2nd 
joint (deg) and x-y components of end effector position. 

Also, the inverse kinematic equations of the planar 
manipulator are manually calculated to obtain angles of the 
joints which are used as reference of the control loop. 
Moreover, x-y components of the end effector position are 
investigated in order to check the trajectory tracking of the 
manipulator. 

 

Fig. 3.   Block diagram of the system 

In the system, the trajectory which is composed of the 
starting point (0,350) and the endpoint (200,50) in x-y plane 
is expected to be followed by the manipulator. Firstly, the 
related angles of joints are manually calculated by using the 
inverse kinematics of the system. Then these angles are 
applied to the input of the system. The controller is always 
active during simulation period. 

III. RESULTS AND DISCUSSION 

In this part, the control approach is verified on the 
simulation. The controlled system responses and the 
simulation results are investigated to check the controller 
performance. For the desired angles of joints (Theta 1 and 

Theta 2), the inverse kinematics of the manipulator is 
manually acquired to use as the desired input of the system. 
The joint angles are shown in Fig 4 and Fig 5, respectively. It    
can be observed that the tracking performance of the 
manipulator is satisfactory for both angles of the joints. 

 

Fig. 4. Angular response of the system for Theta 1 

 

Fig. 5. Angular response of the system for Theta 2 

Fig 6 and Fig 7 show the tracking response of the 
position of end effector in x-y plane, separately. The 
manipulator is successfully reached to the desired endpoint 
(200,50) in nearly 2 seconds. 

 

Fig. 6. Tracking response for x-coordinate 

 
Fig. 7. Tracking response for y-coordinate 

 

In Fig 8 and Fig 9, the errors and the derivative of errors 
for SMC for both joints are shown. In these figures, SMC 
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forces successfully errors to the origin. When the external 
disturbing effects happen, the errors converge to zero. 

 
 

Fig. 8. Phase Portrait for Theta 1 
 

 
 

Fig. 9. Phase Portrait for Theta 2 

 

IV. CONCLUSION 

There is a lack of knowledge in simulating and 
controlling of the two-link planar robot manipulator systems 
with Adams and Matlab. In this study, it is shown that the 
two-link planar robot manipulator system can be simulated 
and controlled in Adams and Matlab. Also, for future works, 
this study can be base for simulation and control of the 
manipulator systems. 

These systems have nonlinear characteristics. To develop 
realistic approaches to such kind of the system, effective 
software solution is very important. In this study, it is shown 
that Matlab and Adams are efficient in simulating and 
controlling the nonlinear systems like robot manipulators. 

In this study, joints angles of the two-link planar robot 
manipulator are controlled. Controller design procedures and 
controller efficiency are shown with graphics. Thus, design 
parameters and required equipment for future works and 
experimental studies are determined. 
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Abstract—In this study, an autonomous robot that collects 
scattered tennis balls in a tennis court is designed and developed. 
The robot perceives the balls by using a camera placed on it and 
starts to collect the balls starting from the nearest ones. 
Mechanical design is achieved with considerations given to 
increase ease of ball capturing and to prevent captured balls 
falling out. Image processing is implemented using OpenCV 
libraries on Raspberry Pi 3. Using edge detection algorithm and 
appropriate color filter, tennis balls are detected and sorted by 
their distance to the robot. After the generation of desired robot 
angle, it is converted to appropriate motor velocity values and 
transmitted to the motor controller unit. In order to achieve the 
operation, four DC motors are used. Two of them are used for 
platform movement, one of them is used to control camera angle 
for ball scanning operation, and the last one is utilized for ball 
capturing mechanism. On motor controller board with ARM 
MCU, position and velocity control of two DC motors with rotary 
encoders are achieved by discrete PI controllers. System design is 
validated through real world experimental tests. 

Keywords— ball collecting, image processing, system modelling, 
discrete time PI controller, MATLAB Simulink, OpenCV  

I. INTRODUCTION

Collecting the tennis balls after the tennis match is a tiresome 
and hard task especially for a tired person. In order to ease life 
and change the tradition, the design of autonomous robot which 
collects the scattered tennis balls in the tennis court has been 
performed. In literature survey, different designs for collecting 
the tennis balls from the court are being observed. Before 
explaining the proposed design r, the existing concepts in the 
literature and the design requirements taken into consideration 
during the whole phases are mentioned briefly. 

Fig. 1. Vacuum cleaner type collector [1]. 

The design stated in [1] operates with a principle of vacuum 
cleaner. It is shown in Fig. 1 and this design can collect up to 
200 balls [1]. 

The second type of tennis ball collector named as Eagnas 
Cylinder Collector is shown in Fig. 2 [1] and as seen from the 
figure it is not an autonomous robot. 

Fig. 2. Cylinder type collector [1]. 

The third design is Bear Claw Ball Collector shown in Fig. 
3. The design is made by the students of Berkeley University.
The robot perceives the ball by the help of camera and moves
nearby the ball. After that, it takes the ball in it with mechanical
gripper [1].

Fig. 3. Robot arm type collector [1]. 

The operating environment of robot specifies the design 
requirements. The condition of operating environment does not 
affect the electronic design as much as mechanical design. 
Mechanical and electrical design requirements for tennis ball 
collecting robot are determined as follows: One of the design 
criteria is that the balls collected should not restrict the 
movement of robot. Another criteria for mechanical design is 
location of the camera. The camera should be able to see the 
whole area to search for ball and any component of the robot 
should not affect the vision of the camera. Attention to the ball 
collecting mechanism should be paid for an efficient collection. 
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The vibration caused by motor or robot movement should not 
affect the camera in order to achieve image processing. 

In order to move the robot for following a desired path, the 
control of velocity and deviation angle from the path is 
important. For the prevention of the angular deviation, position 
information is obtained from encoders and by taking the 
derivative of the position, velocity is calculated. The deviation 
angle is directly calculated by the position information supplied 
by encoders and the kinematic model of the robot. 

Additional design criterias are esthetics, robustness light 
weight. The necessity of being light weight ensures the operation 
time to increase and less charging necessity. Another advantage 
of being light weight is increment of the number of ball that can 
be collected. 

In this study, it is aimed to explain the following topics 
respectively: perceiving the tennis balls by camera located on 
the robot, generation of reference signals, moving the robot 
nearby the ball using reference signal and taking balls into robot 
by using collecting mechanism. The organization of the paper as 
follows: In the second part proposed design is explained. Third 
part explains the utilized electronic hardware and the 
implemented software for platform movement and control. Next 
section introduces the r control algorithms and the derived 
kinematic model of system. Fifth section provides information 
about image processing. The paper is concluded with the real-
world experiments and conclusion part. 

II. PROPOSED DESIGN 

Tennis ball collecting robot consists of a ball collecting 
mechanism, electronic hardware, movement mechanism and 
ball stacking parts. When the robot is in action, the ball 
collecting mechanism operates continuously and by the help of 
propeller of collecting mechanism, balls are collected into the 
stacking area. The size of the robot is specified as 
350x650x235mm, and it weighs 5,4 kg when the whole 
integration of electronic component and battery is made on the 
mechanical structure. The mechanical design of the robot is 
performed by using Solidworks®. 

 
Fig. 4. Mechanical design. 

In Fig. 4, the predesign and placement of equipment on the 
robot are shown. Mechanical structure is formed by plexiglass 
with 3mm width and the mile of collecting mechanism is 
produced via 3D printer. In the robot design, four wheels are 
used. Two of them are caster wheels and located to the head and 
stern of the robot. Remaining two wheels are located to right and 
left middle of the robot. They are controlled by two 

independently excited DC motors. The ball collecting 
mechanism is placed in front of the robot in order to take balls 
inside and movement of the propeller is achieved by the help of 
another DC motor. The camera is placed on top of the robot and 
a servo motor is mounted to the camera for searching the balls. 
In the middle and second flat of the robot, battery and remaining 
electronic devices are mounted as it is seen in Fig. 4. Ball 
stacking area is designed at rear side of the robot which has 
approximately 20 ball storing capacity for each collection 
period.  

The name of the designed robot is 3TR, which is the 
abbreviation of Tennis Ball Collector Robot in Turkish. 

III. ELECTRONIC HARDWARE AND SOFTWARE 

In this work, 3 electronic boards are utilized for robot’s 
operation. First electronic board is used for image processing. 
Second one is motor drive control board containing 
STM32F446RE ARM processor. The last one is the DC/DC 
converter board. There exist 2 main software for ball detection, 
calculation of the appropriate path and motion control. The first 
software performs on Raspberry Pi 3 board and is used for ball 
detection and calculation of optimum road among the tennis 
balls. The second software is used for platform motion control 
which is explained in remining sections. 

A. Hardware 
In this project in order to energize the robot 12V 7Ah Lead-

acid battery is used. SMPS (Switch Mode Power Supply) type 
DC/DC converters are used for the necessary voltage levels from 
the battery to processors, motor control board and other 
electronic equipment.  

In motor control board STM32F446RE ARM based MCU is 
preferred. STM32F446RE MCU has enough processing 
capability (180 MHz) for this project. In addition, the MCU has 
FPU (Floating Point Unit) in order to make the floating point 
calculations. Internal encoder counting hardware is another 
advantage which helps us for obtaining the encoder data 
properly. The communication hardware is used to observe the 
connected sensors and variables. HC-05 Bluetooth module is 
used for the observation of the variables from remote while the 
robot is in motion. Raspberry Pi 3 is used for image processing 
and taking data from the Pi camera. Since the image processing 
algorithms require high processing capability and high memory, 
this board is selected which has 1.2 GHz 4 core ARM based 
processor and 1 GB system memory. Raspberry Pi3 and motion 
control board communicates via USB CDC (Communicate 
Device Class). 

Two motors which have properties of 25 mm width mile, 
metal gear and internal encoders are used to move the platform. 
These motors have 47:1 gear ratio and 210 rpm maximum speed. 
Under maximum operating conditions each motor draw the 
current of 5,6 A from 12V and generates the torque of 12 kgcm. 
In addition to these; another 12V motor is used for the movement 
of collection mechanism.  

Motors for moving the robot are controlled with VNH5019 
dual motor driver card of Pololu Company. The motor of 
collective mechanism is controlled with L298 motor driver. 

Ball Stacking Area 

Movement Wheel 
Ball Collecting 

Mechanism 

Electronic Devices  
Battery 
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B. Electronic Card Software 
1) Raspberry Pi 3 Software 
On Raspberry Pi 3, Debian based Raspbian operating system 

is used. Image processing and communication algorithms are 
implemented via Python software language. 

2) Motor Control Software 
Since there is not an operating system on MCU, finite state 

machine is used for the management of different features 
accurately. The designed finite state machine structure is 
illustrated in Fig. 5. 

SYS_RUN

SYS_
RESET

SYS_
ERROR SYS_INIT

Waiting 
Raspberry 

Pi

EVENT_COMPLETE

EVENT_ERROR EVENT_NO

SYS_IDLE
EVENT_NO

SYS_TEST
_RPI_
COM

SYS_TEST
_RIGHT_
MOTOR

SYS_TEST
_LEFT_

MOTOR

SYS_TEST
_SERVO

EVENT_TEST_RPI_COM
EVENT_RUN

EVENT_TEST_RIGHT_MOTOR
EVENT_TEST_LEFT_MOTOR

EVENT_TEST_SERVO

EVENT_RESET

EVENT_ERROR

EVENT_COMPLETE

EVENT_NO

EVENT_COMPLETE

START

EVENT_NO EVENT_NO EVENT_NO

EVENT_NO

EVENT_NO EVENT_NO

EVENT_CLEAR_ERROR

 
Fig. 5. Finite state machine of MCU. 

 
Sub units of MCU are activated in “SYS_INIT” mode and 

the system is made ready to be used by service software. In 
addition, the parameters of discrete PI controller to control 
motors is adjusted in this mode. 

In the mode of “WAITING RASPBERRY PI”, robot waits 
for the start of the operating system of Raspberry Pi 3 and 
communication. 

Entire device becomes functional in the mode of 
“SYS_IDLE”. Here, the motor control card waits for the desired 
command from Raspberry Pi 3. 

In the mode of “SYS_TEST_RPI_COM”, the 
communication with Raspberry Pi is controlled. 

In the mode of “SYS_TEST_RIGHT_MOTOR” and 
“SYS_TEST_LEFT_ MOTOR”, the test command is applied to 
check the platform movement motors if they are operating 
proper or not. For this aim, the current drawn by motors and 
angular velocity of the motors are controlled. If any of platform 
movement motors is operates faulty, the condition of robot is 
observed in detail. Similar process is performed in In the 
“SYS_TEST_SERVO” mode which tests the remaining motor. 
Under the condition of fault, the robot state is firstly moved to 
“SYS_IDLE” mode and then “SYS_ERROR” mode. 

In “SYS_ERROR” mode, the motor control is no longer 
functional and no command is generated to the motors. Only 

the communication with Raspberry Pi is active and it does not 
change the mode until the fault is removed. If necessary, motor 
controller is being reset by Raspberry Pi and the control of fault 
condition is done by the help of previously explained test 
modes. 

In “SYS_RESET” mode, no action is taken. Hard reset 
process is applied by using ARM core registers. The device 
restarts from “START Mode”. 

IV. SYSTEM EMULATION AND CONTROL 

A. The Kinematic Model of System, the Modelling of Sub-
parts and Structures 
A mobile robot has 6 degrees of freedom (x, y, z, roll, pitch, 

yaw) in 3D space. The three of them gives the information of 
location change and the other three represents rotation 
information. The robot moving in 2D space has 3 degree of 
freedom which are x, y and .  is used for representing the yaw 
angle of robot. The kinematic model of robot in 2D space is 
derived for using three degrees of freedom. Before the 
derivation of the kinematic model equations, some assumptions 
are made as follows:  
• The robot moves on plenary platform. 
• The wheels of robot are always perpendicular to the 

surface. 
• The wheel which is controlled by DC motor moves without 

drifting. 
• The robot has no elastic parts. 
• Only moving parts of the robot are its wheels. 
 
Abbreviation list used in calculations are illustrated as follows:  

 : The distance of two wheel center 
 : Angular velocity 
 : Linear Velocity 
 : The linear velocity on X- axis 
 : The linear velocity on Y axis 

 : Deviation Angle 
,  : The moving distance of right and left wheel, 

respectively 
The kinematic model of robot shown in Fig. 6 are 

represented by equation (1), (2) and (3), which are standard for 
differential drive mobile robots [4].  
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Fig. 6. Representation of two-wheel differential drive mobile robot in terms of 
kinematic parameters. 

 
 
 

 

 
General configuration vector concerning 3TR is given in 

equation (4), where X and Y are the position vector of 3TR and 
is orientation angle. 

 
		 		  

 
Kinematic equation model of 3TR is obtained from 

aforementioned variables as shown in equation (5).   
 

 

 
Block diagram of system based on above equations is shown 

in Fig. 7. 
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Fig. 7. Control block diagram of the 3TR robot. 

 
As it is indicated in Fig7, if difference between reference 

yaw angle and calculated yaw angle from measurements - 
called as yaw error- is zero, magnitude of velocity input signals 
for both of the motors are same. Thus, the robot goes straight 
for a zero yaw error as expected. If the error is different than 
zero, one of the actuators gets higher magnitude of velocity 
signal which results with a turning maneuver to minimize the 
yaw error. The yaw controller is designed as a P controller since 
the integrator of PI velocity controllers of the motors helps to 
eliminate the steady state error of the yaw controller. Yaw 
controllers P value is determined as 5 manually, after the design 
of PI controllers of each motor, as explained as follows.  

In order to design the PI velocity controllers of each motor 
that are shown in Fig.7, a transfer function for the model of the 
system is required. System identification approach is used for 
modeling, where the model’s input is motor voltage and the 
output is motor velocity. Sine waves in different frequency 
values and step inputs applied to the actuators and encoder data 
are measured simultaneously. Sample time is used as 	
	 	  The relationship between input and output signals is 
estimated by using ARX Algorithm in System Identification 

Toolbox of MATLAB®. The estimated discrete transfer 
function is shown in equation (6). 

 

 

 
Before designing the controller based on the estimated 

model, we need to check if the model is realistic enough. Fig.8 
shows the responses of model and the real system. According 
to the tests, the model is observed as reliable for controller 
design. 

 
Fig. 8. Verification of the estimated model actuator model. 

 
 

Velocity controller's PI parameters decided via MATLAB 
auto tune function, for 1sec settling time ( ) and damping 
ratio of 1 ( ), following by a fine tuning process. The 
proportional and integral coefficients of the controllers are 
found as:  , . 

Fig.9 shows the yaw controller’s performance, where the 
yaw angle is calculated by real encoder measurements and the 
identified system model. Fig.10 is the representation of left ad 
motor speeds from measurements and system model. These 
results also verify that the system model fits to the real system. 

 

 
Fig. 9. Verification of the yaw angle according to the obtained model. 
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Fig. 10. Motor movements during yaw angle verification. 

 

B. PI Controller Implementation 
Discrete PI controllers are implemented in C language for 

the embedded system. A generic PID controller structure in z-
domain is illustrated in equation (7). In this structure the  
integration method is chosen as Trapezoidal and filter 
integration method is chosen as Backward Euler.  

 

 
Difference equations from (7) are implemented as shown in 

(8), (9) and (10) for proportional, derivative and integral control 
parts, respectively. 

 
 

 

 

 

 

 
As wee inspect the poles of (6), we can see that the system 

has a pole with maximum frequency of 4.1Hz. So the sampling 
frequency should be two times greater than the maximum pole 
frequency (11). 

 
	  

 
10 ms sampling time (100Hz) is used for the 

implementation of the controller along with other low level 
functions. 

Since the controllers for the right and left motors are chosen 
as PI, the derivative gain is taken zero in previous equations. 

V. IMAGE PROCESSING AND RASPBERRY PI COMMUNICATION 

Tennis balls are detected using an image processing 
algorithm. Color and shape of tennis balls are the main features 
for detection. Yellow is the most common color for tennis balls 
and it is used as a first feature for our robot. The fact that tennis 

balls are of single color and tennis courts are blue, green or 
claret red makes it easy to detect the balls from color property. 
In addition to color, roundness of objects which is calculated by 
the help of the edge detection algorithms, is also considered. 

Canny edge detection method is used for edge detection. As 
a first step, the image is converted to grayscale and processed 
by a smoothing filter. Edge gradient and angle values are 
calibrated to achieve the best outer edge detection of objects. 
By this way, object roundness is also considered in addition to 
color filter for detection of tennis balls. 

HSV (Hue, Saturation, Value) color space is chosen for 
color filtering after some practical tests. This choice results with 
a more successful detection comparing to other spaces such as 
RGB (Red, Green, Blue). Appropriate Hue interval for tennis 
balls is chosen as [50-75] after numerous trials. In order to 
eliminate the noise and reflections, Saturation and Value 
variables are restricted within the [20-235]. Erode and dilation 
filters are used for additional noise reduction. 

Detected tennis ball diameter and instantaneous coordinates 
are stored in a vector variable. Tennis balls are listed by their 
closeness to robot. Number of pixels for the ball is used as a 
measure of distance. Nearest ball is always the first goal for the 
robot. In order to calculate the desired yaw angle to reach the 
ball, trigonometric ratio between tennis ball center and line in 
the middle of captured image. Using the horizontal and vertical 
distance values in Fig. 11, the angle information is obtained as 
shown in equation (12). 

 
Fig. 11. Ball perceiving by means of image processing. 

 

 

: Vertical distance between ball center and bottom side of 
image. 

: Horizantal distance between ball center and image center. 
 

The ball collection algorithm of upper controller running on 
Raspberry Pi is shown in Fig. 12.  Initially, system resets motor 
control board, immediately after system will be matched these 
two board and matches the controller boards. After this, 
“collect” stage is activated if tennis ball is detected through the 
obtained image. If there is not a ball in field of view, the camera 
attached to the servo motor scans 120° area from right to left. 
After this scan, if a tennis ball is detected, system head toward 
to nearest ball. If there is no ball detected, robot turns itself by 
120° to find a ball. After the coverage of 360° without a ball 
detection, system enters stand-by mode.  
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STOP
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Fig. 12. The algorithm for ball collection in Raspberry Pi. 

VI. EXPERIMENTS 

In the experimental part of the study, it is observed that the 
robot collects the balls which are placed in front, in right front 
and behind the robot. After the balls in front of the robot are 
collected (Fig. 13), it rotates 120 degrees around as expected 
for searching the remaining balls (Fig. 14). Following that, 
robot moves to the balls for the collection (Fig. 15). The video 
that the robot is collecting the balls autonomously, can be 
watched from [11]. 

 

 
Fig. 13. Robot forward motion. 

 

 
Fig. 14. The robot searches for the ball behind with 120 degrees of opening. 

 

 
Fig. 15. Finding the ball behind the robot and picking up the robot. 

VII. CONCLUSION 

In this study, an autonomous robot 3TR which collects the 
tennis balls autonomously in a tennis court, is designed and 
implemented. The balls are detected through image processing 
and best route is decided for an easy collection. In order to 
control the yaw motion, kinematic equations of the robot are 
used. These kinematic equations provide the measured heading 
angle from encoders. The yaw angle controller decides the 
appropriate velocity signals for the motors. PI velocity 
controllers are designed by the help of the system model which 
is obtained from system identification. The controllers are 
embedded to ARM microprocessor. The yaw angle reference is 
determined by image processing software which detects the 
nearest ball and its angle to the robot.  This procedure continues 
until all the balls finishes. As a future work, new mechanical 
design for faster ball collection and higher ball capacity can be 
developed. 
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Abstract— This paper presents the mechanical design of a 
custom built two wheeled inverted pendulum, named as YAFT, 
and an intelligent control system structure to solve its control 
problems. YAFT is equipped with various sensors, from IMU to 
camera, and processing units, from STM to Raspberry PI, that 
give the opportunity to deploy YAFT in telepresence, cognitive 
robotic and human-machine applications. As we have preferred to 
use low-cost market components, we perform a deflection analysis 
to show that YAFT has a rigid body frame and then derive its 
dynamical model. We propose also an intelligent control structure 
that is capable to handle the real-world uncertainties resulted 
from low-cost components. The proposed intelligent control 
structure takes up and merges the frameworks control theory, 
fuzzy logic and sensor fusion in order to solve the stabilization and 
position control problems of YAFT. Comparative experimental 
results are presented to illustrate the effectiveness of the proposed 
control structures on the YAFT in real-time. 

Keywords— Two-wheeled Inverted Pendulum; Real-time 
Control, Intelligent Control System; Fuzzy Logic; Sensor Fusion  

I. INTRODUCTION

In the past years, Two-Wheeled Inverted Pendulums 
(TWIPs) have become very popular as they provide challenging 
control problems and as they are also encountered in commercial 
applications such as Segway and Telepresence of Double 
Robotics. In literature, there are various manufactured TWIPs 
with a large variety of hardware, sensing and control methods 
settings [1-2]. The TWIP inherits challenging problems such as 
stabilization and coupled dynamics of motion control. In 
literature, there are various studies that handle only the swinging 
body stabilization and longitudinal motion control problems [3-
4] whereas there are also some studies that take account only the
lateral dynamic problem [5-7]. To solve these problems, a wide
variety of control structures have been proposed such as sliding
mode control [8-9], neural network control [10-11], LQR [12-
13], model predictive control [14-15] and fuzzy control [16-18].

In this paper, we will present a custom built TWIP, named 
as YAFT and shown in Fig. 1, and an intelligent control system 
structure to solve its stabilization and position control problems. 
The manufactured YAFT has important features that give the 
opportunity to deploy it in the telepresence, cognitive robotic 
and human-machine applications. We will firstly introduce the 
mechanical and electronic components of YAFT and then 
present the proposed intelligent control system structure. In the 
mechanical design of YAFT, we have preferred and used low-
cost market components. We have performed a deflection 

analysis results conducted via Solidworks to show that the 
YAFT has a rigid body frame and thus it is possible to derive its 
dynamic model. Then, we will present the electronic 
components of YAFT such as MCU, IMU and communication 
protocol that are crucial for the proposed intelligent control 
structure.  

Fig. 1. Illustration of YAFT 

The proposed control system architecture is designed with a 
fuzzy logic based intelligent control structure that is capable to 
handle the mechanical backlash and uncertainties due to the 
usage of low-cost market components. The designed and 
deployed control structure has three important components 
which are a sensor fusion mechanism to estimate pendulum 
angle and two main control loops to solve the stabilization and 
position control problems of YAFT in real-time. We will firstly 
present the deployment of Kalman Filter (KF) based IMU sensor 
fusion method to estimate pendulum angle of YAFT. Then, we 
will present the design of the heading angle control system and 
the intelligent cascaded control system for the stability and 
position control of the YAFT. In this structure, we will prefer to 
employ conventional PID controllers to ensure the stability of 
YAFT whereas a fuzzy logic controller for a precise position 
control. We will finally present various experimental results to 
show that the intelligent control structure is capable not only to 
result with a satisfactory performance in various operating 
points but also robust in presence of uncertainties and noise.  
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This paper is organized as follows. Section II will present 
YAFT while the intelligent control structure will be given in 
Section III. Section IV will provide comparative experimental 
results, and the driven conclusion will be given in section V. 

II. YAFT: THE TWO WHEELED INVERTED PENDULUM 

A. Hardware Description of YAFT 
In this section, we will present the manufactured real-world 

YAFT which is shown in Fig. 1. YAFT has a height of 153 cm 
and weight of 5.6 kg. To eliminate the wheel slipping issues, we 
have preferred to use high friction polyurethane wheels. As we 
had the aim of a low-cost design, the carrier body of all 
electronic parts is designed and assembled with acrylic sheets. 
The pendulum of YAFT is manufactured from a stainless steel 
pipe to end up with a rigid structure. The mechanical design of 
the real-world YAFT is accomplished via the Solidworks. The 
carrier body design is finalized through a deflection analysis. In 
the primary design, the carrier body is constructed with a single 
acrylic sheet but the static analysis has showed that there could 
be 1.535mm deflection at the center of sheet. As this might result 
with a flexible body and thus increase the complexity of the 
dynamic model, we have supported the carrier body with side 
brackets in order to reduce the deflection as shown in Fig. 2. 
Thus, we were capable to reduce the deflection at the center to 
0.189mm. It is worth to underline that the deflection analysis has 
been carried out with safety factor of 2 which means double 
times of its weight is applied to carrier body. 

 
Fig. 2. Strength analysis of carrier body 
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Fig. 3. General structure of YAFT electronics system  

YAFT is equipped with the electronic components given in 
Table I. As shown in Fig. 3, the STM32F4 microcontroller 
discovery board is used as the MCU since it has a high 
processing speed of 168Mhz and 1Mbyte flash memory. These 
features provided us the opportunity to employ a sampling time 
∆𝑡 = 10𝑚  in real-time control applications. The 
communication between the IMU and MCU has been 
accomplished through the I2C protocol of the STM32 MCU. 
Furthermore, we have also included an Xbee module to provide 
a wireless communication interface to send reference signals and 
collect feedback signals from personal computer or smart 
device. In this context, we have used the UART protocol and set 
the baud rate as 38400 bps. In addition, digital distance 
measuring sensor units are connected to the front and back of the 
YAFT for the obstacle avoidance purposes. The described 

configuration and the controller structures have been 
implemented through the Waijung MATLAB/ Simulink toolbox 
[19]. It is also worth to mention that, on the top of pendulum, a 
Raspberry PI based camera system is mounted that will be used 
for telepresence purposes as a part of future work.  

TABLE I.  HARDWARE COMPONENTS OF THE YAFT  

ACTUATORS 
DC-Motors 
Two 12 V DC Brushed Motors, Pololu 37D x 70L with encoder 64 CPR, 
gearbox ratio: 50:1, maximum speed: 200 rpm, maximum torque 1.2 Nm  
DC-Motor Driver 
Sabertooth 2 x 5A (dual) motor driver 
Battery 
Two 4 cells ProFuse LiPo battery – 4S 3000mAh 25C 
SENSORS 
IMU 
AltiIMU-10v5: 3 axis accelerometer, 3 axis gyroscope, 3 axis 
magnetometer and barometer 
Distance Measuring Sensor 
Sharp GP2Y0A02YK0F 20-150 cm Analog Output 
Raspberry Pi Camera v2 & 7 inch Raspberry Pi Touch Screen 
MCU and COMMUNICATION 
STM32F407VG Discovery evaluation board 
Raspberry Pi 3 
Digi Xbee S2B 2.4GHz RF Modules 

B. Dynamics of YAFT 
In this section, we will present the dynamic model of YAFT 

to be used for the design of the intelligent control system. The 
variables of YAFT have been illustrated in Fig. 1 while the 
parameter values are tabulated in Table II. Here,   is the angle 
of the pendulum,   is the heading angle of YAFT,    is the 
angular velocity of the wheels and the linear velocity of YAFT 
is defined as   . Through the encoder readings and distance 
between wheel centers (𝑊), the linear velocity of right and left 
wheels (       ) are obtained to estimate    and    as follows:  

[     ] = [ 1 2⁄ 1 2⁄
1 𝑊⁄ −1 𝑊⁄ ] [      

] ����

YAFT is actuated with two signals through the dc-motor driver, 
one voltage input for linear velocity (𝑈𝑠) and one for angular 
velocity (𝑈𝜓). The motor input voltages of the right and left 
motors (𝑈  𝑈 ) are defined as: 

[𝑈 𝑈 
] = [1 1 2⁄

1 −1 2⁄ ] [
𝑈𝑠
𝑈𝜓] ����

Now, by assuming that    = 0 and 𝑈𝜓 = 0, we define the 
Lagrangian function ℒ = 𝑇 − 𝑈 where 𝑇 and 𝑈 are defined as: 

𝑇 = 𝑚𝑝𝑙 𝑐𝑜      +
(𝑚𝑝 +𝑚𝑤)

2   2 +
𝐽𝑝
2   2 +

𝐽𝑤
2   2 ����

𝑈 = 𝑚𝑤𝑟𝑔 + 𝑚𝑝(𝑙 𝑐𝑜  + 𝑟)𝑔 ����

Then, we can define: 

𝑑
𝑑𝑡

𝜕ℒ
𝜕𝑞 −

𝜕ℒ
𝜕𝑞 =

𝜕(∑𝐹𝑖𝑇𝑣𝑖)
𝜕𝑞  

����

{
𝑚𝑝𝑙(𝑐𝑜   ̈ −  𝑖𝑛    2) + (𝑚𝑝 + 𝑚𝑤) ̈ =   

𝑚𝑝𝑙 𝑐𝑜   ̈ + 𝐽𝑝 − 𝑚𝑝𝑔𝑙  𝑖𝑛  = − 
𝐽𝑤 ̈ =  −   𝑟

 ����
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where    is the total friction force of the wheels and   is the 
employed torque to the wheels. As we have assumed that there 
is no slipping, we can define a relation between wheel 
orientation and linear movement such that  ̈ =  ̈/𝑟. Now, we 
can define the following nonlinear relationships: 

 ̈ =
𝐽𝑝  2 − 𝑚𝑝𝑔𝑙 𝑐𝑜  

𝐽𝑝 𝐽1 − (𝑚𝑝𝑙𝑟 𝑐𝑜  )
2 𝑚𝑝𝑙𝑟2  𝑖𝑛  

+
𝐽𝑝 + 𝑚𝑝𝑙𝑟 𝑐𝑜  

𝐽𝑝 𝐽1 − (𝑚𝑝𝑙𝑟 𝑐𝑜  )
2  𝑟 

����

 ̈ =
𝑔𝐽1 − 𝑚𝑝𝑙𝑟2 𝑐𝑜    2

𝐽𝑝 𝐽1 − (𝑚𝑝𝑙𝑟 𝑐𝑜  )
2 𝑚𝑝𝑙  𝑖𝑛  

−
𝑚𝑝𝑙𝑟 𝑐𝑜  + 𝐽1

𝐽𝑝 𝐽1 − (𝑚𝑝𝑙𝑟 𝑐𝑜  )
2   

����

where 𝐽1 = 𝐽𝑤 + (𝑚𝑝 + 𝑚𝑤)𝑟2. Note that, since we have used 
DC motors with gearbox, we can define τ = 2τ𝑚𝜂𝑛 and   =
  𝑚/𝑛 where  𝑚 is the generated motor torque output and  𝑚 is 
the input motor speed of the gearbox. Now, to obtain a 
relationship between the input torque  𝑚 and voltage input for 
linear velocity 𝑈𝑠, we can use the electrical dynamics as: 

 𝑚 = 𝑘𝑡𝑖 𝑈𝑠 =  𝑖𝑅𝑎 + 𝑘𝑒  𝑚 + 𝐿 𝑑𝑖 𝑑𝑡⁄  ����

Now, by neglecting inductance of motor (L) and viscous friction 
of motor and linearizing (7) and (8) around  = 0 and   = 0, 
we can obtain the following representation of the TWIP model: 

[
 
 
  
 

  
 ̈
 ̈]
 
 
 
=

[
 
 
 
 
 
 

0 0 1 0
0 0 0 1

𝑔𝑙𝑚𝑝𝐽1
𝐽𝑝𝐽1 − 𝑙2𝑚𝑝

2𝑟2 0 0
2𝜂𝑘𝑒𝑘𝑡𝑛2(𝐽1 + 𝑙𝑚𝑝𝑟)
(𝐽𝑝𝐽1 − 𝑙2𝑚𝑝

2𝑟2)𝑅𝑎
−𝑔𝑙2𝑚𝑝

2𝑟
𝐽𝑝𝐽1 − 𝑙2𝑚𝑝

2𝑟2 0 0
−2𝜂𝑘𝑒𝑘𝑡𝑛2(𝐽𝑝 + 𝑙𝑚𝑝𝑟)
(𝐽𝑝𝐽1 − 𝑙2𝑚𝑝

2𝑟2)𝑅𝑎 ]
 
 
 
 
 
 

[

 
 
  
  

]�

+

[
 
 
 
 
 
 

0
0

−2𝜂𝑘𝑡𝑛(𝐽1 + 𝑙𝑚𝑝𝑟)
(𝐽𝑝𝐽1 − 𝑙2𝑚𝑝2𝑟2)𝑅𝑎
2𝜂𝑘𝑡𝑛(𝐽𝑝 + 𝑙𝑚𝑝𝑟)
(𝐽𝑝𝐽1 − 𝑙2𝑚𝑝2𝑟2)𝑅𝑎]

 
 
 
 
 
 

𝑈𝑠 
�����

�

TABLE II.  YAFT PARAMETERS 

Parameters Description Value 
𝐽𝑤  Rotation inertia of wheels  0.021 𝑘𝑔𝑚2 
𝐽𝑝 Rotation inertia of pendulum  1.16 𝑘𝑔𝑚2 
𝑚𝑤 Total mass of wheels 0.47 kg 
𝑚𝑝 Total mass of pendulum 5.12 kg 

𝑙 Distance between center of wheel 
and center of mass  

0.28 m 

𝑟 Radius of the wheels 0.072 m 
𝑅𝑎 Nominal terminal resistance 2.3417 Ω 
𝑘𝑡 DC motor torque constant 0.0106  𝑚/𝐴 
𝑘𝑒 DC motor back EMF constant 0.0106 𝑉 /𝑟𝑎𝑑 
𝑛 Gear ratio 50:1 
𝜂 Gearbox efficiency %65 

III. THE INTELLIGENT CONTROL STRUCTURE OF YAFT 
Here, we will present the proposed and employed control 

scheme that is given in Fig. 4. The intelligent control structure 
has three important components which are sensor fusion 
mechanism to estimate pitch angle and two main controllers to 
regulate the position and heading angle of the real-world YAFT. 

A. Estimating the pitch angle 
We will present a KF based sensor fusion method to estimate 

the pitch angle ( ) of the YAFT. In the estimation of  , the 
measurement values from the accelerometer & gyroscope 
sensors, and the following model will be used:  

𝑥𝑘+1 = 𝐴𝑥𝑘 + 𝐵𝑢𝑘 + 𝑤𝑘
𝑧𝑘+1 = 𝐻𝑥𝑘 + 𝑣𝑘

 �����

Here 𝑘 is the sampling instant, 𝑥𝑘 is the state vector, 𝐴 is the 
state matrix, 𝐵 is the input vector, 𝑢𝑘 is the control vector, 𝑤𝑘 is 
the process noise, 𝑧𝑘 is the measurement value, 𝐻 is the 
observation matrix and 𝑣𝑘 is the measurement noise [20], [21]. 

1) Prediction Step 
In the prediction step, the states are predicted with:  

�̂�𝑘− = [1 −∆𝑡
0 1 ] �̂�𝑘−1 + [∆𝑡

0
] 𝑢𝑘

𝑢𝑘 =   𝑘 �̂�𝑘−1 = [
 𝑘−1
  𝑏𝑘−1

]
 �����

where   𝑏𝑘−1 is the predicted bias of the pitch angle rate of the 
pendulum,   𝑘 is the pitch angle rate of the TWIP that is obtained 
by the gyroscope sensor of the IMU at every ∆𝑡 = 10 𝑚 . 
Then, the estimated covariance matrix (𝑃𝑘−) is calculated with:  

𝑃𝑘− = 𝐴𝑃𝑘−1𝐴𝑇 + 𝑄∆𝑡 �����

where 𝑄 is the covariance of the process noise (𝑤𝑘). In our case, 
𝑃𝑘− and 𝑄 are 2×2 matrices and they can be defined as 

𝑃𝑘− = [
𝑃00𝑘 𝑃01𝑘
𝑃10𝑘 𝑃10𝑘

]  𝑄 = [
𝑄𝜃 0
0 𝑄𝜃 𝑏

] �����

Here 𝑄𝜃, and 𝑄𝜃 𝑏 stand for the covariance of the pitch angle and 
bias of the pitch angle rate, respectively. 

1) Measurement Step 
The measurement step, the Kalman gain (𝐾𝑘) is defined as:  

𝐾𝑘 = 𝑃𝑘−𝐻𝑇(𝐻𝑃𝑘−𝐻𝑇 + 𝑅)−1 �����
where 𝐻 = [1   0],  𝑅 = 𝑅𝑧𝑘 is the covariance of 𝑣𝑘. Then, the 
measurement value and states are corrected as: 

�̂�𝑘 = �̂�𝑘− + 𝐾𝑘𝐻𝑇(𝑧𝑘 − 𝐻�̂�𝑘−) �����
Here, 𝑧𝑘 is the measurement value of the pitch angle ( ) 
calculated via the 3-axis accelerometer of the IMU as follows 

 = 𝑎𝑡𝑎𝑛2 (−𝑎𝑥 √𝑎𝑦2 + 𝑎𝑧2) �����

where 𝑎𝑥, 𝑎𝑦 and 𝑎𝑧 are the accelerometer values of the x-y-z 
axes, respectively. Finally, 𝑃𝑘 is corrected as: 

𝑃𝑘 = 𝑃𝑘− − 𝐾𝑘𝐻𝑃𝑘−  �����
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𝑥𝑟𝑒  𝑥𝑒   𝑟𝑒  

 𝑟𝑒  

PID

PI

 𝑒  𝑈𝑠 

𝑈   𝑒  

IMUSensor Fusion

Encoder
  

  

𝑥 

𝑥  

𝑑
𝑑𝑡 

+_ +_

+_

FPD

 
Fig. 4. Illlustration of the Intelligent Control Structure for YAFT  

B. Heading Angle Control System 
In order to control heading angle of the YAFT, a PI control 

structure is preferred that is defined as: 

𝑈𝜓  = 𝐾𝑐  ((  𝑟𝑒 −  ) + 1 𝑇𝑖⁄ ∫( 𝑟𝑒 −  )𝑑𝑡) �����

where  𝑟𝑒  is the desired heading angle. Note that the heading 
angle   of YAFT is estimated via the encoders of motors. The 
deployment of heading angle controller is crucial not only in 
differential drive applications but also in eliminating the drift in 
heading angle that would occur due to the road conditions and 
different dynamic characteristics of the left and right wheels.  

C. Intelligent Position Control System 
In this section, we will present the intelligent cascade control 

system that has two main objectives which are the stabilization 
and position control of YAFT.  

1) Pitch Angle Controller 
The following 2-DOF PID has been employed:  

𝑈𝑠  = 𝐾𝑐 (( 𝑏  𝑟𝑒 −  ) + 1 𝑇𝑖⁄ ∫( 𝑟𝑒 −  )𝑑𝑡

+ 𝑇𝐷(𝑐   𝑟𝑒 −   ))  
�����

where  𝑟𝑒  is the desired pitch angle reference generated from 
the outer loop controller. The coefficients 𝑏 and 𝑐 have been set 
as 𝑏 = 0 and 𝑐 = 0 to smoothen the control signal and to get rid 
of the derivative and proportional kicks. 

2) Fuzzy Position Controller  
For the position control loop, we have preferred a Fuzzy PD 
(FPD) structure uses the distance error (𝑥𝑒 = 𝑥𝑟𝑒 − 𝑥)  and the 
change of distance (𝑥  ) to calculate the pitch reference signal 
( 𝑟𝑒 ) of TWIP as seen in Fig. 5. Here, 𝐾𝑒 and 𝐾𝑑 are the Scaling 
Factors (SFs) [22]. The input SFs are mainly used to normalize 
the inputs 𝑥𝑒 and 𝑥   into the universe of discourse of the 
antecedent Membership Functions (MFs). The output 𝑈 is 
converted into the control signal of the FPD as  𝑟𝑒 = 𝐾𝑜 𝑈 
where 𝐾𝑜 is the output SF. 

 Fuzzy Logic
Controller

𝐾𝑒  

𝐾𝑑  

𝑥𝑒  𝑋𝑒  

𝐾𝑜  
𝑈  𝑟𝑒  

𝑋  𝑥   
 

Fig. 5. General Scheme of the designed FPD 

The FPD is composed with a 5×5 rule base as given in Table 
III. The antecedent MFs are defined with triangular MFs and are 
defined with Negative Big (NB), Negative Medium (NM), Zero 
(Z), Positive Medium (PM) and Positive Big (PB) as shown in 
Fig. 6. The consequent parts of the rules are defined with crisp 
singletons which are Positive Big (𝑃𝐵 = 1), Positive Medium 
(𝑃𝑀 = 0.7), Zero (𝑍 = 0), Negative Medium (NM = −0.7) 
and Negative Big ( 𝐵 = −1). The FPD uses and employs the 
product implication and the center of sets defuzzification 
method [23]. The resulting control surface is given in Fig. 7.  

-1              0                1

𝜇   
NB       NM       Z            PM        PB

𝑋𝑒 ,𝑋  

1

 
Fig. 6. Illustration of the antecedent MFs 

TABLE III.  RULE BASE OF FPD CONTROLLER 

𝑿𝒆 / 𝑿    PB PM Z NM NB 
PB PB PB PM PM Z 

PM PB PM PM Z NM 

Z PM PM Z NM NM 

NM PM Z NM NM NB 

NB Z NM NM NB NB 

𝑋𝑒  𝑋  

 𝑟𝑒  

  
Fig. 7. Control surface of the FPD 

IV. EXPERIMENTAL RESULTS 
Here, we present the experimental results to examine the 

control performance of the YAFT by presenting its position 
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control, robustness analysis and trajectory tracking results. The 
parameters of the controllers are given in Table IV which have 
been initially tuned via (10) and then fine-tuned experimentally.  

TABLE IV.  LIST OF THE DESIGNED CONTROLLER PARAMETERS 

Heading Angle 
Controller 

Pitch Angle 
Controller 

Fuzzy Position 
Controller 

𝐾𝑐 = 0.03 
𝑇𝑖 = 1 

𝐾𝑐 = 0.14 𝐾𝑒 = 1 
𝑇𝑖 = 0.22 𝐾𝑑 = −1.5 
𝑇𝑑 = 0.06 𝐾𝑜 = 2 

A. Position Control Experiments 
We have examined the control performance of the intelligent 

position control system in comparison with its PD counterpart. 
In the implementation of the PD controller, the derivative action 
has been placed on the feedback path as it has been done in the 
FPD one. The PD coefficients are set as 𝐾𝑐 = 3.3 and  𝑇𝑑 = 1.5. 
We have defined a varying reference signal 𝑥𝑟𝑒  with the values 
of 1m and 2m in combination with a rate limiter that has a value 
of 𝑣max = 0.33 m/s. The deployment of the rate limiter 
provides a limitation of the speed of YAFT in an indirect 
fashion. The resulting position control performance are given in 

Fig. 8. It can be seen that, although the position control 
performances are quite close, the stabilization performance of 
the intelligent control system is much better as it resulted with a 
relatively smooth pitch angle performance. 

B. Robustness Analysis for Different Speeds 
To test the robustness of control system, we have analyzed 

the same reference trajectory with a higher speed limit value 
𝑣max = 0.6 m/s. As it can be clearly seen from Fig. 9, the 
overall performance of intelligent control system is much better 
in both position and stabilization control. It can be clearly seen 
that the conventional control structure resulted with high 
oscillations in steady state whereas the intelligent control system 
with a smooth response as it has the capability of handling such 
uncertainties thanks to the deployment of fuzzy logic. 

C. Trajectory Tracking 
To demonstrate linear motion and heading angle control 

performance, a square reference trajectory has been employed. 
In Fig 10a, the resulting trajectory is given while the heading 
angle control performance is given in Fig.10b. It can be clearly 
observed the resulting trajectory performance is satisfactory.  

 

(𝑎) 

(𝑏)   
Fig. 8. Position reference tracking (a) position control performance (b) pitch angle performance 

 

(𝑎) 

(𝑏) 
Fig. 9. Position reference tracking (a) position control performance (b) pitch angle performance for faster speed limit
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(𝑎) 

(𝑏)  
Fig. 10.  (a) Trajectory tracking performance (b) Heading control performance 

V. CONCLUSION AND FUTURE WORK 
In this study, we have presented YAFT, a custom built two 

wheeled inverted pendulum, and proposed an intelligent control 
system structure to solve its control problems. As YAFT is 
equipped with various sensors, from IMU to camera, and 
processing units, from STM to Raspberry PI, we believe that 
YAFT can be deployed in various engineering applications from 
telepresence to cognitive robotic. We proposed an intelligent 
control structure for YAFT that merges the frameworks of 
control theory, fuzzy logic and sensor fusion to end up with a 
stable control performance in presence of uncertainties and 
noise. The presented comparative experimental results clearly 
show the efficiency of the proposed control structure and the 
operation of YAFT in real-time.  

For the future work, we plan to enhance the control structure 
with vision based feedback signals as it is planned to move in 
autonomous mobile robotic and telepresence applications. 
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Geometric Optimization of Asymmetric 3-DOF 
Planar Parallel Robot Mechanism with ALO 

Algorithm 

Authors are hidden 

Abstract— in this study, geometric optimization of a 3-DOF 
asymmetrical planar parallel robot mechanism was performed. 
The selected mechanism designed by using 2 RPR and 1 RRR (R: 
Rotary joint, R: Active rotary joint, P: Prismatic joint P: Active 
prismatic joint) type legs. The edge length of the end-effector and 
the lengths of the legs of the selected mechanism were optimized 
by Ant Lion Optimization (ALO) Algorithm to obtain the widest 
workspace for the mechanism. According to the obtained results 
the best mechanism and its workspace were drawn.  

Keywords —Asymmetrical planar parallel robot mechanism, 3-
DOF, Optimization, ALO  

I. INTRODUCTION

Robot mechanisms have become one of the important part of 
today's technology. Especially as precise positioning and Micro-
Line Nano-Scale production possibilities have been developed, 
the importance of mechanisms capable of moving at this level is 
increasing day by day. Parallel robots are much more efficient 
in this respect than serial robots, especially in terms of the high 
positioning accuracy and the load / mass ratio they can afford. 
For this reason, studies on parallel robot mechanisms have 
gained importance in the literature in recent years. 3-DOF Planar 
Parallel Robot Mechanism are the most common and used 
mechanisms of parallel robotics. The most known of these 
mechanisms are the 3-RPR and 3 RRR type mechanisms. These 
mechanisms, which allow movement in one plane and rotation 
in the same plane perpendicular to an axis, are mechanisms 
frequently studied in the literature. Examples of these studies are 
[1-3] for the 3-RPR type mechanism and [4-6] for the 3-RRR 
type mechanism. In the literature research, it is seen that the 
solutions of advanced kinematic equations, which will be 
defined as finding end effector position when joint variables of 
these mechanisms are given, workspace analysis which can be 
defined as a set of all points that can reach end effectors in three 
dimensional space, and calculation of points defined as singular 
points for end effector. When we look at 3-RPR and 3-RRR type 
mechanisms, it’s seen that these mechanisms are same as all the 
features of the leg structures. In literature, such mechanisms are 
called symmetrical mechanisms, and as mentioned above. These 
mechanisms has been studied extensively. Except asymmetrical 
parallel robot mechanisms, in this mechanism leg structures are 
different from each other. Symmetric mechanisms and 
asymmetric mechanisms different are mechanisms that require 
more processing than different leg structures. For this reason it 
is necessary to write the inverse or forward kinematic equations 
separately for each different leg structure. However, the possible 
contribution of each different leg structure to the performance of 

these mechanisms must be assessed. When we look at the studies 
in the literature, it is seen that asymmetric mechanisms have 
attracted the researchers in recent years. Take a look at examples 
of asymmetric mechanisms [7], [10].  In this study, RPR2RRR1 
type 3-DOF asymmetric planar parallel robot mechanism, 
designed by Toz [11], using two RPR and one RRR type leg, is 
discussed. Toz, has performed inverse kinematic analysis of this 
mechanism, velocity and acceleration analyzes, and showed that 
the working space of this mechanism is better than the 3-RPR 
type mechanism.  

The performance of parallel robot mechanisms is closely 
related to the geometric structure of the selected mechanism. 
The reason is, that the kinematic analysis equations of the 
mechanisms are related to the geometric structure of the 
mechanism. When we look at the literature, some studies on this 
subject can be listed like this. Toz [7] and Küçük [8], they have 
studied the geometric optimization of two different asymmetric 
parallel robot mechanisms with 6 degrees of freedom and they 
have shown that these mechanisms have better working space 
characteristics than the existing symmetric 6-degree-of-freedom 
mechanics. Xu and his team [12] performed geometric 
optimization of a parallel robot in a system with a total of 6 
degrees of freedom, consisting of a series and a parallel robots. 
In their work Khakpour [13] and his team have optimized the 
cable-driven three-degree-of-freedom parallel robot mechanism 
using non-rigid joints rather than rigid joints. In this work, the 
asymmetric 3 DOF proposed by Toz [11] is a parallel robot 
mechanism Geometric optimization of the mechanism named 
RPR2RRR1 has been carried out. Accordingly, the end effector 
frame edge length of the mechanism and the lengths of the RPR 
and RRR type legs are optimized to give the best objective 
function values. For the mechanism drawn according to the 
obtained length values, a sample working space drawing was 
performed. For the optimization of the mechanism, Ant Lean 
Optimization algorithm developed by Mirjalili [14] is used.  

In the second part of the work, the geometric structure and 
inverse kinematic analysis of the RPR2RRR1 mechanism are 
presented as a summary, then the geometric optimization 
problem, constraints and objective function proposed for this 
mechanism are defined. In the third chapter, a sample 
application for geometric optimization is presented and the 
results of this study are presented. In the last part, the study was 
concluded.  
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II. II. RPR2RRR1 TYPE ASYMMETRIC 3-DOF 
PARALLEL ROBOT MECHANISM 

The mechanism involved in this study is a 3-DOF 
asymmetric parallel robot mechanism. The mechanism is 
formed by connecting the base frame of triangular shape with 
two RPR and one RRR type leg in the end effector frame in the 
triangular structure. RPR type prismatic joints of these legs, 
RRR type leg is the first rotary joint active, all other joints are 
passive. An illustrative drawing of this mechanism is presented 
in Figure 1.  

In Shape;  

O(x, y)  : Base frame coordinate system center 
P(u, v)  : End effector center coordinate system center 
di  : Value changes of RPR-type leg joint (i=2, 3) 
li  : Lengths of RRR-type joint links (i=1, 2) 
𝜃 : Active joint change for RRR type leg (angle) 
σ  : End effector directivity angle according to base 
frame 
t  : End effector edge length. 

 
Figure 1. RPR2RRR1 type 3-DOF asymmetric parallel robot 
mechanism [11]. 

 
In order to determine the working space of the mechanism, it is 
necessary to write the inverse kinematic equations of the 
mechanism. When inverse kinematic equations are written, the 
active joint variables in the legs are found using the end effector 
position and orientation information of the mechanism.  
Accordingly, the inverse kinematic equations of the mechanism 
according to [Figure 1.] are obtained as follows [11]. 

 

𝑑2
2 = 𝐴𝑥

2 + 𝐴𝑦
2     (1) 

𝑑3
2 = 𝐷𝑥

2 + 𝐷𝑦
2     (2) 

𝜃1   = 𝑎𝑡𝑎𝑛2(𝐹, 𝐸) + 𝑎𝑡𝑎𝑛2 (±√𝐹2 + 𝐸2 − (𝐸2+𝐹2+𝑙1
2−𝑙2

2

2𝑙1
) , 𝐸

2+𝐹2+𝑙1
2−𝑙2

2

2𝑙1
)  (3) 

In above equation; 
 
𝐴𝑥 = 𝑃𝑥 + cos(𝜎) 𝑐2𝑥 − sin(𝜎) 𝑐2𝑦 − 𝐵2𝑥   (4) 
𝐴𝑦 = 𝑃𝑦 + sin(𝜎) 𝑐2𝑥 + cos(𝜎) 𝑐2𝑦 − 𝐵2𝑦  (5) 
𝐷𝑥 = 𝑃𝑥 + cos(𝜎) 𝑐3𝑥 − sin(𝜎) 𝑐3𝑦 − 𝐵3𝑥  (6) 
𝐷𝑦 = 𝑃𝑦 + sin(𝜎) 𝑐3𝑥 + cos(𝜎) 𝑐3𝑦 − 𝐵3𝑦  (7) 
 
In above (3) Equation; 
 
𝐸  = 𝑃𝑥 + cos(𝜎) 𝑐1𝑥 − sin(𝜎) 𝑐1𝑦   (8) 
𝐹  = 𝑃𝑦 + sin(𝜎) 𝑐1𝑥 + cos(𝜎) 𝑐1𝑦  (9) 
 
These expressions, 
In order, 𝑃 = [𝑃𝑥 𝑃𝑦] And 𝐵𝑖 = [𝐵𝑖𝑥 𝐵𝑖𝑦] → 𝑖 = (1,2,3) are 
vectors that express the position of the center of gravity of the 
end effector platform and the positions of the connection points 
of the legs with respect to the origin coordinate system and 
[𝑐𝑖𝑥 𝑐𝑖𝑦] → 𝑖 = (1,2,3) are vectors that express the positions of 
the end effector and the connection points of the legs according 
to the P coordinate system. For more information on how these 
expressions are obtained, see [11]. 

 

The aim of the optimization in this study is to design the 
mechanism with the best working space. For this, an accessible 
working space must be defined for this mechanism. While 
calculating the reachable working space, candidate working 
space points for the end effector of the mechanism are first 
determined. When these points are determined, a square field in 
the plane is first defined as a grid as follows, since the 
mechanism is a planar mechanism. 

 
Figure 2. Planar region to be used for workspace detection 

Each point of the grid is a candidate for the working space of the 
mechanism. Inverse kinematic equation for a point, the leg 
variables to be obtained as (𝑑1, 𝑑2, 𝜃1 ) if it meets the limits of 
the geometry of the mechanism, then that point will be regarded 
as a working space point. The boundaries of the square area are 
determined by x and y in the two-dimensional plane, 
respectively, and by the maximum limits X max and Y max in the 
axes. It is also assumed that the base frame connection point of 
the RRR type of the mechanism is at the center of the O (x, y) 
reference coordinate system for both kinematic analysis and 
workspace analysis of this mechanism. 
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III. DESCRIPTION OF THE GEOMETRIC 
OPTIMIZATION PROBLEM FOR RPR2RRR1 TYPE 

ASYMMETRIC 3 DOF PARALLEL ROBOT MECHANISM 
From the geometric optimization of a parallel robot mechanism, 
the goal is to design geometric measures that will give the best 
performance of that mechanism. Both the end effector and the 
base frame of this mechanism are triangular. These two frames 
are connected to each other using two RPR and one RRR type 
leg. In this work the aim is to find the optimization of the 
geometric measures of this mechanism to give the best working 
space. The first thing to do is to express the geometry of the 
mechanism as an optimization problem with the help of 
variables. For this, first some definitions have to be made. It is 
assumed in this work that both the basic frame and the end 
effector frame of the proposed mechanism are in the equilateral 
triangle and that the edge length of the base frame is constant 
100 units. Other variables used for the proposed optimization 
problem are defined in proportion to these assumptions. 

 

𝑡𝑘: Base frame edge length 

𝑢𝑘: End effector edge length 

𝑙1: The first bond length that forms the RRR type leg 

𝑙2: The second bond length that forms the RRR type leg 

𝑅𝑃𝑅𝑚𝑎𝑥: RPR type leg maximum length 

 

With these variables, the constraint definition for the 
optimization problem can be done as follows: 

x 𝑡𝑘 = 100 𝑢𝑡𝑠 and 0.1𝑡𝑘<𝑢𝑘<𝑡𝑘  

 

Accordingly, the end effector frame may have at least 0.1 times 
the maximum base length and at most 1 times the edge length. 
For the RPR type leg, the minimum and maximum length limits 
are defined as below. 

x ((𝑅𝑃𝑅𝑚𝑎𝑥)
2

+ 1)<𝑑1 <𝑅𝑃𝑅𝑚𝑎𝑥 and 20 𝑢𝑡𝑠 < 𝑅𝑃𝑅𝑚𝑎𝑥 < 60 𝑢𝑡𝑠 

x ((𝑅𝑃𝑅𝑚𝑎𝑥)
2

+ 1)< 𝑑2<𝑅𝑃𝑅𝑚𝑎𝑥 and 20 𝑢𝑡𝑠 < 𝑅𝑃𝑅𝑚𝑎𝑥 < 60 𝑢𝑡𝑠 

 

Accordingly, the cylinder length for any candidate length is 
determined to be 1 greater than half of this length, while the 
length of the open (cylinder + stroke) of an RPR type is between 
20 units and 60 units. The reason for this is that in actual 
applications the stroke length is not greater than the cylinder 
length. When determining the working space, only those points 
known to be reached with appropriate stroke values are included 
in the calculation. The 𝑅𝑃𝑅𝑚𝑎𝑥  variable in the equations shows 
the length of the open leg of this leg for the RPR type leg. The 
length limits for the RRR type leg are defined as follows. 

x 10 𝑢𝑡𝑠 < 𝑙1 < 30 𝑢𝑡𝑠  

x 10 𝑢𝑡𝑠 < 𝑙2 < 30 𝑢𝑡𝑠  

Finally, for the square field determined for the working space, 
𝑋𝑚𝑎𝑥 = 𝑌𝑚𝑎𝑥 = 𝑡𝑘 and the grid resolution is assumed to be 1. 

Using these inverse kinematic equations of equations (1), (2) and 
(3) of the constraints and mechanism, a candidate solution for 
the definition of the optimization problem can be written as 
follows. 

x 𝑆 = [𝑢𝑘 𝑙1 𝑙2 𝑅𝑃𝑅𝑚𝑎𝑥]    (10) 

In the equation S is a candidate solution. A candidate solution 
according to the equation; end effector edge length will include 
the lengths of the two parts of the RRR type leg and the length 
of the open leg of the RPR type legs. Finally, the objective 
function for the proposed optimization problem can be written 
like below, 

x 𝑓 = 𝑚𝑎𝑥(∑𝑝𝑖) (𝑖 = 0,1,2,3, … . 𝑛)  (11) 

In the equation, 𝑓 is the objective function, and 𝑝𝑖  is the point 
of each working space that the design made by the proposed 
candidate solution can reach. Accordingly, the design that 
reaches the most workspace point will be considered as the best 
design. It has been assumed during optimization that the 
directivity of the mechanism end effector is zero degree (𝜎=0).  

For solving the optimization problem, ALO algorithm, which is 
developed by Mirjalili [14] and based on the hunting behaviors 
of ant lions, is used. This algorithm is a population-based 
optimization algorithm. For details of the ALO algorithm [14] 
one can look at the work. 

IV. APPLICATION 
In this work, ALO algorithm is used to solve the geometric 

optimization problem of the proposed mechanism by using 
Matlab software. When solving this algorithm, the number of 
candidate solutions = 40, the number of cycles = 40 and the 
problem is solved 30 times on a computer which is hardware 
specifications 2.7 GHz microprocessor and 8 GB RAM. 
Statistical data on the results obtained from these 30 runs are 
presented (Table 1). In addition, the mechanism of the widest 
working space obtained according to these results and the 
working space of this mechanism are presented in Figure 3. 

 

Table 1. Geometric optimization results for RPR2RRR1 type 
mechanism 

 𝑢𝑘 𝑙1 𝑙2 𝑅𝑃𝑅𝑚𝑎𝑥 ∑𝑝𝑖   
Maximum 46,92 10,47 29,99 56,55 589 
Minimum 63,56 18,49 29,9 30,5 114 
Average 54,66 12,19 29,76 40,69 258 
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(a) 

 
(b) 

Figure 3: The mechanism with the widest working space 
obtained as a geometrical optimization result a) Working space 
b) Mechanism and working space together 

According to Table 1 and Figure 3, it is seen that the working 
space of the mechanism expands to the RRR type leg as 
mentioned in the article in [11]. It has also been assessed that, 
according to the optimization result, the edge length of the end 
effector platform is equal to about half of the base frame edge 
length, and that the first part of the RRR-type is shorter than the 
second part [11]. 

V. RESULTS 
In this study, geometric optimization is performed using the 
ALO algorithm to maximize the reachable working space for 
the RPR2RRR1 with 3-DOF type asymmetric planar parallel 
robot mechanism. According to the results obtained, it is seen 
that the working space of the mechanism is maximum when the 
edge length of the end effector frame of the mechanism is about 
half of the base frame edge length. Using the obtained results, 
the optimized mechanism of the proposed mechanism is drawn. 
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Abstract—The MiniLab Enova mobile robot is presented in
this paper. The main aim is to implement multi-master systems
for managing a wireless communication network of multiple
robots. A communication control scheme for multiple MiniLab
Enova mobile robots was developed using ROS (Robot Operating
System). ROS multi-master system is build from two or more ROS
networks, each one with its own roscore node. For multiple robots,
there are namespace conflict with ROS topics in a single master
system. This limitation can be overcome using multiple masters.
With this framework, it is possible to control the movement of
multiple robots via a wireless communication network using only
one monitoring computer.

Keywords—mobile robot, wireless communication, ROS(Robot
Operating System) , multi-master system

I. INTRODUCTION

Mobile robots are classified by the environment in which
they travel such as: land or home robots are usually referred to
as Unmanned Ground Vehicles (UGVs) [1] [2], aerial robots
are usually referred to as Unmanned Aerial Vehicles (UAVs)
[3] [4], and underwater robots are usually called Autonomous
Underwater Vehicles (AUVs) [5] [6]. In industrial applications,
Automatic Guided Vehicle (AGVs) [7] [8] [9] are the most
frequently used mobile robots to deliver or transport materials
around a manufacturing facility or warehouse.

Modern manufacturing facilities more and more frequently
lead to a highly decentralized system with self-organized
modules that provide flexibility and improve adaptability to
achieve better performance and efficiency. Modern factories
are altering rapidly by optimizing adaptations for changes
in market fluctuations such as shorter production time, mass
customization and increased delivery speed. One of the main
advantages of smart factories are robustness due to decentral-
ization of the control system to avoid single point of failure
problems.

Multiple robot systems for modern factories have received
a lot of interest both from a theoretical and simulation views
[10]. In [11], a new method was proposed to design a
tracking controller for one nonholonomic mobile robot such
that the tracking errors converge to zero for any arbitrary
initial tracking error in a fixed-time. For discrete time system,
[12] a decentralized model predictive protocol which uses the
difference between two consecutive inputs is derived such that
the consensus problem for multiple mobile robots is solved.

It is clear that for multiple cooperative robots, the com-
munication architecture and topology play a vital role in
distributed network since they dictate how robots will share in-
formation among each other. In [13], a wireless communication
for mobile robots was proposed based on parallel processing
and data transfer for various network topologies. However,
it is not possible to add a new node during network. Robot
Operating System (ROS) as robotic standard programming
provides an efficient solution to solve this problem.

In practice, for the communication aspects, the Robot
Operating System (ROS) [14] has been implemented. ROS
offers a wide range of controllers for various hardware plat-
forms. Drivers for several robots, sensor devices and a well-
defined structure for communication. For the communication
between agents, it is possible to share information for any other
agent which is interested in (Publisher/Subscriber) or arrange
a point to point information exchange (Service/Client). For
the communication between two or more ROS networks, ROS
multi-master systems are used.

ROS multi-master system comprise two or more ROS
networks where each network has its own roscore nodes. Since
each robot uses the same software architecture and has the
same nodes, issue some problems due to same node name
arises in the overall network. This issue can be solved by using
different namespaces for each robot. With this framework, it
is possible to control the movement of multiple robots via
wireless communication network using only one monitoring
computer. This solution using multi-master systems is called
multimaster fkie.

This paper focuses on the implementation of a decen-
tralized control architecture based on multi-master systems
using multiple MiniLab Enova Robot while managing the
wireless communication network. This configuration can be
easily implemented using common ROS tools.

This paper is structured as follows. Section 2 presents a
general description of the MiniLab Enova Robot platform.
In Section 3, a ROS overview and multimaster fkie are
discussed. Section 4 presents the framework of the decen-
tralized communication architecture. Section 5 introduces the
use cases and the experiments done for the validation of such
an architecture. Finally, conclusions are summarized and the
future work is discussed in the last section.
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II. MINILAB ENOVA ROBOT PLATFORM

The MiniLab robot Enova ROBOTICS, as shown in Fig.
1, is a medium-sized mobile robot that offers the best trade-
off between robustness and economic competitiveness. The
control architecture of the Mini-Lab robot is an open-source
based on the Robot Operating System (ROS). ROS is a flexible
framework for writing robotic software. It includes several
contributed libraries and packages as localization, mapping,
planning, perception, etc.

Fig. 1. MiniLab Enova Robot

A. MiniLab Hardware Components

Mini-Lab Enova Robot is equipped with a wide variety of
parts and sensors that can become useful in navigation tasks,
such 5 ultrasonic sensors, 5 infra-red (IR) distance sensors
which provide the distance from obstacles to the robot, orbbec
camera, encoders with a resolution of 16 bits, LED indicators,
buttons and two DC motors. The maximum speed of the
robot is 1.5m/s in both forward and backward movement.
The maximum slope angle is 10o. Each wheel has a driving
motor mounted on his axis. The wheels have been chosen to
provide more accurate odometry localization. The robot can
navigate autonomously or teleoperated using its camera, which
transmits video in real time.

MiniLab is optimized for indoor applications, with dimen-
sions of 0.409m x 0.364m x 0.231m in width x length x height
and weighing 11.5kg. It also has a load capacity of 3kg. Fig.
2 shows the dimensions of MiniLab robot.

Fig. 2. Dimensions of MiniLab Enova Robot

The processing on the MiniLab is performed by a Intel
Atom X86. Each robot has its own wireless router to connect
the MiniLab to the network. It allows to design a communi-
cation network for multiple robots. The MiniLab is powered
by 12V battery for 4 hours of autonomy.

Some hardware descriptions of the MiniLab Enova robot
will be explained in the following.

1) Intel Atom N2800: Intel Atom is the brand name for a
line of ultra-low-voltage x86-64 microprocessors by Intel Cor-
poration. Atom is mainly used in netbooks, nettops, embedded
applications ranging from health care to advanced robotics,
and mobile Internet devices (MIDs). The line was originally
designed in 45 nm complementary metaloxidesemiconduc-
tor (CMOS) technology and subsequent models, codenamed
Cedar, used a 32 nm process. Fig. 3 depicts the processor
board of Intel Atom N2800.

Fig. 3. Intel Atom N2800

2) TL-WR802N Wireless Routers: Each MiniLab Enova
mobile robot is equipped with one TL-WR802N wireless
router as shown in Fig. 4. This device performs the functions
of a router and also includes functions of wireless access point.
It is used to provide access to Internet or a private computer
network. This router has 300Mbps wireless data rate with
several operation modes such as router, repeater, client, access
point and hotspot. Powered through a micro USB port by an
external power adapter or USB connection to a computer it
provides flexibility for any situation.

Fig. 4. TL-WR802N Wireless routers

3) Roboteq Controller: Fitting into a very compact
73x73mm enclosure, Roboteqs SDC2130 controller is de-
signed to convert commands received from an RC radio,
Analog Joystick, wireless modem, PC (via RS232 or USB) or
microcomputer into high voltage and high current output for
driving one or two DC motors. A CAN bus interface allows
up to 127 controllers to communicate at up to 1Mbit/s on a
single twisted pair. Fig. 5 illustrates the Roboteq controller.

Fig. 5. Roboteq SDC2130 controller
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The controller features a high-performance 32-bit micro-
computer and quadrature encoder inputs to perform advanced
motion control algorithms in open loop or closed loop (speed
or position). The SDC21xx features several analog, pulse and
digital I/Os which can be remapped as command or feedback
inputs, limit switches, or many other functions.

For mobile robotic applications, the controller two motor
channels can either be operated independently or mixed to
set the direction and rotation of a vehicle by coordinating the
motion of each motor.

III. ROBOT OPERATING SYSTEM

Robot Operating System (ROS) is a framework that is
widely used in robotics. The philosophy is to make a piece
of software that could work in other robots by making little
changes in the code. What we get with this idea is to create
functionalities that can be shared and used in other robots
without much effort so that we do not reinvent the wheel.

ROS was originally developed in 2007 by the Stanford
Artificial Intelligence Laboratory (SAIL) with the support of
the Stanford AI Robot project. As of 2008, development
continues primarily at Willow Garage, a robotics research
institute, with more than 20 institutions collaborating within
a federated development model. A lot of research institutions
have started to develop projects in ROS by adding hardware
and sharing their code samples. Also, the companies have
started to adapt their products to be used in ROS.

The sensors and actuators used in robotics have also been
adapted to be used with ROS. Every day an increasing number
of devices are supported by this framework. ROS provides
standard operating system facilities such as hardware abstrac-
tion, low-level device control, implementation of commonly
used functionalities, message passing between processes, and
package management. It is based on graph architecture with a
centralized topology where processing takes place in nodes that
may receive or post, such as multiplex sensor, control, state,
planning, actuator, and so on. The library is geared towards a
Unix-like system (Ubuntu Linux is listed as supported while
other variants such as Fedora and Mac OS X are considered
experimental).

ROS multi-master system [15] is built from two or more
ROS networks, each one with its own roscore node. For this
purpose we need a package called multimaster fkie [16].
This package can be easily installed as shown below

$sudo apt-get install ros-indigo-multimaster-
fkie

This package offers a set of nodes to establish and manage
a multi-master network. This requires no or minimal configura-
tion. The changes are automatically detected and synchronized.
The multimaster fkie allows two substantial nodes: the
master discovery and the master sync nodes to run
simultaneously.

The main features of master discovery is to send
multicast messages periodically to the ROS network to make
the other roscore environments aware of its presence. It
also detects the changes in the local network and informs all
roscore about these changes.

The other nodes called master sync enable us to select
which hosts, topics and services which should be synchronized
or ignored between different roscore. It also helps to register
and update information of topics and services to the local
roscore.

IV. DECENTRALIZED COMMUNICATION ARCHITECTURE

In general, MiniLab Enova mobile robot has its own
ROS network (either wired, wireless or a combination of
both), where a single roscore manages all the communications
between all the ROS nodes, either in a single computer or
multiple computers in the same network (depending on the
complexity and computational needs of the system). See Fig.
6 for a generic hardware setup of such configuration.

Fig. 6. MiniLab robot setup for single ROS system

In multi-agent systems, multiple robots need to exchange
information. Using ROS, there is two possible solutions which
can create a single large ROS network managed by a single
roscore node or create a configuration to allow information to
be exchanged between ROS sub-systems.

Fig. 7. MiniLab robot runs its own master managing local communication.

Fig. 7 illustrate the configuration of 3 robots to allow
information to be exchanged between ROS sub-systems. With
this distributed approach, every robot executes its own master.
Local inter-process communication is handled by the local
master while global communication between robots is handled
by a special communication package. Robots may communi-
cate directly forming an ad hoc wireless network and do not
rely on a central controller.
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Fig. 8. Multiple robots wireless decentralized communication architecture

See Fig. 8, it is example of possible hardware configuration
for multiple robots wireless decentralized communication ar-
chitecture. Note that in Fig. 8, the multi-agent system consists
of one leader and two followers which are connected to the
leader wireless network and one monitoring workstation which
is also connected to the leader.

Fig. 9. Network topology for the illustrative example.

V. MINILAB AS PLATFORM FOR COOPERATIVE CONTROL
OF MULTI-AGENT SYSTEMS

In this section, we will present the procedure for the im-
plementation of the decentralized configuration explained Fig.
8 and Fig. 9. First, we need to configure address reservation
and verify this the reservation from PC workstation. To have
a proper configuration of the network, we need to modify the
/etc/hosts file from each robots and PC. Afterward we can start
multimaster fkie package for our topology. So that we
can try our cooperative control protocol on this ROS network
configuration.

A. Routers Address Reservation

We need to specify a dedicated IP address for all robots
and workstation in the ROS Network, such that all robots and
workstation will always receive the same IP address each time
when it connects to the DHCP (Dynamic Host Configuration
Protocol Server) server. Since each MiniLab Enova robot
requires a permanent IP address, we need to configure the
address reservation of the router.

First, we open the web browser and in the address bar,
type in: http://192.168.0.254. Then, type the username and
password in the login page. Then, you should click on
DHCP�>Address Reservation on the left side and click Add
New button. The MAC and IP address should be given and
the status should be selected as enabled. This configuration is
shown in Fig. 10.

Note that the MAC address is the MAC address of the
device where you want to reserve the IP address. For our case,

we need to know the MAC address of each router in the robot
and PC workstation. The IP address of the robots are reserved
with 192.168.0.2xx and for the workstation 192.168.0.11x

Fig. 10. TP-Link Address Reservation

B. Wireless connection of the leader

To verify the reservation of the IP address for the PC
workstation, we have just to connect to the wifi of the leader
and we can see from connection information of the PC
workstation as shown in Fig. 11.

Fig. 11. Wireless connection to the leader

C. Host name and IP address binding

For each robot and workstation, it is necessary to modify
the /etc/hosts file using text editor. Fig. 12 shows the contents
of this file for the workstation for the example presented in
Fig. 8.

Fig. 13 shows the contents of this file for each robot for
the example presented in Fig. 8.

To verify the appropriate configuration of the network,
before launching any ROS nodes, it is interesting to ping all
other robots from the workstation, using both the host name
and the IP address. If all the pings return a reply, the network
has been properly configured.
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Fig. 12. Contents of the /etc/hosts file for the workstation for the example
presented in Fig.8

Fig. 13. Contents of the /etc/hosts file for each robot for the example
presented in Fig. 8

Using the current console, the following command should
be executed, where hostname or IP address must be the IP
address or host name of each robot and the workstation.

$export ROS MASTER URI=http://<host ip>:11311

$ROS MASTER URI is required setting that tells nodes where
they can locate the master.

For all robots and the workstation, we have to verify if the
multicast feature (group communication) is temporary enabled
using the following command:

$sudo sh -c "echo 0 /proc/sys/net/ipv4/icmp
echo ignore broadcasts"

If this command returns 0, the multicast feature is enabled.
However, when all robots and workstation restart, this config-
uration will be lost.

Now, the ROS network has been configured as multi
master. The next step is to discover and synchronize each robot
and the workstation.

D. Technical check

It is time to launch the multimaster fkie nodes and
take a first look at how it works. First of all, it is needed to
launch a local roscore on each computer

$roscore

Then, the master discovery node should be launched in
each computer, passing as an argument the mcast group pa-
rameter to specify the multicast address to be used.

$rosrun master discovery fkie master
discovery mcast group:=224.0.0.1

Afterwards, the master sync node should be launched in
each computer. Without any additional parameter, all topics
and services on all computers will be synchronized with all
others.

$rosrun master sync fkie master sync

When both nodes are running on all robots and workstation,
the following command will list all the available ROS masters
on the common network.

$rosservice call /master discovery/list masters

Fig. 14 shows the information reported by this command
for the example presented in Fig. 8.

Fig. 14. Information reported by the rosservice call command for the example
presented in Fig. 8

VI. EXPERIMENTAL RESULTS FOR THE CONSENSUS
ALGORITHM FOR SECOND-ORDER MAS

This subsection focusses on the consensus problem for
second order MAS using MiniLab Enova robots. In fig. 15
the experimental setup used for the implementation of the
consensus protocol is presented.

Fig. 15. Experimental setup for the illustration of the consensus protocol.

Consider a multi-agent system consisting of a leader la-
beled by 0, and two followers, labeled by i 2 1, 2.. The leader
dynamics is given by the following second-order system

⇢
ẋ1,0 = x2,0

ẋ2,0 = f(t, x1,0, x2,0)
(1)
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where x0 = [x1,0, x2,0]T 2 R2 is the leader state and
f(t, x1,0, x2,0) is its inherent dynamics. The dynamics of the
ith follower is as follows

⇢
ẋ1,i = x2,i

ẋ2,i = f(t, x1,i, x2,i) + u

i

(2)

where x

i

= [x1,i, x2,i]T 2 R2 (resp. u
i

2 R is the state (resp.
control input) of the ith followers (i = 1, 2).

We apply the consensus algorithm proposed in [17]

u

i

= �
2X

j=1

a

ij

[(x1,i � x1,j) + �(x2,i � x2,j)], i = 1, 2.

(3)

where a

ij

is the (i, j) entry of the adjacency matrix A
n

2
R

2⇥2 and � is a positive scalar. When x1,i and x2,i denote,
respectively, the position and velocity of the ith follower,
(3) represents the acceleration of that agent. With (3), the
consensus is achieved or reached by the team of agents if, for
all x1,i(0) and x2,i(0) and all i, j = 1, 2., x1,0(t)�x1,i(t) ! 0
and x2,0(t)� x2,i(t) ! 0, as t ! 1.

We use a directed graph for the communication topology
between agents as shown in Fig. 16,

Fig. 16. Communication topology

Fig. 17 shows the evolution of the position of each agent
using consensus algorithm (3) under the interaction topology
given by Fig. 16

Fig. 17. Robot position for the considered experimental results using
consensus protocol (3).

VII. CONCLUSION

The multi-agent system framework was presented using
Robot Operating System (ROS). It is clear from these pre-
liminary results that the proposed multi-master system works
properly. Using this scheme, it is possible that multiple robots
communicate through a wireless network. Also, it is possible
to use this low cost configuration to use only one workstation
for monitoring and control of multiple robots.
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Abstract— Humanoid robots are not solely a part of the 
science fiction; they are at the focus of many study areas in real 
life. After the developments in robotics and automation in the 
last century, robots are made not just to perform certain tasks; 
some are designed to bear a resemblance to humans. The main 
thrust of this project is to design and implement a humanoid 
robot that is capable of seeing, detecting and tracking a human 
face in a cost efficient and robust manner. In this study Viola-
Jones face detection framework and Kanade-Lucas-Tomasi 
(KLT) feature tracker are utilized to build the desired 
humanoid robot. Certain constraints such as limited joint 
range, manipulability measures and singularity avoidance are 
all regarded on the end-effector for the implementation. 

 Keywords— Humanoid robot, Humanoid neck, Face detection 
and tracking 

I. INTRODUCTION

Humanoid robot implementations have been flourished 
during the past decade consequent with major advances in 
hardware and artificial intelligence technologies. Humanoid 
robots are utilized in variety of fields such as entertainment, 
education, military and medicine and having diverse 
capabilities. Within this enormous diversity regardless of the 
importance of the robots’ use they possess the common 
design characteristics.   The humanoid robots are inherently 
capable of being interactive with humans and the 
environment and the most of the efforts are still devoted to 
challenging contextual robot actions. Humanoid robot 
implementations, a few of which can be listed as ASIMO, 
PETMAN, ATLAS, TOPIO, and HUBO, are established to 
serve with several capabilities to reveal contextual 
interaction with the environment [1]. Manipulating objects, 
walking in domestic or harsh environments and many other 
actions can be managed and performed with different 
degrees of human-likeness in both appearance and motion.  

There are two strategies when designing humanoid 
robots. One strategy is the exceptional copy of human in 
which the human anatomy is realized on the humanoid robot 
with a possibly high proximity. Other strategy is getting a 
more optimized and flexible technical mechanism regardless 
of the capabilities and limitations inherited from the human 
anatomy.  

Upon the analysis on human head anatomy we can 
identify four main sub-parts, which can be in motion or as 
least in relatively limited motion, to be dealt with: the neck, 
the eyes, the eyebrows, and the mouth. The first  two sub-
parts are vital to perform visio-cognitive actions, while the 
two last are necessary solely to display some facial 
expressions Humanoid head robot prototypes such as 
ARMAR III, iCub, WE-4RII and Kismet has focused on 
implementation of these sub-parts regarding the functional 
needs [2, 3]. 

Almost all existing robotic head prototypes are based on 
mimicking human facial expressions. Therefore human neck 
sub-part is a less focused issue and it is not achieved 
comprehensively on prototypes. The main thrust of this 
project is to realize the neck sub-part of a humanoid robot 
with an electro-mechanic system and add the capability of 
visual sensing and face tracking associated with neck 
movements in accordance to the human anatomy. We will be 
referring to the neck sub-part of the humanoid robot shortly 
as the humanoid neck from now on. 

The main objectives of the study can be listed as; (1) the 
design and implementation of humanoid neck capable of 
pitch and yaw motions, (2) making the neck as close as 
possible to a human neck, (3) making the robot to detect and 
track human faces with appropriate neck movements. 

The structure of this paper is as follows. In Section 2 
established methods and techniques considering the field of 
robotics is presented. The biomechanical properties of 
human neck are detailed. Also a brief study of robot 
kinematics and computer vision with the expedient theories 
in general and their bearing on robotics is given. In Section 3 
the implementation of the humanoid neck capable of visual 
sensing and face tracking of the design is given explaining 
the electro-mechanical structure, utilized computer vision 
algorithms. Section 4 puts concluding comments, discusses 
problems arisen in the study and possible future work and 
lists final remarks and practical advices resulting from the 
experimental study.  

II. METHODS

This chapter describes the important methods and 
techniques utilized for the design and implementation. 
These methods are all well-established and illustrated in all 
details in the literature. Therefore their overview here 
contains only the parts relevant to the study.  

A. Biomechanical Study of the Human Neck
In order to design a humanoid neck, the human neck

anatomy should be considered and a group of certain 
specifications such as the size, and rotational limitations has 
to be fulfilled. 

According to Haley [4], the average human neck 
circumference varies in the range of 36.5 to 40.6 cm, while 
neck length varies in the range of 8.3 to 8.5 cm. The human 
neck has three motions essentially which can be named as 
extension, lateral bending and rotation. Human neck 
extension movement has a range of 57.5 degrees, while 
flexion (negative extension) movement has a range of 50 
degrees. Extension and flexion movements can be considered 
as pitch rotations. Human neck vertical movement, which is 
named lateral bending, has a range of 45 degrees each side. 
This motion can be considered as roll rotations. Human neck 
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horizontal rotation movement has a range of 70 degrees each 
side. This motion can be considered as yaw rotations. All 
these motions can be seen in Fig. 1.  

There are six muscles for controlling neck movements in 
human neck. Thus, fulfilling the effect of six muscles (or 
muscle groups) on the neck movements is an extreme 
challenge. In this study we involve with the electro-mechanic 
system to establish roll, pitch, and yaw rotations of human 
neck disregarding the immediate causes (the muscles). 

 

 

Fig. 1. Human neck roll, pitch, yaw rotations. 

B. Robot Kinematics 
Robot kinematics in general deals with the analytical 

study of the geometry of motion of a robot with respect to 
fixed a reference coordinate system and disregards the 
forces or moments that triggers or establishes the motion. 
Thus, the describing the spatial displacement of the robot as 
a function of time analytically, in particular expressing the 
relations between the space associated with joint variables 
and the position and orientation of the end-effector of a 
robot is what robot kinematics involved in [5]. It is an 
enormously big field and there is little point in attempting to 
present every prominent approach. Therefore, we want to 
state what is necessary for us. 

There are two fundamental problems in robot kinematics 
(Fig. 2). The first problem is usually termed as the direct 
kinematics problem, while the second problem as the 
inverse kinematics problem. The independent variables in a 
robot are the joint variables. Thus, a task is usually stated in 
terms of the reference coordinate frame and the inverse 
kinematics problem is used more frequently [6]. 

 

Fig. 2. Direct and Inverse kinematics. 

 
A profound approach of Denavit and Hartenberg utilizes 

matrices to describe and represent the spatial geometry 
associated with robot links with respect to a fixed reference 
frame. Homogeneous transformation matrix or Denavit 
Hartenberg matrix  is represented as a product of four 
basic transformations 

, , , ,  

 

(1) 

where	 , ,  and , are the parameters associated with 
the link  and joint . These parameters are named 
respectively as link length, link twist, link offset, and joint 
angle.  and  represents the cosine and sine of associated 
variables.  and  are rotation and translation matrices. 

4x4 homogeneous transformation matrix is used to 
describe the spatial relationship between two adjacent rigid 
mechanical links. Then the direct kinematics problem is 
reduced to the task of finding an equivalent 4x4 
homogenous transformation matrix. This matrix relates the 
spatial displacement of the hand coordinate frame to the 
reference coordinate frame. This matrix is also convenient 
in deriving the dynamic equations of motion of a robot. 

C. Computer Vision  
Seeing, recognizing, focusing, perceiving abilities are 

ordinary tasks for humans. There is little or even no effort in 
performing these tasks. On the other hand making a 
computer or robot to see and interpret like a human is not a 
feasible task. Computer/Robotic vision relies essentially on 
advanced mathematical and image processing techniques and 
involves interpretation of visual information gathered from 
the real world. Detecting and tracking the face 
representations or human faces in the images are the main 
objectives involved in this study. The humanoid neck with 
the mounted camera comprehensively senses human faces.  
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Face detection techniques can be classified broadly as 
feature-based, template-based, or appearance-based [7]. In 
this work a feature based technique Viola-Jones face 
detection algorithm is utilized, which basically seeks the 
locations of distinctive image features such as the eyes, nose, 
and mouth [8]. The algorithm then verifies whether these 
features are dependable or not, and it is used to detect the 
face representations. Amongst many others some popular 
face detection techniques using modular eigenface [9], neural 
networks [10], probabilistic constellation models [11]. 

Face tracking techniques calculates the displacement per 
pixel given in x and y offsets, in consecutive frames. 
Displacement can be detected using specific features, such 
as, color, texture, illumination. There are a good number of 
face tracking algorithms, each having its own strengths and 
weaknesses. In this work a state of the art tracking algorithm 
named “Kanade-Lucas-Tomasi feature tracker” is used.  

1) Viola-Jones Face Detection Algorithm (Haar 
Cascade Classifier) 

Viola-Jones face detection algorithm is a widely used 
method for real time object detecting classifier, proposed by 
Paul Viola  and Michael Jones in 2001[8]. Viola-Jones 
algorithm is mainly used in face detection, and it provides 
fast detection times and high detection rates.  

Viola-Jones algorithm uses four steps to detect a face 
(Fig. 4). At the very first step the system is trained with 
Haar-like features. Haar-like features use Haar wavelets as 
image intensities, which represent differences in average 
intensities between two rectangular regions. In this study, 
four types of features are used (Fig. 3), there are some more 
variations of such features in the literature. These features act 
like the difference of the sum of pixels within two same sized 
rectangular regions.   

 

 

Fig. 3. Haar-like features: Two-rectangle feature(vertical), Two-rectangle 
feature(horizontal), Three-rectangle feature, Four-rectangle feature [8]. 

Rectangular features can be computed rapidly using 
integral image. The integral image at location ,  contains 
the sum of the pixels above and to the left of  and  points, 
where ,  is the integral image and ,  is the original 
image  

, ,
,

 (2) 

Summed area table can be computed in a single pass over 
the image, using the fact that the value in the summed area 
table at ,  

, , ,  

, , ,  
(3) 

The computation of the integral image allows us to derive 
any rectangular pixel sum within four references (corner 
points of the rectangle of which the sum should be 
computed) in constant time, regardless the size of the 
rectangle. 

The derived features are anticipated to hold all the 
information needed to characterize a face. Since faces are by 
and large regular by nature, the use of Haar-like patterns 
seems warranted. There is another crucial element which lets 
this set of features take precedence: the integral image which 
allows calculating them at a very low computational cost. 
Instead of summing up all the pixels inside a rectangular 
window, this technique mirrors the use of cumulative 
distribution functions [12]. 

 How to make sense of these features is the focus of a 
machine learning algorithm named “AdaBoost” (short for 
Adaptive Boosting) [13] is used. An accurate numerical 
depiction is required to set human faces apart from other 
regions. The algorithm chooses features through a voting 
mechanism and establishes a strong classifier using grouping 
of weak classifiers.  

Cascade of classifiers speed up the process and have 
more precise results. Cascade of classifier algorithm first 
detects a Haar-like feature, and then applies series of 
classifiers to every sub-window. The initial classifier rejects 
a large number of negative examples, facilitates the 
computation. More classifiers can be applied to reject more 
negatives. After certain series of operations, number of sub-
windows is guaranteed to be decreased, and this leads the 
face detection algorithm more robust.  

Fig. 4. Flowchart of the Viola-Jones face detection algorithm

2) Kanade-Lucas-Tomasi Feature Tracker 
KLT feature tracker is a used for feature tracking, 

proposed by Bruce D. Lucas and Takeo Kanade, expanded 
by Carlo Tomasi and Kanade. KLT algorithm is designed to 
detect dispersed feature points, which are trustworthy for 
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tracking. Detected features are tracked by minimizing the 
difference between the two windows. 

In the aspect of real time face tracking, KLT algorithm 
detects corners in the frame. Then for each point, it 
calculates the displacement of the tracked points in 
consecutive frames. With the help of this calculation, for 
each feature point its resultant motion vector is calculated 
(Fig. 5). New points are presented through corner detection 
at every desired frame. Algorithm loops by adding new 
points to old points. 

 

 

Fig. 5. Flowchart of KLT algorithm 

III. DESIGN AND IMPLEMENTATION 

This section comprises the details on realization of the 
techniques and theories described in the former section. The 
ultimate goal is achieving the task of the design and 
implementation of a humanoid robot that is capable of 
seeing, detecting and tracking faces.  

Apart from the face detection and tracking task, the first 
task is to move the end effector, which is the neck platform, 
from a starting position to desired position using an analog 
input. While making this happen, robot should be built in a 
modular way to be expandable for future model extensions. 
Also robot should be sturdy enough for outer impacts and it 
should be cost effective. In the beginning, the robot is at an 
initial position set by the user. An input is provided to the 
robot via an analog data source, in our case it is a 3 axis 
joystick. In pursuance of the directed position, the robot 
should move to the desired position using position control 
system of servo motors. When the final position is reached, 
robot manipulators should stop and wait for the next analog 
data input. 

Second task is to make the robot see, detect and track 
human faces. Therefore the input for the position control 
system of servo motors will be provided by the algorithm 
itself, and joystick implementation will be redundant. Robot 
should be aligning itself automatically to ensure that it has a 
clear vision of the target face in the scene. For either the 
manual or the automatic movements the desired 
specifications and constraints are applied on the humanoid 
neck. Some constraints such as limited joint range, 
manipulability measures and singularity avoidance are 
analyzed on the end-effector. Therefore the prototype will 

not be destroyed by physical forces, torques and the task 
conflicts resulting from its own. 

A. Mechanical Structure 
Mechanical structure of the humanoid neck consists of 

two rotational actuators: one for Y axis, one for Z axis.  Y 
axis manipulator is linked to a ball joint. Ball joint provides 
three degrees of freedom to the robot, making principally 
roll, pitch and yaw rotations possible. However mimicking 
the human anatomy with a high proximity to have a 
collective movement for pitch, roll, and yaw rotations is an 
extremely difficult task. Rotations around Y axis and Z axis 
are practically achievable, thus roll rotations are not taken 
into consideration. Actually the roll rotations or lateral 
bending has a minor impact on the face detection and 
tracking. All mechanical parts except holders are prototyped 
with a 3D printer. The prototype of the humanoid neck can 
be seen in Fig. 6. 

For Z axis, a gear system is used to turn the neck. Z axis 
actuator rotates the gear beneath itself which transfers its 
rotational movement to a fixed gear, which concludes the 
rotational movement in neck. Gear system can be seen in 
Fig. 7. Camera is mounted on the base structure of the head, 
using metal holders. Camera is attached to a 3D printed 
mask to give it a caring feeling (see Fig. 8). 

 

  

Fig. 6. Mechanical structure of the humanoid robot neck: Side view and  
front view. 

 
 

 

 

Fig. 7. Gear system for Z axis movements. 
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Fig. 8. Camera mount. 

Mechanical design of this robot is based on Gael 
Langevin’s open source robot InMoov [14]. Some important 
modifications are made to make smoother movements, such 
as implementing a new piston design and neck joint.  

B. Electronic Structure 
Final implementation of the robot design has a power 

source, connectors, a microcontroller (Arduino Uno), a 
webcam (Logitech C270), and 2 servo motors.  

Y axis manipulator servo motor is selected from high 
speed, high torque servo motors to ensure that the motion is 
responsive enough. For this axis “3 Power HD HD-
1501MG” servos are used. For Z axis, an high speed, 
medium torque Tower Pro MG-995 servo motor is selected. 
Since these servo motors load current is 2.5A each, a 5V, 
12A, 60 Watt power source is used to power the servos. All 
servo motors are connected to micro-controller’s digital 
PWM outputs. 

A joystick (Megatron DS 812) is used analog source is 
required. Joystick provides an analog input to the micro-
controller, and this input is used to set the final position of 
the servo motors.  

C. Vision Algorithm 
In this study, Viola-Jones face detection algorithm is 

used to infer the face representations. The detected region is 
the only information required to introduce to the KLT 
algorithm.  Basically within each face area salient corners 
are computed. After corner detection KLT steps have been 
applied through cycles. The corner points used in the 
tracking algorithm are updated whenever new faces are 
detected in every 15 consecutive images. For each update, 
the tracking algorithm sends the coordinate information of 
the center of the tracked region, which is guaranteed to be a 
face representation, to the servo motors of the humanoid 
neck towards position control. Servo motors perform 
position control with a specified delay and averaging 
scheme in order to produce motion of the end effector with 
no jittering. Both the central processing unit (CPU) and 
graphical processing unit (GPU) (when possible) are used in 
this algorithm as computational elements, ensuring optimal 
time efficiency. Vision Algorithm is implemented in 
MATLAB, Computer Vision System Toolbox and Image 
Processing Toolbox. Microcontroller and servo motors are 
initiated through MATLAB Arduino driver. Bounding box, 
salient corner points and central point produced in face 
detection and tracking algorithms are shown in Fig. 9. 

 
 

 

Fig. 9. Detected face. (+) are the detected points using minimum 
eigenvalue method. (x) is the central point.  Frontal detection and 
detection at an angle. 

IV. CONCLUSIONS 

In this study, we presented a humanoid robot 
accomplishing the task of neck movements, while detecting 
and tracking a human face. Our efforts in this study offer 
good discussions and steps towards the objectives. As one of 
the objectives of the design process is to ensure the robot to 
be modular; most of the time was consumed on design and 
assembly of the mechanical parts.  

Even though the vision algorithm and the servo motor 
actuating works reliably, there are still problems to be 
stated. The prototype does not pretend to solve the problem 
in any definitive way. The primary problem of the design 
process was the mechanical structure. While the structure 
seemed robust during design and printing phases, parts 
usually came out fragile. This problem caused limited 
modularity of the system, not every part could be drilled or 
glued. Another problem was the X axis links. These links 
were intended to be in charge of roll movements, but due to 
structural difficulties and run-time mechanical conflicts X 
axis links were removed. Another problem was making the 
vision algorithm robust. In order to maintain real time 
tracking, total time delay should not exceed 100 - 120 ms 
otherwise visible delays can occur. Since microcontroller 
communication takes about 30-35 ms, algorithm must be 
fast as 65-70 ms. This problem was solved by separating the 
face detection and face tracking in different statements, and 
using GPU rather than CPU improve the computational 
speed. Frames to be processed are gathered on an average of 
10 fps, one loop of face detection is executed in 40-50 ms, 
and it takes 11-13 ms when a detected face is tracked.  
Sensor-wise improvements can be made for the robot, such 
as hearing or depth sensing. Another camera can be attached 
as the second eye to fulfill the task of stereo vision.  
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Abstract—In this paper, the design of the triple inverted 
pendulum system which is added to the laboratory systems within 
the scope of academic studies is mentioned and the parameters of 
the generated system are explained. The mathematical model of 
the system is given in detail. The stabilization control of the triple 
pendulum on a cart is carried out in the MATLAB/Simulink for 
real-time applications targeted for future work. LQR and LQG 
control structures which are the optimal control methods have 
been examined and their features have been elaborated. Both 
control structures are applied to the system. The stability of the 
pendulums at the upper equilibrium when the cart is in the 
reference position is provided in both control methods. 

Keywords—Kalman filter; LQR; LQG; Optimal control; Triple 
inverted pendulum 

I. INTRODUCTION 

The inverted pendulum is a nonlinear, unstable, under-
actuated testbed that widely preferred in control theory 
applications. In terms of these features, it is quite suitable for 
use in studies of control theory field. Designed control 
algorithms can be tested and improved easily on the inverted 
pendulum systems. A traditional inverted pendulum system 
consists of a cart that can move linearly in the horizontal axis 
and a pendulum mounted on this cart. However, there are many 
different structures of inverted pendulum system such as linear, 
rotary, spherical, mobile, single or multiple link [1-7]. 

There are two basic control problems as stabilization and 
swing-up in inverted pendulum systems and the control 
methods applied for these control problems are different. From 
the literature, it is seen that the control methods such as PID, 
optimal, fuzzy, sliding mode control used for the stabilization 
problem of the inverted pendulum systems. Similarly, widely 
used control algorithms for swing-up of the inverted pendulum 
are feedforward, energy based, nonlinear model predictive 
control.  

In the literature, there are many different studies on the 
control of inverted pendulum systems. Block [3] 
experimentally carried out both the swing-up and stabilization 
control of the Pendubot system which two pendulums are 
mounted on a fixed joint by partial feedback linearization and 
LQR/pole placement techniques. Furuta and Aström [4] 
proposed energy-based control method for swing up of the 
inverted pendulum. Acosta, Gordillo and Aracil [5] achieved 
swing up the furuta pendulum by the speed gradient method. 
Cheng, Zhong, Li and Xu [6] used to fuzzy logic control for 
stabilization of the pendulums on the double inverted pendulum 
system.  

Gupta, Bansal and Singh [7] designed LQR controller to 
stabilize the triple link inverted pendulum and they presented to 
the controller performance according to the simulation results. 
Similarly, Chen and Theodomile [8] used fuzzy control method 
to study the stability control problem of the triple inverted 
pendulum (TIP) system. The simulation results show that the 
proposed method can achieve the stability control. Glück, Eder 
and Kugi [9] experimentally carried out both the swing up and 
stabilization control of the TIP by nonlinear feedforward 
control and optimum feedback control methods.  

Our future studies will focus on the improving the swing-up 
and stabilization control performances of the triple inverted 
pendulum systems. Therefore, stabilization control problem is 
analyzed in simulated environment in this study. It is aimed to 
be a background for the planned experimental studies. 

In this paper, optimal feedback control algorithm is 
developed for stabilization problem in MATLAB/Simulink. 
Optimal LQR and LQG controller are designed and both 
designed controllers are implemented to the system. The 
simulation results are presented and LQR and LQG optimal 
control method is compared. Thus, two different optimal 
control algorithms are compared for the stabilization problem 
of the TIP system.  

II. MODELLING

The mathematical model of the system defines the dynamic 
behavior of the system. Thus, the motion equations are 
necessary for the TIP system simulation and controller design. 
Lagrange formulation can be used as a general approach for 
deriving motion equations of a dynamic system. The Lagrange 
'L' motion equations are based on the difference between the 
potential energy (PE) and the kinetic energy (KE) of the system 
(L= KE - PE). The general formulation of the Lagrange is: 

- , , , ,           (1) 

Where qi is called generalized coordinates, 	is called 
generalized torque and they were chosen as 	 	 	
	 	 	 , respectively.  

A. Parameters of the TIP System
Fig. 1 shows the free body diagram of TIP. The system

output variables are the cart position and the pendulum angles. 
Also, the system input is the control force applied to the cart. 
The hardware structure of the system consists of motor, motor 
driver, encoder, cart and pendulum. Encoders are used for the 
measurement of position state variables. There are two basic 
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encoders of the system as for cart position measurement and 
pendulum angle measurement. 

TABLE I. Model Parameters 

Parameter Numerical 
Value 

 

Parameter Numerical 
Value 

m0 2.8kg L1 0.323m 
m1 0.2533kg L2 0.419m 
m2 0.3258kg L3 0.484m 
m3 0.3704kg c 0.0001Nms 

 

 
Fig. 1. Free body diagram of the TIP 

The mass (mi) and length (Li) of each pendulum and the 
mass of the cart (m0) are given in Table I. The distances from 
the mass center of each pendulum to the corresponding joint (li) 
are base for system modelling. In this paper, li is determined as 
Li/2, assuming that the pendulums are homogeneous. Besides 
these parameters, inertia moment and friction coefficients are 
also included in the system model. The parameter c denotes the 
viscous friction between the cart and the rail, b1 denotes the 
viscous friction between the first joint and the cart, b2 denotes 
the viscous friction between the first and the second joint, b3 
denotes the viscous friction between the second and the third 
joint. Also, Ji denotes inertia moment of joint.  

Since friction forces affects the performance of the 
controller in real-time applications, modelling of friction forces 
at the joints is very important. In this paper, frictions are 
considered in the derivation of the system model. However, 
after the modelling, the friction is neglected in simulation 
environment.  

B. Mathematical Model of the TIP System 
Prior to implementing the Lagrange approach, the total 

kinetic and potential energies of the system was calculated by 
obtaining to position equations that can be seen from (2).  

,  

        (2) 

The total kinetic energy of TIP consists of the kinetic energy 
of the cart and of each pendulum. Since the cart can only move 
linearly in the horizontal axis, the cart kinetic energy:  

                             	                                     (3) 

The pendulums have both translational (for both axes) and 
rotational kinetic energies: 

    , , ,            (4) 

Since the cart potential energy is zero, only pendulums 
motion causes the potential energy of the system. Equation (1) 
is applied to each state variable to obtain to nonlinear 
mathematical model of the TIP that has four equations. These 
equations are differential equations that model the dynamic 
behavior of the system. The derived dynamic equation of the 
system is shown in the standard form as follows.  

            					 ,              (5) 

		 		 		  

, 		 		 		  

		 		 		 	  

Where M is the mass matrix and a symmetric matrix. The C 
matrix shows the effect of centrifugal and Coriolis forces. Also, 
the G matrix shows the effect of gravity force. D is the damping 
matrix. (The abbreviation in the matrices of the (5) is described 
in Table II.) 

Table II. Description of Abbreviations 

Abbreviation Description 

0a 3210 mmmm +++

1a 131211 LmLmlm ++

2a 2
13

2
121

2
11 LmLmJlm +++

3a  2322 Lmlm +  

4a 213212 LLmlLm +

5a 3
2

33 Jlm +  

6a 33lm  

7a 313 lLm  

8a 2
232

2
22 LmJlm ++

9a 323 lLm  

 

C. The Linearization 
The system has basic two equilibrium points as upper and 

lower. Since the purpose of the stabilization control algorithm 
is to stabilize the system’s outputs at the upper equilibrium 
point which TIP is unstable, the nonlinear model of TIP needs 
to be linearized at this point. The linearization is applied by 
using Taylor series expansion at unstable equilibrium point 
( i=0°, i=1,2,3). Taylor series expansion: 
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It is important to note here that the acceptance is valid when 
the pendulum angles are around 0°. The linearization will no 
longer be valid when get away from these angles. After the 
linearization, the linear dynamic equations of the system can be 
obtained as follows.  
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D. State Space Model 
Since optimal state feedback control will be used for 

stabilization, state space model of TIP should be obtained. The 
state space model as can be seen from (8) consists of state 
equations that describe the dynamic behavior of the system. 

          				 	 , 																																		(8) 

Where x is state vector, u is input vector and y is output 
vector. The state variables of the TIP are the cart 
position/velocity and the angular position/velocity of each 
pendulum. The linear dynamic equations are rearranged by 
making the necessary transformations between state variables 
and the state space model of the system seen in the (9) can be 
derived:  

				 				 			 			 			 			 			  

               		 		 		 		 		 		 		                            (9) 

III. OPTIMAL STATE FEEDBACK CONTROL 
State feedback control based on pole placement. The state 

variables of the system and the gain matrix are used for pole 
placement. In state feedback control, closed-loop system poles 
can be placed at any desired point. However, in output feedback 
control methods, poles can only be assigned to specific point. 

All state variables of the system must be accessible for 
implementing of the state feedback controller. The working 
structure of controller is as follows. The state variables are fed 
back. The feedback variables are compared to the reference 
input by multiplied by an appropriate state feedback gain 

matrix. The reference and feedback difference are given as an 
input to the state space model. 

The system has eight state variables but not all of these 
variables can be obtained directly because of the model has only 
the four output state variables (the position of the cart and each 
pendulum). Other state variables (cart velocity, angular velocity 
of each pendulum) are fed back by derivatives of the position 
variables. 

A. Linear Quadratic Regulator (LQR) 
One of the critical points in the state feedback controller 

design is the calculating of the gain matrix (K) and the LQR 
method is one of the methods used for this purpose. In LQR 
method, K matrix is obtained by solving an optimization 
problem. Optimal feedback parameters which optimize the 
control signal are obtained by minimizing the cost function (J). 
The control signal and cost function are given in (10) and (11), 
respectively. 

                           )()( tKxtu −=                                      (10) 

                  ³
∞

+=
0

)(
2
1 dtRuuQxxJ TT                              (11) 

As can be seen from (11), the cost function depends on basic 
two parameters as Q and R. Optimal gain matrix are obtained 
depending on the choice of these two parameters which Q is a 
positive semi-defined matrix and R is a positive constant. 
Optimum control signal:  

             )()()()( 1 tKxtxtPBRtu T −=−= −                      (12) 

The P in (12) is obtained by the Riccati differential equation 
that can be seen from (13). 

                01 =+−+ − QPPBRAPA T                        (13) 

K gain matrix can be calculated with the P that is the 
solution of the Riccati equation as in (14).  

   [ ]87654321
1 kkkkkkkkPBRK T == −      (14) 

The performance of the controller depends on the selection 
of the weight matrices (Q, R). Therefore, the key problem in the 
design of optimal controller using LQR is the choice of Q and 
R matrices. There are different approaches for selection of the 
weighting matrices in the literature such as trial and error 
approach, Bryson’s Rule [10], simplest choice approach (Q=I, 
R= ), analytical approach [11] etc. Also, the optimal value of 
Q and R can be found using genetic algorithm, PSO, ant colony 
optimization algorithm etc.  

In this study, the initially value of the weight matrices can 
be simply chosen as R = 1, Q = C '* C. Thus, Q is determined 
as 	 	 	 	 	 	 	 	 	 	which it is a diagonal and 8x8 size of 
matrix. Since the LQR function can control all outputs of the 
system, it is possible to obtain the desired response from the 
controller by changing the weighting coefficients of the output 
variables in the matrix Q. Therefore, by changing the weights 
of the variables in the Q and R matrices, a gain matrix has been 
calculated that can stabilize the TIP.  

399

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



B. Linear Quadratic Gaussian (LQG) 

 
Fig. 2. Block diagram of the KF 

1) Kalman filter: The Kalman filter (KF) can estimate the 
state of the system from input and output information of the 
model in linear dynamic systems [12,13]. As can be seen in Fig. 
2 noise is added to the ideal system to obtain the augmented 
system structure required for the KF algorithm. The augmented 
system has three input signals as u, d and n. Based on these 
input signals, the B and D matrices are updated. The state space 
model of the augmented system is:  

 
                                (15) 

The dynamic equation in the state space form of the KF is: 

                   , 																				(16) 

Where Kf is KF gain and it is calculated as:  

                           																																																	(17) 

Where R is output covariance matrix. The P is an algebraic 
constant that is calculated with Riccati equation.  is estimated 
state variables and  is estimated outputs. By using (16) and 

, the following equation is obtained. 

                              																																										(18) 

As can be seen from (18), KF design is a pole placement 
problem. If (A, C) matrices are observable, KF design is applied 
by determining an optimal Kf gain matrix.  

2) LQG: In the state feedback controller, all state variables 
must be measurable. However, in some cases, state variables 
cannot be measured in real-time systems. If the system is 
observable, it is possible to estimate non-measurable state 
variables using the measurement data. Also, estimation of state 
variables can be preferred because of noisy or incorrect 
measurement data [14]. 

KF is required if some state variables needed for the LQR 
controller are estimated. Thus, the LQG controller structure is 
obtained by adding KF to the LQR controller. Consequently, 
LQG is a method for optimal control of systems that contain 
uncertainty. As can be seen from the LQG control structure in 
Fig. 3, the KF estimates all state variables based on the input of 
the system and the output variables that can be measured. The 

estimated state variables are multiplied by the gain matrix 
obtained by LQR to generate the control signal that is .  

 
Fig.3. Block diagram of the LQG 

When the control signal is applied to the state space model 
of the process noise added system, the closed loop model is 
obtained as in (19). 

, ,  
     															                   (19) 

The state space model for KF is: 

                																								(20) 

If the two state space models are reduced to a single model, 
the new state space model is obtained as: 
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It is seen from (21) that the new model contains both LQR 
and KF eigenvalues.  

IV. SIMULATION RESULTS 
Simulation of the LQR controller was performed with an 

initial condition which is [0.05 0 -0.01 0 0.1 0 0 0]. 
( 1=0.05 rad, 2=-0.01 rad, 3=0.1 rad) All output variables of 
the system must be stabilized at the reference point by the 
controller. 

 
Fig.4. LQR controller pendulum angle signals with initial condition 

xxe −= ˆ
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Fig.5. LQR controller cart position and velocity signals with initial condition 

As can be seen from Fig. 4, each pendulum angle was 
stabilized in about 2.5 seconds. Similarly, the cart was 
stabilized at reference point by implementing the controller 
(Fig. 5). As a result, the LQR has successfully achieved control 
of the system.  

The LQR method assumes that all state variables are 
measurable and the measurements are noiseless. However, this 
is not always the case in real-time practice. Therefore, the 
performance of the LQR controller has been examined by 
adding Gaussian noise to the system. Also, simulation of the 
LQG controller was performed by adding noise to the system. 
In LQG controller structure, KF can estimate states successfully 
in spite of the noise, disturbance or uncertainties in the system. 

The reference signal shown in Fig. 6 was applied to the cart 
when the system is stabilized in equilibrium point. As can be 
seen from Fig. 6, in both control algorithms the cart follows the 
reference signal successfully by reaching the reference points 
(± 0.05 m.) and remains stable for the determined time. 

 
Fig.6. LQR/LQG controller cart position signals with set point 

Fig. 7 shows the changes in the positions of the pendulums 
as a result of the reference signal applied to the system. As the 
cart moves to the desired position, it has a disturbing effect on 
the pendulums balance. Because of this affect pendulums 
oscillate and their balance is disturbed. However, the controller 
was stabilized the pendulums after disturbing effect. It is seen 
from the Fig 7 that after the oscillations, the pendulums reached 
to equilibrium positions (0°). It is also clear that the LQG 
controller is capable of eliminating noises.  

Controller performance measures such as settling time, 
overshoot is equivalent in both controllers. However, the noise 
effect is the most important difference between the two 
controller results. Since the LQR does not have an algorithm to 
eliminate the noises added to the control system, the added 
noise clearly reflects to the system outputs as seen from the 
graphs. In the LQG method, the noise is successfully 
eliminated.  

 
Fig.7. LQR/LQG controller pendulum angle signals with set point 

Table III shows the comparison of two controllers in terms 
of cost of the errors computed from Fig. 6 and 7. The cost 
functions are defined by the root mean squared error (RMSE), 
mean squared error (MSE) and mean absolute error (MAE).  

Signal delays, measurement noises, disturbances, hardware 
problems affect to controller performance in real-time 
applications. These situations may cause oscillations of the 
system outputs, high amplitude output signal or non-working 
controller. These effects can be eliminated by the optimal value 
of Q and R. Since it is a basic simulation study, all these 
problems are neglected in this paper. The working conditions 
for both controllers are the same except for the added 
measurement noise. Therefore, cost of the errors is 
approximately in both controllers.  

V. CONCLUSIONS 
In this paper, LQR and LQG algorithms, which are the 

optimal control methods, were applied to the triple inverted 
pendulum system and simulations were performed in the 
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MATLAB / Simulink environment. The simulation results 
provided the background for the real-time implementation of 
the system control. Firstly, both control structure was applied 
to the system model under ideal conditions, where all states are 
measurable and noiseless and the system has been successfully 
stabilized in both control structures. However, it is not always 
possible that all situations are measurable and also it is possible 
that real-time systems are affected by noise. Therefore, in order 
to approach real-time system operation, the mentioned 
conditions were added to the system model and new simulation 
results were obtained. However, added noise is so critical in the 
design controller. KF in the LQG controller works based on the 
variance of the noise. It is quite difficult to determine the 
variance of the noise at real time. In simulation, this problem is 
eliminated. It has been observed that the Kalman filter has been 
able to successfully eliminate noise affect and to predict system 
states that are not measured by sensors in real-time applications. 
Consequently, both control techniques have successfully 
stabilized the system.  

Controller performance criteria such as settling time, 
overshoot is equivalent in both controllers. However, the noise 
effect is the most important difference. Simulation results show 
that the noise is successfully eliminated and thus LQG control 
has a significant advantage over the LQR method. 

Table III. Comparison of the LQR and LQG performances 

xc LQR 
 

LQG 

RMSE 7.3115e-04    8.6936e-05 

MSE    0.0022     0.0023 

MAE 0.0456     0.0459 

1 LQR 
 

LQG 

RMSE 1.4216e-04     1.7139e-05 

MSE    8.4955e-05    8.8129e-05 

MAE   0.0044    0.0041 

2 LQR 
 

LQG 

RMSE 9.2264e-05     1.1111e-05 

MSE   3.5787e-05   3.7037e-05 

MAE    0.0031       0.0030 

 LQR 
 

LQG 

RMSE    7.5047e-05 9.0409e-06 

MSE 2.3677e-05   2.4522e-05 

MAE 0.0031        0.0027 
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Abstract— In this paper, we address the forward 
kinematics solution of 6DOF 6x6 UPU parallel mechanism 
using three different approaches. In contrast to the case of 
serial robots, the forward kinematics of parallel manipulators 
contain highly coupled nonlinear equations which are possible 
to solve analytically only in very special cases. In the proposed 
paper, Adaptive-Network-based Fuzzy Inference System 
(ANFIS), Multilayer Perceptron (MLP) and Radial Base 
Function (RBF) Neural Network methods are implemented to 
reach the forward kinematics solution of a low payload flight 
simulator. Solution accuracies have been compared, and it has 
been concluded that ANFIS shows better performance 
compared to MLP and RBF networks. 

Keywords— stewart platform; parallel mechanisms; forward 
kinematics; neural network; multilayer perceptron (mlp); radial 
basis function (rbf); adaptive-network-based fuzzy inference 
system (anfis) 

I. INTRODUCTION 

The Stewart Platform was first proposed by D. Stewart 
in 1965, to simulate flight conditions by generating 
conditions for general motion in space. Later, Hunt [1] 
suggested the use of parallel mechanisms such as Stewart’s 
flight simulator in robotic applications due to its advantage 
in comparison with that of serial robotic systems. This was 
the starting point of the use of parallel mechanisms for flight 
simulators in the field of robotics. Parallel mechanisms are 
stiff systems and have the ability to carry larger loads 
compared to serial robots, yet their dynamic and kinematic 
analysis are more complex than serial types. As in the case 
of conventional serial robots, the kinematics of parallel 
mechanisms include two important issues, forward 
kinematics and inverse kinematics. Inverse kinematics deals 
with mapping positions and orientations of mobile platform 
to the leg lengths of the mechanism. The purpose of forward 
kinematic (FK) solution is to find positions and orientation 
of the mobile platform with known driving leg lengths. 
Unlike serial robots, forward kinematic solution of parallel 
mechanisms is not unique, since the desired mobile platform 
positions can be obtained by different leg lengths 
combinations. The forward kinematics of parallel platforms 
addresses nonlinear problems, and thus, nonlinear methods 
are to be utilized to overcome this problem. 
There are limited number of closed form solutions, but these 
give responses only in special cases and are not to be taken 
as general [2]. Nanua et al, Griffis and Duffy offer a 
solution to forward kinematics problem (FKP) in the 
particular case of Stewart Platform, while Hustry was the 
first researcher to find a solution for the general 6-6 Steward 
Platform [3, 4, 5]. 

Zhang & Song demonstrated analytically closed form 
solutions for the 5-1 configurations of a Stewart Platform 
[6]. In a further study, the pair derived new closed form 
solutions for a near general Stewart Platform, [7]. Lin et al., 
meanwhile, considered the forward kinematics problem of a 
4-4 Stewart platform, [8]. Geng acquired closed form
solution for a particular 3-2-1 structural form [9]. Another
closed form solution for forward kinematics problem is done
by Cheok who employed an extra passive leg to simplify
computations, [10]. Bonev, and Ryu added extra three linear
sensors in order to find solution of forward kinematics
problem of general Stewart Platform [11].
There are also a certain amount of numerical methods
present, with Raghvan having formulated a problem in the
polynomial system and solving it via the Morgan method in
1993. Newton–Raphson is one of frequent iterative
numerical methods, but requires an appropriate initial point.
Some other works regard forward kinematic as a problem of
optimization. Recently, evolutionary computational strategy
has become one of the most popular approaches for solving
the problems inherent in forward kinematics, and
researchers have used bio-inspired methods such as genetic
algorithm, (GA), particle swarm optimization (PSO) and
differential evolution (DE) to find optimized solution for FK
problems [12, 13, 14]. Nonlinear autoregressive models are
good for solving issues related to dynamical systems, whilst
NARX-based solutions can also be utilized to address FK
problem [15]. In recent years, neural network structures
have reached a good capability for solving nonlinear
problems which are similar to the solution of forward
kinematics problem of parallel mechanisms. Methods such
as MLP, modified K_mean, Support Vector Machine
(SVM) and Unsupervised Learning Based model like Self-
Organizing Maps (SOM) demonstrate good performance
[15, 16, 17, 18, 19].
In this paper, we considered comparing the performance of
ANFIS, MLP, RBF neural network algorithms to find FK
solution of a flight simulator which is shown in Fig. 1. A
flight simulator structure consists of a fixed base plate, a top
moveable plate, and six non/identical extensible legs or
links that connect the top plate to the base. Changing the
lengths of each leg, motion of mobile platform is performed
by motors located on each leg [20].

II. NEURAL NETWORK

Artificial neural networks are largely inspired by the 
biological nervous systems of the brain, in which a complex 
set of neurons are interconnected in the learning process. 
Various types of computational models have been proposed 
as subcategories of artificial neural networks, which have 
been inspired by the specific capabilities and properties of a 

403

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 
 

Fig. 1.    Low Payload 6x6 UPU Flight Simulator System. 

 
human brain for particular applications. In an artificial neural 
network (ANN), knowledge is represented as numerical 
weights, which are utilized to establish relationship between 
data whose analytical connection is a hard task. A neural 
network could also be used to solve nonlinear problems 
without simplifying assumptions [21]. In this work, ANN 
will be applied to forward kinematics problem of a flight 
simulator, in order to map actuating link lengths into pose 
coordinates of the mobile platform. ANNs are going to be 
trained by a collected dataset to find out pattern of the 
dataset. 

A. Multilayer Perceptron Neural Networks using 
Levenberg Marquardt learning 
A multilayer perceptron (MLP) is a feedforward 

artificial neural network structure that connects sets of input 
data onto a set of proper outputs. While a single layer 
perceptron can only learn linear functions, an MLP learns 
nonlinear functions. Learning procedure is carried out by 
changing weights, considering amount of error in output 
layer in comparison to target values after each input data is 
processed.  
In other words, the learning processes of neural networks 
could be considered as an optimization problem, whereas 
the objective is to appoint the best network parameters 
(weights and biases) for minimum network error. The back 
propagation algorithm is still widely used today; however, it 
is also considered an inefficient algorithm due to its slow 
convergence rates. In contrary, the Levenberg–Marquardt 
algorithm, allows minimization of nonlinear functions with 
stable and fast convergence [23, 24]. Designed MLP 
networks in this study consist of one input layer containing 
link lengths, one hidden layer, and one output layer that 
contains target positions and orientations. A graphical 
representation of an MLP is shown in Fig. 2.1. There exists 
no computation in input layer, so the outputs from nodes in 
the input layer are fed into the hidden layer. Then, activation 

function acts on summation of weights and inputs in hidden 
layer and output layer for each node. The approximating 
function FK, representing the forward kinematic solution as 
defined by (1) and (2) 

FK=  Aj

M

j=1

L W2 j + b2 1  
(1) 

 (2) 
 

=
1

1+e-z 
(3)

 
 

 where  is the purelin linear activation function at the 
output layer,  is the sigmoidal nonlinear activation function 
for hidden layer (3) ; weight between kth input and jth 
summation of hidden layer  node is represented by 
W1(kj);W2(j); points out the weight between jth hidden layer 
neuron and output summation node; b1(j); is the bias value 
implemented to the jth hidden layer neuron; L(k) shows the 
kth element of input vector; M indicates number of hidden 
layer neurons [25,26]. 

B. Radial Basis Function neural network 
The RBF Neural Network is a type of feed forward 

neural network with three layers; input, hidden and output 
layers. Radial Basis Function is the activation function for 
this type of neural network. Broomhead and Lowe 
implemented the Radial Basis Function in the neural 
network for the first time in 1988. RBF structure is 
demonstrated as Fig. 2.2. The first layer is input and the 
second (or hidden layer) accomplishes a nonlinear mapping 
from input data space to another distinct space in a way that 
the patterns become linearly separable which done by RBF 
Function (5) , whereas (.) is a nonlinear function, and || || 
denotes the distance between xi and µi . The basis function 
carries different forms, from which we select the most 
popular form, whereas the Gaussian function (4). In (4), 2 
parameter controls the smoothness properties of 
interpolating functions, which are obtained by (6), where 
dmax the maximum distance between two neurons; and k is 
the number of neurons [15, 16]. 

Fig. 2.1  Multilayer Perceptron Neural Network for prediction of 
Forward Kinematic Problem [22]. 
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Fig. 2.2.  Radial Basis Function Neural Network for computation of 
Forward Kinematic Problem. 

 

	 	  (4) 

		  (5) 

	  (6) 

 
 

 Subsequently, the output layer performs a simple weighted 
summation with a linear output (5), whereas j denotes the 
weights, xi and µi denotes input objects and the center of 
basis function, respectively. In a certain respect, RBF 
network is similar to MLP network, yet the RBF activation 
function is implemented before summation.  The training 
stage have been performed in the second step, centers of 
RBF function in hidden layer should then be selected. This 
process could be done randomly, or by unsupervised 
algorithms such as those afforded by K-mean and Kohnen 
(SOM). In the second step of the training, output could be 
found by hidden layer responses and weights set according 
to goal function. 

C. Adaptive Neuro-Fuzzy Inference Solution 
Network-based Fuzzy Inference System (ANFIS) is a 

combination of two soft-computing methods of ANN and 
fuzzy logic (Jang 1993). Neural Network nature is data-
driven, whereas fuzzy logic is a more knowledge-based 
system, and thus neuro-fuzzy systems have the potential to 
capture the benefits of both systems in a single framework 
ANFIS structure is considered as an adaptive network with 
supervised learning algorithm possessing a function 
analogous to model of Takagi–Sugeno fuzzy inference 
system. The fuzzy reasoning mechanisim layout for Takagi–
Sugeno model and ANFIS architecture  is demonstrated as 
Fig. 2.3. The inputs are as x and y, with one output f. Two 
rules were used in the method of “if-then” for Takagi–
Sugeno model, as follows: 

Rule 1 = if x is A1 and y is B1 then f1 = p1x+ q1y+r1  
Rule 2 = if x is A2 and y is B2 then f2 = p2x+ q2y+r2 

 
where A1, A2 and B1, B2 are the membership functions of 
each input x and y (part of the premises); p1, q1, r1 and p2, q2, 
 

 
 
Fig. 2.3.  a: The inference method of Sugeno model, b: Block diagram of 

representation of model.7. 
 
r2 are linear parameters in part-then (consequent part) of the  
Takagi–Sugeno fuzzy inference model. Using the f1 and f2 
functions, which are combinations of consequent 
parameters, and the weight values of w1 and w2, the 
overalloutput function f for this Sugeno model is expressed 
as (7), 
 

f=
w1f1+w2f2

w1+w2
 (7) 

 
 Referring to Fig. 2.3, the ANFIS architecture has five 
layers. The first and fourth layers contain an adaptive node, 
while the other layers contain a fixed node. In the first layer, 
fuzzification computation is used, and in the second layer 
implication, while the third and fourth layers aggregation 
and de-fuzzification computations lead to the last layer as 
output. From another viewpoint, we generated a raw fuzzy 
logic system, then using a learning method such as Back-
Propagation or Hybrid, we tuned and optimize system 
parameters [27]. 

III. NEURAL NETWORK SOLUTION FOR FKP 
It is well known that parallel manipulators have a rather 

limited and complex workspace. In order to model the FKP 
with ANNs, firstly dataset should be generated. A 
workspace of the manipulator can be determined by 
considering motion limits and data sensitivity shown in 
Fig.3.1 and Table I. This way, the inverse kinematic 
problem can be solved. 

 
 

  
Fig. 3.1.  Spatial motion of a plane. 
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TABLE I MOTION CAPABILITIES OF THE FLIGHT SIMULATOR SYSTEM 

 
From the obtained solution, a dataset consisting of 9000 data 
entries can be selected randomly to train the network. Inputs 
contain six link lengths {L1 L2 L3 L4 L5 L6} which may be 
applied to the network, along with targets which contain 
position and orientation values {x y z   } of the mobile 
platform. Matlab neural networks and ANFIS toolboxes 
were used for the implementation of algorithms.  
In the present study, firstly MLP networks harnessing the 
Levenberg-Marquardt learning method were used to model 
the neural network. Dataset were divided as 70% for 
training, 15% for validation and 15% for testing as Fig. 3.2. 
This ratio has been used in many articles. However, in some 
cases, cross-validation is used to pick the best dataset split 
ratio. 
Training subset is dominant part of dataset which is 
employed for updating weights and biases of network during 
training. Validation subset is another set which is utilized in 
training procedure. The error on the validation set is 
observed during the training procedure and normally 
decreases in initial phase of training. Test subset is utilized 
to compare various models after training procedure by 
previous subsets. Number of layers and number of neurons 
in each layer are important parameters which could change 
designed network structure and performance, but their 
values could not be opt by specific formula. These two 
parameters are acquired through a process of trial and error.  
Designed MLP network with 6x10x6 configuration shows a 
good capability for solving problems. The regression 
diagram for training and testing data as shown in Fig. 3.3 is 
near 1, which indicates good modeling. The best validation 
performance is 0.000019834 at 1000 epochs as shown in 
Fig. 3.4.  Last two figures indicate good training process of 
MLP algorithm.  
 

Fig.3.2.  Dataset split ratio for Multilayer Perceptron algorithm. 
 
 

 
Fig. 3.3.  Multilayer Perceptron Neural Network regression presentation. 

 
 
In the next NN model, the RBF network applied to the 
dataset. The adjusting factors for improving RBF 
performance are Goal, Spread, and Maximum Neuron size. 
During design procedure, number of neurons were increased 
to the point that maximum number of neurons was attained 
or sum-squared error fell beneath the error goal. 
The small amount of spread indicates that large number of 
neurons are needed to attain appropriate smooth function, 
and the network could not be generalized properly. On the 
other hand, the larger spread leads to smoother function 
approximation. By testing certain structures, the maximum 
neuron was 70, and a spread factor as 1 and 0 for Goal was  
selected. Implementation of the algorithm shows regression 
as near 1. The best performance value with 0 Goal is 
0.0000019951 shown in Fig. 3.5. 
In last model, ANFIS was applied to the dataset. Since 
Matlab ANFIS toolbox could be applied on just one output, 
we ran ANFIS for each part of output separately. Genfis3 
was selected to generate FIS, which used fuzzy c-means 
(FCM) clustering by extracting a set of rules that models the 
data behavior.  
Regression for whole of outputs was near 1, which 
confirmed good modeling. In Fig.3.6, we only showed 
results for x and  for the first 100 data for the sake of 
brevity. As Fig. 3.6 proves, exists a very small difference 
between target and estimated output obtained by ANFIS 
method. This verifies a good modeling and training process. 
The standard deviation (std) error diagram illustrates a 
good performance for algorithm shown in Fig. 3.7; in fact, 
our sample mean is close to the true mean of the overall 
population, and the diagram provides a good estimation of 
the reliability of our observed sample mean. 
 
 

Axis Max Data Sensitivity Min Unit 
X +460.5 0.092 -460.5 mm 
Y +425,0 0.103 -605 mm 
Z +321,0 0.068 -359 mm 

α (Pitch) +21,2 0.04 -21,5 ° 
 (Roll) +21,9 0.04 -21,9 ° 
 (Yaw) +30,4 0.06 -30,4 ° 
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Fig. 3.4.  Best validation performance of Multilayer Perceptron algorithm. 

 
 

Fig. 3.5  Best performance of RBF algorithm. 
 
 

IV. RESULT AND DISCUSSION 
After employing the relevant algorithms, a new dataset 

consisting of 1000 values was selected for testing and 
comparing the accuracy and performance of algorithms. The 
criteria for comparing the three implemented algorithms 
were the Mean Square Error and Root Mean Square Error 
formulas, shown together in (8). 

 
 

MSE=
1
n

(TARGET-OUTPUT)2
n

1

 

RMSE=
1
n

(TARGET-OUTPUT)2
n

1

 

(8) 

 
 

Fig. 4.1 shows error comparison for x and  values for 3 
different algorithms. Generally speaking, the error for 
output position characters is smaller those of the orientation, 

 

Fig. 3.6   Output and Target Values of x and alpha by ANFIS for first 
100 data. 

 
as the position scale is meter, and orientation scale is radian. 
As shown in Fig. 4.1 and Table II, the ANFIS algorithm 
shows the best accuracy with a minimum MSE and RMS 
error. 

 
 

 
 

 
Fig. 3.7 shows standard deviation error for x and alpha values. 
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V. CONCLUSION 
In proposed paper, forward kinematic solution of 

Stewart platform with ANFIS, Multilayer Perceptron, and 
Radial Basis Function has been addressed. Then real-time 
solutions performance be compared. Although by 
considering this point that solution of each algorithm 
depends on some variables explained in previous sections, 
and whole of applied three algorithms shows good 
performance in real-time, totally ANFIS method 
demonstrates better performance. 

 
 

 

 
Fig. 4.1 Error comparison for x and  values for 3 different algorithms in 

first 100 test data. 
 

TABLE II.  MAXIMUM RMS ERROR FOR EACH  POSITION  IN 1000 
TEST DATA 

Configuration x y z α  
MLPNN 0.0045 0.0030 0.0045 0.0033 0.0051 0.0063 

RBFNN 0.0016 0.0015 0.0016 0.0010 0.0016 0.0014 

ANFIS 0.0010 0.0008 0.0013 0.0008 0.0016 0.0009 
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Abstract—A guided microrobot position control methodology 
is introduced in this paper. Using an electromagnetic actuator 
(EMA) as an end-effector of a robot manipulator, it is possible to 
have microrobot follow a correlated path with robot manipulator 
motion in case when there is no task space feedback from 
microrobot environment. For this purpose, a concept EMA system 
with an actuation principle depending on the magnetic field 
homogeneity and gradient generated by two coaxially aligned 
electromagnets is introduced. The functionality of developed 
system is experimentally analyzed for translational and rotational 
motion tracking cases. It is observed that the correlation between 
the robot manipulator motion and microrobot motion is nearly 1 
in x and y direction. 

Keywords—microrobot; untethered power transfer; 
electromagnetic actuator; programmable motion 

I. INTRODUCTION

Microrobots are called the robots designed for specific 
purposes in sub milli or a few milli scale. Till 2000’s, the works 
did not exceed fantasy level due to the insufficient technological 
developments [1]. Then, a multidisciplinary work with several 
fields made a great boost in a collaboration. Microrobots will 
play an active and vital role in biomedical, military and other 
fields in the future [2].  

The microrobots show different features and structures with 
the goals and actuation methods. Magnetic actuation is a proven 
method for microrobot locomotion. Helmholtz coils are 
accepted as a standard actuator for this job and used in many 
works  [3]–[13]. Also, Octomag is a famous system developed 
by Zurich ETH and used in many works [14]–[16]. A familiar 
version, Minimag, has also eight electromagnets [17]. Another 
system with eight electromagnet is also well-known [18]. All 
these systems use the concept of electromagnet current control, 
so the magnetic flux in ROI is controlled. Utah Telerobotics 
group developed some models with a permanent magnet 
attached to the tip of the industrial robot [19]–[21]. Systems with 
one permanent magnet actuator forms a mathematical structure 
and acts depending on it.  

In addition, the microrobots show different structures and 
actuation principles.  The actuation principle includes rotation, 
oscillation and field gradient types, causing helical propulsion, 
travelling wave and pulling with magnetic gradient locomotions 
[22]. Most of these locomotion types are inspired from the 
nature. The robots structures can be different from each other as 
the goal of the application and used in various of works [12], 
[23]–[28].  

In this paper, a control methodology different from these 
before-mentioned actuator systems is proposed and examined 
with fundamental experiments. Basically, the proposed system 
has the feature of applying propulsion in a desired direction. 
Also, the amplitude of the force can be adjusted by the 
mechanism design as well as the current. 

II. MATERIALS AND METHODS

A. Microrobot Motion
To apply a force to a particle with a magnetization vector of

, there should be an external magnetic field  with a gradient 
of . In case of a such a field occurring on and around particle, 
the magnetic torque in equation (1) will cause an instantaneous 
rotation to align vectors  and  besides the magnetic force in 
eqaution (2) acts on the particle where  is the volume of the 
microrobot. 

(1)

(2)

It should be noted that there is always in homogenous 
magnetic field with an increasing gradient towards to the 
magnetic pole (Figure 1). Therefore, ferromagnetic particles are 
attracted to the magnets and go towards pole with an increasing 
(force) acceleration. In order to obtain smoother field lines at 
least in some region, another magnet (in our case electromagnet) 
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should be added to modify the magnetic field between the 
electromagnets. The resultant setup of two coaxial magnets will 
be capable of creating magnetic field with a small magnitude of 
gradient around the middle point (central point) of co-axis 
(central axis of electromagnets) of electromagnets. In such a 
case, that the reaction forces are smaller than the magnetic force 
due to the small gradient and the field can be defined as quasi-
homogenous magnetic field (Figure 1). The formation of quasi-
homogenous magnetic field also decreases the magnetic 
gradient in a way that in another region, around quasi-
homogenous magnetic field, the linear magnetic field can be 
observed.  

 
Fig. 1. Helmholtz configuration and total magnetic field of two induvidual 

electromagnets where the magnetic field is more powerful than further 
points.  

Let us define central point as origin of the workspace and 
central axis as x-axis of workspace.  As it can be seen from 
Figure 2 that only a magnetic torque affects the ferromagnetic 
particle when it is placed at the origin of workspace. The particle 
only rotates around its central axis to align its magnetization 
vector   to external magnetic field  without translating in any 
direction. It should be noted that this could only be achieved by 
two coaxial magnet configurations. In a case that the particle is 
placed at a point on central axis, which is ∆x far from origin, a 
magnetic force proportional to gradient   acts on particle.  As 
force acts on particle, the particle goes closer to electromagnet. 
Therefore, an external motion mechanism is necessary to 
compensate particle motion. In this case, the smoother magnetic 
field (lower magnetic gradient) due to coaxial pair also helps 
compensation of lag between particle and motion mechanism. 

B. Guided Particle Motion 
In this study, we focus on guided open loop motion control 

of particle. The algorithm is open loop in the aspect of task space 
control of particle motion since no reference and specific 
performance is demanded. The study focusses on correlation 
between particle motion and the reference motion to simulate the 
real-world situation in which no position feedback is available 
during operation. Motion control algorithm is given as follows: 

• Initially, the particle is placed on homogenous region as 
close to origin as possible. 

• In order to create a force, the manipulator moves the 
coaxial electromagnetic actuator (EMA) in opposite 
direction to the desired motion direction until finite small 
motion in particle is observed. 

• The reference trajectory is commanded to manipulator. 
As manipulator moves in its own trajectory, 
ferromagnetic particle copy its motion. 

 

Fig. 2. System configuration and guided particle motion principle. 

In Figure 2, two magnets are facing each other and 
generating a magnetic flux intensity distribution with the same 
current flowing through the electromagnets. The colors express 
the homogenous magnetic field where the magnetic field 
strength increases as getting near the electromagnets. In torque 
acting phase, a homogenous magnetic field affects the 
microrobot and applies a torque. In force acting phase, EMA 
system is moved with  margin and a magnetic field gradient 
starts to affect the microrobot and apply a force.  

C. Electromagnetic Actuator (EMA) 
The actuator system consists of two electromagnets and its 

coaxially aligned slider mechanisms. EMA is the actuation 
source of system and attached onto the tip of a robot 
manipulator. Between the electromagnets the region of interest 
(ROI) exists where the microrobot is positioned. The 
electromagnets can move and change the distance by using the 
servomotors attached to them by timing belts. Also, a critical 
design criterion is that nonmagnetic materials should be used on 
EMA system to not to disrupt the magnetic flux lines generated 
by electromagnets.  

The structure of electromagnets is optimized in a way that 
will maximize the magnetic field homogeneity and magnetic 
field strength in ROI and specifically on coaxes of 
electromagnets while minimizing the payload because of the 
robot manipulator payload capacity. 

Electromagnets are equipped with their own controllers with 
high bandwidth. Therefore, they act like permanent magnets 
during operation. The current command for the electromagnets 
left as supervisory control parameter in a way that they will 
enable force to be scaled according to changes in microrobot 
environment.    

D. Robot Manipulator 
KUKA Agilus KR 6 model with KR C4 compact controller 

is used as the robot manipulator. The 6-DOF motion capability 
lets the system move freely and change ROI in a workspace. 
Robot manipulator station is also connected to the network that 
the motion output commands of the control system can be sent, 
and sensor values can be acquired in ROS environment.  

E. Microrobot 
In the study, N42 grade cylindrical neodymium magnets 

with 1 mm height and 1 mm diameter were used. To observe 
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better results, the geometry of the microrobot is formed as 
cylinder shape and the magnetization vector is formed in circle-
center axis direction. Two magnets are put one after another to 
increase the magnetization. The outer part is covered with 
polyurethane foam. The final form of the microrobot is a 
cylinder with 6 mm height and 3 mm diameter. 

F. Visual Feedback 
For XY plane positioning of the microrobot, a camera is 

positioned at the bottom looking directly to the ROI determines 
the x and y components of the microrobot. A Basler ACE series 
camera shows a microscopic feature with an attached 
microscopic lens and have high-speed capturing mode with high 
resolution using a USB 3.0 cable connection. This camera driver 
also has support in ROS environment provided by the brand. 

III. EXPERIMENTAL RESULTS 

A. Experiment Conditions 
1) Fluid: In experiments, the microrobot is controlled in a 

viscous environment for better observation of its motion. For 
this reason, a container was filled with a transparent fluid in 
which microrobot can swim. In this study, the viscosity of the 
liquid is 0.53 Pa·s. In addition, the experiments are carried out 
in situations where the Reynolds number is very low (less than 
1).  

2) EMA Parameters and Workspace: The ROI takes place 
between the custom designed electromagnets. The current 
flowing through both electromagnets are set to 2 A. The distance 
between the electromagnet surfaces is set to 12 cm.   

B. Rotation Experiment 
The rotation motion depends on the homogenous magnetic 

flux lines direction and their intensity. As mentioned before, the 
magnetic field becomes homogenous and the magnetic gradient 
is zero in the middle of the electromagnets.  

A rotation command is sent to the robot manipulator end 
effector and make it rotate at constant angular speed 1°/s from 
0° to 270°. The camera captured the microrobot during the 
motion, then the videos processed after the experiment and the 
angles are determined by using image moments.  The results are 
given in Figure 3.   

 

Fig. 3. Rotary motion experiment: (a) rotary motion over time at the same 
position, (b) the robot manipulator angle during the motion. 

C. Translation Experiment 
For this task, we generated a rectangular path, which is 

including translation in every direction. The experiments are 
held with guided open-loop control as described in control 
algorithm section. The time-dependent motion plot is given in 
Figure 3, where the magnetic field gradient is used in the 
numbered edges. At each transition point between the edges, the 
gradient direction is rotated by rotating the robot manipulator by 
90 degrees. The microrobot, robot manipulator positions and the 
robot manipulator angle graphs are given in Figure 4.   

 

Fig. 4. Translation motion experiment: (a) translation motion over time where 
the motion follows numbers 1 to 4, (b) the robot manipulator angle, (c) 
microrobot position during the motion. 

D. Motion in z Direction 
In first two sets of experiments, microrobot motions are 

discussed in 2D motion and feasibility of the system is observed. 
It is seen that even in 3D motion, this locomotion concept 
application will success. The leading point of the experiments is 
a levitating motion by robot manipulator. When the 
electromagnets move upward in z direction, also the microrobot 
follows, and vice versa. The results of levitation tests are given 
in Figure 5. 

 
Fig. 5. Floating and sinking motion principle: (a) floating microrobot, (b) 

robot manipulator during floating motion, (c) sinking microrobot, (d) 
robot manipulator during sinking motion. 

E. Results 
When rotation experiments observed, it is seen that 

microrobot has capability of tracking pure rotation commands 
instantaneously. With proper definition of magnetization vector 
of microrobot, no tracking error is observed.  
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When motion experiments on rectangular path is observed, 
it is seen that the trajectory of robot manipulator and microrobot 
is like each other. The correlation with x and y axes are nearly 1. 
The corners may not a have a perfect shape, but the edges are 
straight, and the fundamental path is successfully fulfilled.  

The experimental results showed that the proposed operating 
methodology can give satisfactory results for guided motion 
control of microrobot.  

IV. CONCLUSION 
In this paper, we introduced our EMA system which is 

basically using coaxial electromagnets for creating homogenous 
magnetic field and using it for rotation and translation. EMA 
system is attached at the tip of a robot manipulator and can move 
to other positions. By this concept, magnetic force and torque 
can be applied over the microrobot.  

We also showed functionality of EMA with guided motion 
experiments for microrobots. The guided motion of microrobot 
refers to an application case in which a reference motion is 
programmed into a robot manipulator and microrobot follows a 
correlated path by copying manipulator motion. This specific 
situation emphasizes the development capability of motion 
control system in a probable application when there is no 
position feedback from microrobot during operation. 
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Abstract—This article presents studies on active contact sens-
ing of a controlled antenna sensor. The experimental antenna is
a lab-scale flexible-beam made of carbon fibre that is attached
to a force-torque sensor. The antenna tip precisely tracks a
trajectory and recovers its position after a contact is made.
The system actively controls the beam vibrational behaviour
and allows for fast and precise movements after it touches an
object. This controlled antenna system minimizes the time needed
when the antenna has to perform specific tasks, such as when
it must be pointed precisely or when it has to follow a search
trajectory. The system damps the collision effects while keeping
the antenna’s tip error minimal which prevents the flexible-
beam from touching points that are not within the range of our
particular object. Controlled movements are thought to maximise
the amount of useful contact information in the least amount of
computational time. A simple contact identification method is
proposed and consists on attaining the active touch information
when the antenna touches an object. The contact point, time
and normal force are obtained by processing force, torque and
encoder measurements.

Index Terms—Flexible-beams, antenna sensor, active touch,
haptics, collision-detection, vibration suppression.

I. INTRODUCTION

Artificial antenna based sensors with controlled movements
have a great potential to be suitable in a broad range of
tasks. Active touch sensing of this kind of devises involves
regulation of the position and movement with the intention
of enhancing the amount and quality of sensory information
[1], [2]. For example, autonomous off-road vehicles, climbing
robots, rescue robots and planetary explorers may benefit from
active touch sensing and the controlled sensor movements.
The sensing of ground and surface textures could assist in
the control of mobile robots when exploring rough terrain
during, for example, search and rescue operations following
the collapse of buildings or mines. Applications in aquatic
environments could also benefit from this designs, such as
in the work by [3]. Inspection in enclosed environments and
ducting systems could use antenna sensors as an aid to search
for obstructions or damage. Sensor tasks that are concerned
with detecting material properties might also benefit from the
use of antenna sensors which, in nature, are similar to the
resolution of the human fingertip. A number of sensor types
in the area of minimally-invasive surgery have been designed

and tested but there is much scope as regards improving their
design and sensitivity [4]. In addition, from the engineering
point of view, these sensors might offer a useful solution to
the problem of robotic sensing and navigation in the absence
of light. Tactile sensing applications that make use of force or
torque measurements have been investigated for surgery ap-
plications [5], micro-manipulation systems [6], rehabilitation
and service robotics [7], in addition to sensing and control
[8], [9], etc. On the other hand, bio-mimetic systems such as
antennae and whiskers integrate sensing and manipulation for
active touch [10], [11].

In this work, an antenna system made use of a controlled
2DOF flexible-beam sensor. This includes a two-axis robot,
conventional mini DC servo-motors with a wide range of
sensor movement and control. A load-cell sensor and a flexible
beam, along with the software and hardware needed for
real time applications. This article aims at demonstrating the
applicability of our antenna design and control as regards
flexible beam-based sensors and the perception of haptics.

The active control strategy of the proposed antenna has
been denominated as free-air motion. The movements of the
entire mechanism are controlled and the vibrations caused by
collisions are damped. This ensures the least possible amount
of time for each manoeuvre, thus allowing the system to
move the beam by performing multiple trajectories whilst
simultaneously maintaining the antenna robust to disturbances.
This allows for performing special tasks, such as pointing the
antenna precisely and following a search trajectory damping
the collision effects while keeping the antenna’s tip error
minimal. Moreover, this will prevent the flexible-beam from
touching points that are not within the range of our particular
object. When the beam makes a contact, the system damps the
vibration, modifies its path and moves to a different point of
search.

The proposed contact algorithms and its experimental vali-
dation are considered as an early study with which to acquire
the contact time, collision point and normal force direction,
while keeping the damping control switched on. This study
will provide some ideas with regard to the prospect of us-
ing flexible-beam antennas for contact recognition in a 3D
environment. A basic algorithm that can read the collision
time is implemented in the real-time system. The computer978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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system is controlling the overall system, tracking the necessary
trajectories and recording the contact-collision events while
processing the signals in order to study the vibrations.

This paper is organised as follows: Section 2 presents the
experimental antenna and the collision detection algorithm are
explained. In Section 3, the collision algorithm is explained.
The experimental validation of the contact algorithm when the
antenna is looking for an object are illustrated in Section 4.
Finally, the relevant conclusions are reported in Section 5.

II. EXPERIMENTAL ANTENNA

A. Mechanism Diagrams

Figure 1(a) illustrates the mechanism that is used to hold
the multi-axis (F-T) sensor, while in Figure 1(b) a schematic
diagram of the antenna is shown. Two servo-motor sets (motor,
gear-box, and encoder) are used to drive the sensor, and there
is a flexible-beam on the top of the sensor whose initial point
at the base of the beam coincides with both motor shafts. The
equivalent length of the beam is l. Pt is the tip of the flexible-
beam and Pr is the beam tip itself when the beam is considered
to be a rigid-beam. ∆P is a 3D vector that describes the beam
deflection, E is the Young module, I is the inertial moment
resulting from the flexible-beam cross section, g is the gravity
constant (9.81 m

s2
) and M is the tip mass.

The subscript “i” denotes a particular degree of freedom,
while the angle subscript is i = 1 for the motor that drives
the azimuthal angles and i = 2 for the motor in charge of
the elevation angles. The tip position is expressed in spherical
coordinates φ1 and φ2 with regard to the absolute Cartesian
frame (X ,Y ,Z) and represent the angular position of the
flexible-beam tip. The rigid part of the system, which rotates
the motor angles θ1, θ2, holds the (F-T) sensor and the flexible-
beam that is attached to one of its tool sides. This allows the
Cartesian coupling force Fs =(Fx, Fy, Fz) and the torques
Γs =(Γx,Γy ,Γz) to be measured. These forces and torques
represent the reaction loads at the antenna base measured by
using the (F-T) sensor. The tip position is expressed in the
frame (X,Y, Z) which is referred to as the origin. The frame
that eventually results from the rigid mechanism rotations, θ1
and θ2, is (X ′, Y ′, Z ′). In this work, the tip position is assessed
using the measured torques at the base of the beam and the
encoder information by means of a tip position estimator.
In works [12], [13] and [14], the antenna mechanical design
characteristics, modelling and control were explained.

B. Contact Specifications

The acquisition of the contact (or collision) point informa-
tion, using a (F-T) sensor, requires an accurate model of the
flexible-beam under the following assumptions: the flexible-
beam is clamped at one end and with the other end touches
an object (this touching does not necessarily take place at the
beams tip and could occur on any part of the flexible-beam). A
mass-less beam that implies static deflection, a small deflection
that implies linear moment curvature relationship, a negligible
shear and inextensible centroid axis. The static relationship
between the moment Γs measured by the (F-T) sensor and the

normal reaction force Fn, when contact is made with a rigid
object can be written by considering the equilibrium conditions
and the continuity between the sensor and beam attachment
point. A schematic diagram is illustrated in Figure 1(c), where
Fn = [Fnx, Fny, Fnz] denotes the normal force or the reaction
force at the contact point which is obtained using the force
measured at the base of the sensor but has the opposite sign:
Fn = −Fs. re = [rx, ry, rz] represents an estimated horizontal
distance from the sensor reference, at the initial (F-T) sensor
point, to the contact point (in the frame X ′, Y ′, Z ′).

Once a contact has been made, the reaction loads, Γs and
Fn, at the precise time of contact can be used to obtain an
approximated value of the contact distance magnitude re. In
order to obtain this contact distance, the following assumptions
have been made: 1) an elastic collision is considered, in
which both the momentum and kinetic energy of the system
are conserved, 2) the forces are conservative in nature and
are assumed to be perpendicular to the antenna’s beam (the
tangential force is ignored), 3) the second assumption is valid
if the friction coefficient between the contact surface and the
beam is negligible µ ∼= 0 and 4) the lateral slip and its effect
on contact sensing are not considered. The magnitude of the
contact distance re may therefore be estimated by using

re =
|Γs|

|Fn|
. (1)

C. Control Method

The complete movements of the antenna mechanism should
be controlled and vibrations at the tip must be prevented. In
previous works, e.g. [13], all efforts concentrated on designing
a control strategy that will allow the antenna tip to be placed in
a precise manner which was denominated as free-air motion.
The control method of the antenna sensor consists of two
nested loops: 1) a fast inner loop (motor control positioning)
and 2) an outer loop (vibration control), in which a non-
linear control law is exposed for controlling the tip position by
means of input-state feedback linearization. The tracking error
is small, which is an important advantage because without an
accurate tracking, our contact detector would not be a suitable
option. Faster and precise trajectories can be obtained since
the antenna vibration, which appears when driving a flexible-
beam and especially after a contact is made, is damped.
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Fig. 1. The experimental antenna: (a) mechanism design, (b) schematic
diagram and (c) flexible-beam sensor which comes into contact with an object.

III. COLLISION DETECTION

An algorithm for collision detection is used to discover the
right time at which to measure the instantaneous contact force
and torque, which will be processed to obtain the distance
from the contacted point to the initial point (with the centre
of the sensor being used as a reference point). This algorithm
uses the tip reference, position, speed and their derivatives as
variables to be studied. Each condition makes use of a variable
that can be measured or estimated by means of encoder and
(F-T) sensor measurements.

A. Tip position estimation

Tip position to be estimated by using

φ1
e = θ1 −

Γz

Ccos(θ2)
φ2

e = θ2 −
Γy

C
(2)

In these equations, C denotes the flexible-beam stiffness C =
3EI
l

, the length of the beam is l, E is the Young module and
I is the inertial moment resulting from the flexible-beam cross
section.

B. Contact Estimation

This algorithm is based on three conditions that can be
expressed in spherical coordinates, and can therefore be used
for both degrees of freedom. All the conditions need to be
met simultaneously. The conditions and the reasons for using
them are:

1) By estimating the tip speed, which approaches zero in
contact conditions. The tip speed variable may also provide
information about sudden changes and the direction of the
movement. Here, the module of the speed is used and the
sign of this variable is not considered, but could be used to
obtain further information. The tip speed modulus is smaller

than a threshold value
!!!φ̇i
!!! ≤ ξi. 2) The tip position of the

flexible-beam φi is compared to the desired tip position or
reference φri . The collision can be detected through the use
of the condition |φri − φi| ≥ χi. The tip position differs from
its reference more than a threshold value χi. This condition is
considered since the tracking error of our platform is always
controlled and maintained minimal (a particular characteristic
of this antenna application). A sudden difference in this value
may signify a collision. 3) The first torque derivative may be

used as a threshold, because the torque value is larger after
a collision. When the beam collides with a rigid object, the
reaction torque is very different from the maximum values
of a normal trajectory during which a collision does not take
place. The sudden change in this variable can be assumed to
be a collision. The absolute value of the torque derivative is

represented by
!!!Γ̇i

!!!, which must be larger than a threshold Γ̇ci,

in order to identify a collision. Γ1 and Γ2 can be decoupled,
and are very similar to the measured Γz and Γy , respectively.

C. Software

A basic calibration algorithm sets the initial (F-T) sensor
values in order to start the trajectory movements. In Figure 2,
a block diagram illustrates a basic calibration programme,
the data acquisition and control algorithms programmed using
LabV IEWTM . This programme includes an initial while
loop that measures the initial bias or offset vectors Γsi =
[Γxi,Γyi,Γzi] and Fsi = [Fxi, Fyi, Fzi] (Cartesian coordi-
nates). The bias vectors are used to correct the initial experi-
mental measurements. Search movements can be programmed

F/T signal acquisition

Calibration matrix

Open 
F/T acquisition

Read 
F/T acquisition

Bias
Vector

Close 
F/T acquisition

While loop LabVIEW

Sampling time Ts =4ms

Fxi Txi
Fyi Tyi
Fzi Tzi

Elapsed time

Collision

F/T signal acquisition

Calibration matrix

Open 
F/T acquisition
Digital inputs
Trajectories.txt

Encoders

Matrix F/T
Close 
F/T acquisition
Digital inputs
Collision
Trajectories
Tip position

Encoders

While loop LabVIEW

Sampling time Ts =4ms

Control 
signal 

generation
Motors

Collision

Read 
F/T acquisition
Digital inputs
Trajectories.txt

Encoders1 Observer

Write
Format.txt

Fig. 2. Complete scheme: data acquisition and control algorithms were
programmed using LabV IEWTM .

as simple trajectories (a single movement), or multiple long
trajectories. The length and search steps of multiple trajectories
depend on the desired work space, and are based on the
expected object size or the specific search task. In order to
search for an object, we have previously designed a free-
air trajectory to work with and the controllers follow the
references [13].

IV. EXPERIMENTAL VALIDATION: SEARCHING FOR A 3D
OBJECT

A long trajectory was programmed and controlled, which
is used to search for a 3D object as seen in Figure 3. In
this case, the tip of our experimental antenna made contact
with a flat surface of an object four times. The full range of
tip movement was used to set the threshold conditions of the
collision estimator, as shown in Table 1. ξt , χt and Γ̇ct are
threshold values. The contact distance was obtained using (1),
and the normal reaction force was measured using the (F-T)
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sensor, as explained in the aforementioned sections. Figure 4
illustrates the tracking performance of the antenna’s platform
and depicts the system references, the estimation of the tip
position by using the state estimator (2), and the measurement
of the tip by means of the external optotrack system are
depicted. In Figure 4(a), the azimuthal movement is shown,
while Figure 4(b) depicts the elevation movement. Figure 5(a)
and Figure 5(b) depict the tracking errors, azimuthal and
elevation movement respectively, and the error when there is
a contact event. In Figure 4 and Figure 5 four contact points
and an extra movement during which the flexible-beam moves
freely (no collision occurs) are illustrated. It is evident that
a sudden change in the tip trajectory and an increment in
its position error arise when the tip trajectory without and
with contact events are compared. The controllers tracked the
trajectory reference very well before and after a contact event
occurred. When a contact event occurred, the beam moved
away from the contacted object to a different position and the
controller damped most of the undesirable vibration obtaining
precise movements.

The experimental results obtained when the antenna’s tip
collides with the rigid object (See Figure 3) are depicted
in Table 2, in which the collision time and the contacted
points are shown. The contact points rex, rey and rez , along
with the normal reaction forces Fnx, Fny and Fnz of each
collision, are estimated in Cartesian coordinates (considering
the frame X ′, Y ′, Z ′). The collision distance was rm =0.505
m (measured using a metre rod), which is a horizontal distance
from the initial point of the beam to the centre of the tip.
The magnitude of the estimated distance |re| was compared
to the real distance rm. The average error of the collision
distance when compared to the real distance of the beam
was rerror = 0.003 m. The contact distance may be used
to discover where the beams tip makes contact. The normal
forces, Fn, represented the object surface well, and most of
the force value was in the Y ′ axis. The values of the forces
measured in X ′ and Z ′ axes were minor when their values
were compared to those in the Y ′ axis. The direction of the
normal force vectors represented the shape of the contacted
object, with a mean of 1.001 N and a variance very close to
zero (about 9.025e−5).

Fn

Tip

Flexible-beamre

0

Fig. 3. 3D representation, an object contacted by the flexible-beam’s tip.
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Fig. 4. Contact experiments: system references, estimation of the tip position.

V. CONCLUSION

This study aims to demonstrate the possible uses of an
actively controlled antenna as a contact sensor. This work uses
a control method previously designed to track a trajectory
with precision which aims at minimising the complete time
required for every search manoeuvre. A basic impact detection
algorithm was implemented and validated in this work to
obtain the right time when the flexible-beam collides with a
rigid object and there is not lateral slip. Several contact events
were made while a vibration suppression control was tracking
a search trajectory. The vibration signals from a (F-T) sensor
and encoders were analysed to obtain the contact information,
time, position and to measure the normal force of the collision
point.

The experimental validation shows that the collision time
can be obtained using the collision estimator for 2DOF
movements. The 3D contact distance and the normal reaction
forces at the collision time could therefore be used to ob-
tain information regarding the 3D experimental work space.
The simplicity of the designed algorithms allows an easy
implementation. Further work must include the use of better
algorithms for precise contact tasks, thus improving the sample
time of the platform, and obtaining enhanced collision times,
contact points and the direction of the forces to be used for
3D shape recognition. The use of an observer that can obtain
the most important variables of the contact disturbance may
also enhance the complete antenna system.
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Abstract— Manipulators serve worldwide to increase quality 
requirements and speed up the production of the manufacturing 
industry. Typical applications of manipulators include welding, 
painting, ironing, assembly, picking and placing, product 
inspection. In this study, we focus on designing and implementing 
a low-cost training manipulator set for “Robotic and Control 
Laboratory” in the University. The set includes two 6-DOF 
manipulators controlled in coordination by Raspberry PI 
computer using Codesys platform. Manipulators can move to the 
desired coordinates through forward kinematic calculations The 
link transformation matrices for each joint are obtained by the 
Denavit-Hartenberg (DH) conventions. Due to complexity of 
transformation matrices, Matlab program is used to solve the 
matrix equations and the calculation results are transferred to 
Codesys environment. Codesys control application creates a 
virtual PLC functionality for Raspberry PI that communicates 
with servo control board by I2C communication protocol. Servo 
control board generates Pulse Width Modulation (PWM) signals 
applied to servo driver motors for obtaining the desired 
movements. In order to ease the user-manipulator interactions, a 
web-based interface is developed for running on a tablet PC or 
smart phones. Students use the set successfully for various 
practices in the laboratory.  

Keywords— manipulator, DH convention, codesys, manipulator 
training set 

I. INTRODUCTION 

Industrial robots can easily perform specific tasks similar to 
human-controlled manual tasks like painting, welding, screw 
mounting. Robotic arms are the most common industrial robots 
and known as serial manipulator [1]. Manipulators constructed 
as a series of mechanic extensions (links) connected by motor-
actuated joints and mounted into a fixed-point base. Serial 
manipulators usually have six joints and require at least six 
degrees of freedom to place a manipulated object in an arbitrary 
position and orientation in the maximum running range of the 
manipulator. 

The rapid increase in industrial robot applications, require 
well-trained staff who knows the programming of these devices. 
Since industrial robots are expensive, buying this equipment for 
laboratory practices in the universities is difficult. Developing 
lower cost equipment will be very helpful for the training of 
undergraduate students. Equipment should be simple and easily 
configurable for various applications [2]. 

 In this study, we selected Codesys, since it is currently the 
only software that has runtime applications for single-board 

computers. Other competing software like Siemens TIA can 
only be used in large-capacity PLCs. Our study focuses on 
developing a complete control system for two separate robotic 
arms that handles the automatic movements and accurate 
positioning. 

The paper presented as follows; Section 1 presents a brief 
introduction, aim and background of the project. Section 2 
presents kinematic model of the robot. Section 3 describes the 
functional parts of the system. Section 4 explains all aspects of 
Codesys implementation. Section 5 describes the simulation and 
experimental results of the joint variables and calculated end-
effector positions. Finally, section 6 concludes and discusses the 
future work. 

II. THEORETICAL ASPECTS

A. The Manipulator

The manipulator of an industrial robot consists of a series of
joints and links. Robot anatomy deals with the study of different 
joints and links and other aspects of the manipulator's physical 
construction. A robotic joint provides relative motion between 
two links of the robot. Each joint provides a certain degree-of-
freedom (dof) of motion. 

In many cases, only one degree-of-freedom is associated 
with each joint. Therefore, the robot's complexity can be 
classified according to the total number of degrees-of-freedom 
they possess. Each joint connected to two links (input and output 
link). Joint provides controlled relative movement between 
these two links. A robotic link is the rigid component of the 
robot manipulator [3]. Starting from the fixed base, a joint-link 
numbering scheme is depicted in Figure 1. The fixed base and 
its connection to the first joint is named as link-0. The first joint 
in this sequence is joint-1. Link-0 is the input link for joint-1, 
while the output link from joint-1 is link-1, which leads to joint-
2. Thus, link 1 is also the output link for joint-1 and the input
link for joint-2. This joint-link-numbering scheme   continuously 
used for all other joints and links in the similar way.

B. Forward Kinematic Model

The kinematic model created for this project consists of four
rotary joints (Q0–Q4) connected by six links, as it can be seen 
in Figure 2. Q0 is called fixed base frame. The frame position 
and orientation was chosen in accordance to the Denavit-
Hartenberg (D-H) convention [4].    
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Fig 1.  Denavit-Hertenberg Frame Assignment of 6-DOF Robot arm 
 
D-H convention transformation matrices generated by 
MATLAB program and embedded in Codesys program [5]. 
The homogeneous transformation matrices starting from the 
fixed base frame vector to the end effector (gripper) are 
obtained by the successive application of the previous 
transformations and gives the following result: 

 
Ui=T1*T2*T3*T4;                                                                       (1) 

C. Inverse Kinematic Model 

 Inverse kinematics refers to the use of the kinematics 
equations of a robot to determine the joint parameters that 
provide a desired position of the end-effector. This method is 
comparatively harder than forward kinematics, as it has more 
than one solution for a particular point [6].  

F[x, y, z] = 1, 2 3, 4,…, n                                         (2)  

Inverse kinematics model is not applied for this training set. 

 

 
Fig 2. Kinematics Block Diagram 

III. SYSTEM DESCRIPTION 

A. The Robotic Arm 

Two AS-6DOF Aluminum Robotic Arms designed by 
Alsrobot without Electronic Control System are used in this 
Project. This robotic arm has six axes that are driven by ‘High 
Torque Metal Gear Standard Servos’. Each axes has 0-90 degree 
working range. Servomotor is controlled by PWM (Pulse with 
Modulation) which is provided by the motor driver circuit. 
Servomotor can turn 90 degree from either direction form its 
neutral position. The servomotor expects to see a pulse every 20 
milliseconds (msec) and the length of the pulse will determine 
how far the motor turns. 

Manipulators are mounted on a wooden fixed base. Weight 
of the base is selected to balance the weight of the manipulators 
during operation. Manipulators are mounted on two opposite 
corners of the base dividing the base into two equal triangles. 
Top view of our experiment set is given in Figure 3. 

B. The Control Circuit 

The Raspberry Pi 2 Model B microcomputer is the main 
controller of the system [7]. The Adafruit 16-Channel 12-bit 
PWM/Servo driver card supplies PWM signals to the total 12 
servos on the manipulators.  

High Power ECO 600W is used to provide the required 
power for both Raspberry PI control card and 12 high torque 
servomotors. High power supply is selected due to provide the 
high power need for 12 servomotors. Each motor can draw a 
current of 2A at the full load.   
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Fig 3. Top View of the Training Set 

C. Codesys Runtime Program 

 
Codesys Control is a runtime control system for the creation 

of a virtual PLC in Raspberry Pi [8]. This tool has driver support 
for the microcomputer and extension modules. Codesys 
development system tool allows programming the 
microcomputer by using PLC programming language CFC 
(Continous Function Chart) [9].  

IV. CODESYS IMPLEMENTATION 

A. Hardware Configuration 

Hardware configuration is performed like a PLC by using 
the configuration tool.  I2C communication protocol is used for 
communication between the microcomputer and motor driver 
board.   

B. Codesys Implementation Subsections 

Codesys Implementation consists of an “Engineering 
Station” and an “Operator Station”. 

Engineering Station: The IEC 61131-3 Development System 
for programming intelligent automation devices is the heart of 
the engineering platform. The software offers a variety of user-
friendly engineering functions to make the development process 
faster and efficient. Robot arm was mathematically modeled 
with Denavit-Hartenberg (D-H) method. Forward Kinematics 
are generated and implemented by Matlab program and 
embedded into the virtual PLC. Raspberry Pi performs all 
calculations. 

Operator Station (Visualization): Visualization screens 
created in the operator station directly displayed on a target 
device like a tablet PC or an intelligent phone. Student can enter 
the parameters of the task remotely. Overall system block 
diagram is shown in Figure 4.  

C. Software Structure 

 
System is programmed by using the function blocks created 

by the development system. A screen shot of the virtual PLC 
programming tool is given in Figure 5. A detailed explanation 
of the software structure is given as follows: 

• Application: Includes all software parts.  

• DHParameters: Structure data type belongs to DH 
parameter.  

• scenData: Structure data type belongs to Scenario 
related operations  

• GVL: Global Variable List  

• Image Pool: All imported pictures which are used in 
project visualization   

• armExecutionOfScenerio: Sequential Functional Chart 
is used to perform scenario based actions.  

• deg_to_rad: This Function Block (FB) is used to convert 
type of angle from degree to radian.  

• driveMotor: Drive motor is used to drive a servo motor 
including all necessary functions.  

• FK: This block is used calculate Forward Kinematics of 
given angles.  

• Homing Control: This block is used to control homing 
related operations  

• Kinematic Control: This a program block written by 
Continuous Functional Chart (CFC) that organizes FK 
blocks in order perform FK calculations. 

• Motor: This a program block (CFC) is used to organize 
driveMotor blocks. All motors are controlled from one 
point.  

• PLC_Prog: This is a program block called main 
program executed by runtime cyclically.  

• saveData: This is an event based program block 
activated by user. When any assigned bit is triggered, 
this program is executed once.  

• Scenarios: This program block (CFC) is used to 
organize armExecutionOfScenerio blocks. All 
scenarios are controlled from one point. 

• Task Configuration: This part of program is very 
critical. It is used to organize all function blocks and 
program blocks. If this part is misaligned, the program 
blocks cannot be accessed.  

 

D.  Task Configuration 

Task configuration is divided into three main parts.  
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Fig 4.  Overall Block Diagram 

 

• Task100ms: It includes ordinary operations Motors, 
HomingControl and Scenarios 

• Kinematic parts: It includes important calculations that 
takes long time for some given angles and set points. 
This is why interval time is larger. Virtual PLC executes 
all the sub-blocks under Kinematic every 500ms time 
interval.  

• UserRequestedTask: It includes some parameter 
assignments, which is not necessary to be executed 
cyclically. This part of program activated by the user via 
using Visualization Tool. 

E. Visualization Tool 

 
The web-based display variant of the Visualization Tool 

enables remote access, remote monitoring, service and diagnosis 
of the system over the internet. This technology is supported by 
all browsers, and available for devices with iOs or Android OS. 
Visualization of Robotic Arm Hierarchy is given in Figure 6. 

The graphical editor for creating visualization pages is 
completely integrated into the Codesys Development System. 
Visualization is divided into 5 functions under main menu. Each 
function is necessary for different robot operations. 

• Main menu: This page is used to watch joint angles and 
end-effector positions. It also navigates to the other 
pages. A screen shot of the main page is given in Figure 
7.  

• Setting: This part of visualization includes various 
settings of robot arms like calibrations, mechanical and 
software ranges, manual-auto selection, position 
correction, crucial parameters and defines with manual 
working procedures. 

 

 

 
Fig 5.  A Screen Shot of the Virtual PLC Programming Tool 
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Fig 6.  Visualization Hierarchy 

 

• Scenarios: Robot arms are working in automatic mode 
in this part. Thirty different scenarios can be defined for 
each arm. Each arm can include fifty different steps. The 
user can transfer scenario data between the robot arms.  

• Kinematics: This page is used to start-stop working with 
kinematic calculations.  

• Trends: Joint angles and position of end-effector can be 
tracked with trends in this section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 7.  Main Page 

• About: This section includes information about the 
project team. 

V.    SIMULATION AND EXPERIMENTAL RESULTS 
 Experimental results are verified by checking end-effector 
position. Calculated end-effector positions and real position of 
end-effector is also checked by measurements given in Table 1. 

Measured results   slightly (+/- 3mm) deviate from real 
values due to below reasons: 
 

• Absolute error measurement done by the user. 

• Link lengths measured by electronic calipers which has 
maximum double digit precision in millimeter. 
Measurement error in link length can cause a small 
error.  
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• Very small installation error of measuring tape on the 
robot base related to the center base frame can cause an 
error. 

• Very small backlash on the mechanical arms can cause 
an error. 

• DH parameters, transformation matrices are 
successfully implemented into Codesys platform. Real 
time results are satisfactory and Forward Kinematics is 
verified. Actual point measurement is shown in Figure 
8. 

 
TABLE 1. EXPERIMENTAL RESULTS 

 

 

 

 

 

 

 

 

 

 

 

VI. CONCLUSIONS AND FUTURE WORK 
 

     After analyzing the overall performance of the proposed 
algorithm, and comparing the simulation and experimental 
results, we come the following conclusions: 

•  A low cost manipulator experiment set for forward 
kinematics designed and implemented successfully.  

• Scenario based work is implemented including 30 
different scenarios and 50 different steps for each 
robot arm. 

• The difference between theoretical calculations and 
actual measurements has an acceptable error. 

• Inverse kinematics calculations can be developed for 
the future projects. 

Fig 8.  Actual Position Measurement 
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Influence of Sky-Hook Damping on Actively Controlled Full-Car Models

Yousef Haj Hmidi and Semiha Türkay

Abstract— This paper investigates the suspenson performance
for a ground vehicle based on a full-car model by considering
all degress of freedom both for the primary and secondary
suspension. The goal here is to develop a semi-active control
algorithm based on a sky-hook and hybrid design for a
secondary suspension system. An optimization index based on
the unknown sky-hook damping coefficient is introduced and
its effect on the semi-actively controlled system is analyzed. The
ride quality is compared with the passive suspension system at
different vehicle speeds. The simulation results indicate that
the semi-actively controlled system performance with hybrid
control shows the best performance complying, at the same
time, with ride comfort and road holding quality, even for severe
track excitations.

I. INTRODUCTION

Active and semi-active control of vehicle suspension sys-
tems have been the subject of considerable investigation
since the late 1960s; see, for example [18], [9], [3], [23], [19],
[7], [5] and the references therein. Constraints and trade-offs
on achieavable performances have been studied in [24], [8],
[16], [17], [21]. In a study of constraints and trade-offs, from
a control system point of view one has to address the issues
of what can and can not be achieved with general dynamic
compensation and the freedom gained by the selection of
measurements for feedback purpose.

In [24], [8], constraints on achievable frequency responses
were derived from an invariant point perspective. A Mechan-
ical multi-port network approach was developed in [17] to
study the performance capabilities and constraints. In [17],
[21], for a quarter-car model of an automotive suspension
a complete set of constraints on several transfer functions
of interest from the road and the load disturbances were
derived by making use of the factorization approach to feed-
back stability and the Youla parameterization of stabilizing
controllers. These constraints typically arise in the form of
finite and nonzero invariant frequency points and the growth
restrictions on the frequency responses and derivatives at zero
and infinite frequencies.

It is a well-known fact that these conflicting objectives can
not be met simultaneously with passive suspension systems,
but to some extent, they can be resolved by replacing the
passive suspension with an active or a semi-active suspension
systems [22] A semi-active suspension system allows con-
trolled damping accomplished through a mechanical device
called an active damper with fixed spring characteristics.

Department of Electrical and Electronics Engineering, Anadolu Univer-
sity, 26470 Eskişehir, Turkey. E-mail: semihaturkay@anadolu.edu.tr; Tel: +
(90) 222 335 0580 -X 6471; Fax: +(90) 222 323 9501.

Department of Electrical and Electronics Engineering, Anadolu Univer-
sity, 26470 Eskişehir, Turkey. E-mail:

Contrarily, active suspension systems use energy consuming
actuators connected with springs and dampers which create
the desired forces in the suspension systems. Active sus-
pension systems usually consume large amounts of power
to operate and there is a considerable plenty of complexity,
weight and cost. However, semi-active suspension systems
require less power with simple configurations and can be
classified as the comfort oriented, the road holding oriented
control strategies and some hybrid approaches, combining
both approaches [25],[26].

The study of the constraints on the achievable performance
has remained largely restricted to pointwise constraints in the
frequency domain while ride comfort and safety criteria are
mostly expressed in terms of the rms values of the sprung
mass vertical acceleration, the suspension travel, and the
tire deflection frequency responses. It is generally agreed
that typical road surfaces may be considered as realizations
of homogeneous and isotropic two-dimensional Gaussian
random processes and these assumptions make it possible to
completely describe a road profile by a single power spectral
density evaluated from any longitidunal track [6], [11]. Then,
the spectral desription of the road, together with a knowledge
of traversal velocity and of the dynamic properties of the
vehicle, provide a response analysis which will describe the
response of the vehicle expressed in terms of displacement,
acceleration, or stress.

This paper is organized as follows. In § II, a seven–
degree–of–freedom full-car model is reviewed. The road
excitation at the front wheels are modelled by a first-order
linear shape filter driven by white-noise inputs; and the
temporal correlations between the front and the real wheels
are predicted by second order Pade filters. In § III, all
achievable transfer matrices from the road disturbances to
the heave, pitch and roll accelerations, the suspension travels,
and the tire deflections are parameterized. In § V, achievable
rms responses of the full-car model to random road inputs
are parameterized; and an optimization problem that aims to
minimize weighted sums of the rms values of the outputs
with respect to the class of all stabilizing controllers is
formulated.

II. THE FULL-CAR MODEL

A seven degree-of-freedom full-car model is shown in
Fig. 1. In this model, the car body is represented by the
sprung mass ms and is connected to four unsprung masses
(front-left, front-right, rear-left and rear-right wheels) at each
corner. The sprung mass is assumed to be rigid and has
freedom of motion in heave, pitch and roll directions while
the unsprung masses are free to bounce vertically with
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respect to the sprung mass. The suspension between the
sprung mass and the unsprung masses consists of actuators
ui, i = 1, ...,4 in parallel with linear passive suspension
elements of linear dampers and spring elements while tires
are modeled as simple linear springs connected in parallel
with linear damping elements. For simplicity, all pitch and
roll angles are assumed to be small. The variables zG, q and
f are the vertical displacement at the center of gravity, the
pitch and the roll angles of the sprung mass, respectively;
The parameter values, except cT, chosen for this study are
shown in Table 1. They are typical for a lightly damped
passenger car.

Fig. 1. The full-car model of the vehicle.

TABLE I
THE VEHICLE SYSTEM PARAMETERS FOR THE FULL-CAR MODEL.

Sprung mass ms 1460 kg
Roll moment of inertia Ix 460 kgm2

Pitch moment of inertia Iy 2460 kgm2

Left and right front unsprung masses mu1,mu2 40kg
Left and right rear unsprung masses mu3,mu4 35.5 kg
Left and right front damping coefficients cA,cB 1290 Ns/m
Left and right rear damping coefficients cC,cD 1620 Ns/m
Left and right front suspension stiffnesses kA,kB 19,960 N/m
Left and right rear suspension stiffnesses kC,kD 17,500 N/m
Front auxilary roll stiffness KF 19,200 Nrad/m
Rear auxilary roll stiffness KR 0 Nrad/m
Tire stiffness kT 175,500 N/m
Longitidunal distance from the front axle l f 1.011 m
to the sprung mass c.g
Longitidunal distance from the rear axle lr 1.803 m
to the sprung mass c.g
Front track width t f 1.522 m
Rear track width tr 1.510 m
Longitudinal distance from the sprung mass xd 0.32 m
c.g. to the driver
Lateral distance from the sprung mass yd 0.38 m
c.g. to the driver

Assuming that the tires behave as point-contact followers

that are in contact with road at all times, the governing equa-
tions of motion of full-car model are obtained as follows:

Let

xa = [zu1 zu2 zu3 zu4]
T

be the displacement vector denoting the absolute displace-
ment of the ith wheel of the vehicle, where i = 1, 2, 3 and 4
refer to the left-front, right-front, left-rear, right-rear wheels.
Here, for a given matrix b, bT denotes the transpose of b.
The body motion vector is defined as

zq = [zG q f ]T .

Concatenate the vertical displacements at the corners of the
car body into a vector:

xb = [z1 z2 z3 z4 ]T

and denote the transformation matrix relating the body
motion vector zq to the corner position xb by S:

xb = Szq

From Fig.1, S is given by

S =

2

664

1 � l f � t f /2
1 � l f t f /2
1 lr � tr/2
1 lr tr/2

3

775 .

The vertical road disturbances and the control inputs are
stacked into the vectors w = [w1 w2 w3 w4]T and u =
[u1 u2 u3 u4]T . The variables xa, xb, and w are measured
with respect to an inertial frame. Let

x = [zq xa]
T
,

d1 =


kA +KF/t2

f �KF/t2
f

�KF/t2
f kB +KF/t2

f

�
,

d2 =


kC +KR/t2

r �KR/t2
r

�KR/t2
r kD +KR/t2

r

�
,

Ks = diag(d1,d2),

Kt = kT diag(1,1,1,1),
Cs = diag(cA,cB,cC,cD),

Ct = cT diag(1,1,1,1),

where in the MATLAB notation, diag(x) denotes diagonal
matrix formed by the elements of a given matrix x . Then,
the equations of motion can be put into the matrix form:

Mẍ =Cẋ+Kx+Wu+Pw+Nẇ, (1)

426

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



where

M = diag(ms, Iy, Ix, mu1, mu2, mu3, mu4)

C =


�STCsS STCs

CsS �Cs �Ct

�

K =


�ST KsS ST Ks

KsS �Ks �Kt

�

W =


�ST

I

�

P =


0
Kt

�

N =


0
Ct

�

and 0 and I denote respectively null and identity matrices
with compatible dimensions. Letting

x̂ =


x
ẋ

�
,

we can express Eq. (1) in the following state-space form:
˙̂x = Ax̂+B1w+B2u+B3ẇ (2)

where

A =


0 I

M�1K M�1C

�
,

B1 =


0

M�1P

�
,

B2 =


0

M�1W

�
,

B3 =


0

M�1N

�
.

The objective of this paper is to study the performance
limits of an actively controlled vehicle imposed by random
road surface unevenness. The vehicle response variables
that need to be examined are the heave, pitch, and roll
accelerations of the driver located at (xd , yd), measured from
the center of gravity, as indicators of the vibration isolation,
the suspension travels as measures of the rattling space,
and the tire deflections as indicators of the road-holding
characteristic of the vehicle. These variables, denoted by the
regulated output z, can be written in terms of the state-space
parameters as follows

z =C1x̂+D11w+D12u (3)

where

C1 =

2

4
S � I 0
0 I 0

Td [0 I 0]A

3

5
,

D11 =

2

4
0

�I
Td [0 I 0]B1

3

5
,

D12 =


0

Td [0 I 0]B2

�
and

Td =

2

4
1 �xd yd
0 1 0
0 0 1

3

5
.

For the design of a feedback law, we consider the suspen-
sion travel measurements:

y = xb � xa.

From Eq. (1), note that

y =C2x̂ (4)

where
C2 = [S � I 0] .

Passenger comfort requires the RMS body accelerations be
as small as possible while compactness of the rattle space,
good handling characteristics, and improved road-holding
quality require the suspension travels and the tire deflections
to be kept as small as possible. It is a well-known fact [?] that
these objectives can not be met simultaneously with a passive
suspension system. These conflicts can partially be resolved
by replacing passive suspension system with an active or
semi-active suspension system.

III. PARAMETERIZATION OF ACHIEVABLE TRANSFER
MATRICES

Let Z(s), Y (s), U(s), and W (s) denote respectively the
Laplace transforms of z, y, u, and w. From Eqs. (2)–(4),

Z(s) = G11(s)W (s)+G12(s)U(s), (5)
Y (s) = G21(s)W (s)+G22(s)U(s). (6)

where

G11(s) = C1(sI �A)�1(B1 + sB3)+D11,

G12(s) = C1(sI �A)�1B2 +D12,

G21(s) = C2(sI �A)�1(B1 + sB3),

G22(s) = C2(sI �A)�1B2.

Hence, the generalized plant defined by

G(s) =


G11 G12
G21 G22

�
(7)

maps the pair of inputs [w u]T to the pair of outputs [zT y]T .
Now, let K(s) denote the transfer function of the controller

with input y and the output u. The feedback configuration
is shown in Fig. 2. The stabilization problem is to find a
proper feedback transfer function K such that the closed-
loop system in Fig. 2 is internally stable. All compensators
that stabilize G have the form:

K = Q(I +G22)
�1
, Q 2 RH• (8)

where RH • denotes the set of stable real-rational transfer
functions [?], [?]. With this parametrization, the transfer
matrix from w to z denoted by Tzw(s) takes a particularly
convenient form which is affine in Q:

Tzw = G11 +G12QG21. (9)

As Q varies over RH •, Eq. (9) parametrizes all achievable
transfer matrices. Note that the feedback law relies only on
the suspension travel measurements.
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Fig. 2. Standart block diagram.

IV. ROAD MODEL

Road roughness represents the main disturbing function
either to the rider or the vehicle structure itself. A four-
wheeled vehicle traversing along a road with forward veloc-
ity v is subjected to four imposed displacement excitations,
one at each wheel. Description of the road surface must be
complete enough to describe adequately the displacement
imposed at each wheel and all correlations between the four
displacements. The road uneveness is modeled as a random
excitation process with two kinds of correlations:

(i) The cross-correlation between the left and the right
tracks.

(ii) The time delay between the front and the rear wheels.

A. Correlation Model For Right and Left Tracks

In order to account for the correlation between the left
and the right tracks, a modified first order shape filter
approach was proposed in [15]. In [15], it is assumed that
the displacements wR(x) and wL(x) at the front right and left
corners in Fig. 3 are composed of two uncorrelated functions
xM(x) and q(x) as

wR(x) = xM(x)� (b/2)q(x)

wL(x) = xM(x)+(b/2)q(x).

By means of shape filters, xM(x) and q(x) are obtained from
zero-mean stationary white noise processes u1 and u2, with
covariance functions

R
ukul (x) =

⇢
0, k 6= l
qd (x), k = l (10)

where k, l assume 1 and 2, q is the intensity of the white
noise processes, and d denotes the Dirac delta function.

A first-order shape filter, for example, results in the
equations

d
dx


xM(x)
q(x)

�
= AW


xM(x)
q(x)

�
+BW


u1(x)
u2(x)

�


wR(x)
wL(x)

�
= CW


xM(x)
q(x)

�
. (11)

where

AW =


�l1 0

0 �l2

�
, BW =


k1 0
0 k2

�
,

CW =


1 �b/2
1 b/2

�
. (12)

Fig. 3. Road Model.

Methods to identify parameters of linear shape filters directly
from measured road spectra have been proposed in [1], [2].

The shape filter equations (11) and (12) can be translated
into the temporal domain with x = vt as follows

d
dt


z1(t)
z2(t)

�
= vAW


z1(t)
z2(t)

�
+ vBW


h1(t)
h2(t)

�


w1(t)
w2(t)

�
= CW


z1(t)
z2(t)

�

where

z1(t) = xM (vt) , z2(t) = q (vt) ,

h1(t) = u1(vt), h2(t) = u2(vt),

w1(t) = wR (vt) , w2(t) = wL (vt) ,

The covariances of the processes hk(t), k = 1, 2 are com-
puted from (10) as

R
hkhl (t) =

(
0, k 6= l
q
v

d (t), k = l.

Let

wh =


w1
w2

�
, and


h1
h2

�
.

Then, the relation between the transfer function

eGwh =CW(sI � vAW)
�1vBW (13)

and the power spectrum of wh is given by

Swh(w) = eGwh( jw)S
h

(w) eGT
wh
(� jw)

S
h

(w) = qv�1I. (14)

B. Correlation Between the Front and Rear Wheels

As the vehicle travels straight on random road profile there
happens correlations between the front and the rear inputs of
the vehicle. The rear wheels are subjected to the same road
inputs as the front wheels; but with a time delay Td :

w3(t) = w1(t �Td)

w4(t) = w2(t �Td)

where Td = (l f + lr)/v, and (l f + lr) is the wheel base of the
vehicle. For control purposes, the pure time delay between
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the front and the rear inputs can satisfactorily be represented
by a Pade approximation. Then, w3(t), w4(t) disappear and
the problem can be treated in the same way as the two
input case. For this study, a second-order Pade approximation
denoted by L(s) was picked.

V. ACHIEVABLE RMS RESPONSES

In this section, achievable rms responses of the full-car
model to random road inputs will be parameterized. From
the definition, the autocovariance function of z equals

Rz(t) =
1

2p

Z •

�•
Tzw( jw)Sw( jw)T⇠

zw( jw)e jwt dw (15)

where H⇠(s) = HT (�s). The square roots of the elements
in the diagonal of Rz(0) are the rms values of the body
accelerations imposed on the driver, the suspension travels,
and the tire deflections at the left-front, right-front, left-rear
and right-rear corners of the vehicle.

Write w as,

w =

2

4
I2

L 0
0 L

3

5wh

Then, Eq. (15) can be written as follows:

Rz(t) =
1

2p

Z •

�•
Tzw( jw)

2

4
I2

L 0
0 L

3

5Swh( jw)

2

4
I2

L 0
0 L

3

5
⇠

T⇠

zw( jw)e jwt dw. (16)

Note from (16) that the sum of the diagonal elements of
Rz(0) is given by

J (Q) =
q
v
kTzw

2

4
I2

L 0
0 L

3

5 eGwhk
2
2. (17)

We will consider weighted and optimized version of (17):

J ⇤(L) = q
v

inf
Q2RH •

kLTzw

2

4
I2

L 0
0 L

3

5 eGwhk
2
2 (18)

where L is a diagonal matrix L =diag{l1, ...l11} with
nonnegative entries. Letting E(x) denote the expected value
of a given random variable x, we see that the control input
chosen in (18) mimimizes Â11

k=1 l

2
k E[z2

k ] with respect to the
set of all stabilizing controllers.

VI. SEMI-ACTIVE SUSPENSION CONTROL

A. Sky-Hook Control

The ‘sky-hook damper’ should always be adjusted to give
a damping ratio such that the best transient response can be
achieved [12]. Fig. 4 shows a semi-active suspension system
consisting of both active and passive elements. The control
law for required cSKY can be summarized as follows:

cSKY =
⇢

cmax żb(żb � żt)> 0
cmin żb(żb � żt) 0.

(19)

SKY
c

c

k2 c2

1/2 m

1/4 m

t

k kc c1
1 1 1

c

z
1

z
t

Fig. 4. Representative sky-hook damping connection.

In practical applications the longitudinal measurements are
collected, derived and are used to adjust the appropriate stiff-
ening of the semi-active suspension to counteact excessive
pitch or roll motions.

B. Hybrid Control

The hybrid control, integrated to the full vehicle model is
shown in Fig. 5.

(1-aA)(CAon-CAoff)

(1-aB)(CBon-CBoff)

(1-aC)(CCon-CCoff)

(1-aD)(CDon-CDoff)

KF

kT

kT

kT

kT

kB

kD

kC

v

aA(CAon-CAoff)

aB(CBon-CBoff)

aD(CDon-CDoff)

aC(CCon-CCoff)

Pitching

Rolling

CCoff

CAoff

    CBoff

     CDoff

tr

tf

lf

lr

w1

  w2

w3

 w4

Zu1

Zu2

Zu4

Zu3 Z1

Z2

kA

Z4

Z3

ZG

Y

X

and

In equation 1:

In equation 2:

Fig. 5. Full-car model equipped with a hybrid control.

The model consists of a damper at each corner of the
sprung mass linked to some inertial reference in the sky with
a damping coefficient ak(con

k �co f f
k ), as well as a damper at

each unsprung mass linked to some inertial reference in the
ground with damping coefficient (1�ak)(con

k �co f f
k ) for i =

A,B,C,D, representing each corner respectively. Note that,
the skyhook and hybrid controls can be obtained by varying
the values of ak 2 (0,1). Some crucial modifications to state-
space matrices A and C1 are made as follows:
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1) ck coefficients in matrix A are replaced by ak(con
k �

co f f
k )+co f f

k in the rows corresponding to żG, q̇ and ḟ ;
replacing the rows corresponding to żu1, żu2, żu3, żu4
with co f f

k .
2) ck coefficients in matrix C1 are replaced by (ak)(con

k �

co f f
k )+ co f f

k in the rows corresponding to in the rows
corresponding to żG, q̇ and ḟ ; replacing the rows
corresponding to żu1, żu2, żu3, żu4 with co f f

k .

The design parameters ak, con
k , co f f

k are chosen as 0.5
(for hybrid control), 2.2ck and 0.2ck which provided the best
results obtained in Fig. (VI-B-6).

(a) Suspension deflection (b) Tire deflection (c) Heave acceleration

Figure 3: Heave response to heave input

(a) Suspension deflection (b) Tire deflection (c) Roll acceleration

Figure 4: Roll response to roll input

(a) Suspension deflection (b) Tire deflection (c) Roll acceleration

Figure 5: Pitch response to pitch input

(a) Suspension deflection (b) Tire deflection (c) Heave acceleration

Figure 3: Heave response to heave input

(a) Suspension deflection (b) Tire deflection (c) Roll acceleration

Figure 4: Roll response to roll input

(a) Suspension deflection (b) Tire deflection (c) Roll acceleration

Figure 5: Pitch response to pitch input

(a) Suspension deflection (b) Tire deflection (c) Heave acceleration

Figure 3: Heave response to heave input

(a) Suspension deflection (b) Tire deflection (c) Roll acceleration

Figure 4: Roll response to roll input

(a) Suspension deflection (b) Tire deflection (c) Roll acceleration

Figure 5: Pitch response to pitch input

Fig. 6. Full-car model equipped with a hybrid control.

VII. CONCLUSIONS

In this paper, the achievable rms responses of the heave
and pitch accelerations, the suspension travels, and the tire
deflections of a full-car model excited by random road inputs
were studied. The road excitations at the left and right tracks
were modelled by first-order linear shape filters driven by
white-noise inputs; and the temporal correlations between
the front and the rear wheels were predicted by second order
Pade filters. Control policies as skyhook, groundhook and hy-
brid controls for semi-active suspension were constituted and
ride comfort and road holding performances were compared
with passive suspension system. The simulation results show
that the skyhook control excels at isolating the sprung mass
from road irregularities, at the expense of increased unsprung
mass motion. On the other hand, the groundhook control
excels at isolating the unsprung mass from road irregularities,
at the expense of increased sprung mass motion. The hybrid
control is shown to rank as the best compromise between the
ride comfort and road holding quality of the vehicle.
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Abstract—A side slip angle free model matching controller
(MMC) is designed to improve vehicle yaw stability by active
front steering. Optimization of controller gains is specified by
a classical LQR problem. Additionally, LQR controller gains
are structured to enable side slip angle free design. Design of
an LQR having a structured controller gain is formulated as a
convex optimization problem subject to linear matrix inequalities
(LMIs) constraints. The proposed controller is designed with
an augmented state space model including a linear bicycle
model and model matching error dynamics. Superiority of the
proposed controller is shown by numerically comparing with a
classical full state feedback LQR. In order to obtain realistic
results; a three-degrees-of-freedom nonlinear vehicle model is
used. The nonlinear vehicle model is composed of lateral, yaw
and longitudinal motions with the well-known Magic Formula
tire model. Simulation results show that the proposed structured
MMC provides very compatible performance with full state
feedback LQR design.

Index Terms—active front steering, model matching, linear
matrix inequalities, linear quadratic regulator

I. INTRODUCTION

In the last three decades, use of control systems has
inevitably grown in the vehicular technology due to the
innovations in steering systems, electronics and actuation
systems. Active chassis control systems has received great
attention since the four-wheel steering system is firstly de-
veloped in mid-1980s [1]. Active chassis control systems
generally improve the vehicle handling by applying an ex-
ternal yaw moment. Active rear wheel steering/four-wheel-
steering (ARS/4WS), active front steering (AFS) and direct
yaw moment control (DYC) with differential braking are the
most preferred actuation strategies. Among these actuation
strategies, active steering ensures a more satisfactory perfor-
mance under unsymmetrical loading scenarios such as µ-split
road segments, unilateral loss of tire pressure and cross-wind
disturbances [2].

Great number of control algorithms are recently being
developed and applied to AFS chassis control systems such
as H1 [3], model reference adaptive control [4], disturbance
observer based robust control [5], model predictive control
[6], energy optimal control [7]. Among these several control
approaches used in active chassis control systems, the modem

matching control has received great interest of vehicle con-
trol community. MMC makes the vehicle follow the desired
dynamics. Desired dynamics is generally a linear first order
system having a bounded gain between steering input and yaw
rate response to ensure driving safety and handling properties.
Nagai et al. [8] used integrated control strategy having ARS
and DYC together. By applying a feedforward of steering
wheel angle and state feedback of both yaw rate and side slip
angle, side slip angle and yaw rate responses are enforced to
follow their desired responses. Desired responses are described
by two independent first order system. An optimal integrated
MMC using AFS and DYC, is proposed by [9]. Feedforward
and state feedback gains are obtained by minimizing a cost
function by using LQR. In these both MMC scheme, side
slip angle is assumed to be measurement available. Lv et al.
[10], presented an optimal H1 controller for 4WS vehicle by
using only yaw rate measurement. H1 norm from steering
input to lateral acceleration, side slip angle and desired yaw
rate error, are minimized using randomly directional searching
methods [11]. These studies showed the effectiveness of MMC
scheme. However, controller gains are optimized with con-
ventional approaches such as LQR and randomly directional
searching methods. LQR problem is well established since it
has an analytical solution but requires measurement of all state
variables. In the presence of unmeasurable states, optimization
problem turns into nonlinear one and alternative methods
are required. Alternative approaches like randomly directional
searching methods can not be applied for wide range of
problems such as robust and/or gain scheduled design. Linear
matrix inequalities (LMIs) [12] based approach allows us to
design multi-objective controllers satisfying multiple objective
at the same time in a systematic manner. Therefore, LMI
based design of MMCs are recently investigated by [13]–[15].
Jianyong et al. [13] proposed a new robust MMC for integrated
ARS and DYC design. An LMI based sliding mode observer
is designed to estimate side slip angle. Then a dynamic output
feedback H1 controller is designed to follow desired side slip
angle and yaw rate responses. Model matching errors of side
slip angle and yaw rate are selected as measured outputs. A
novel robust MMC scheme is proposed by Wu et al. [14] which
having desired yaw rate, lateral velocity and longitudinal
velocity simultaneously. Proposed scheme has three control

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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inputs which are differential traction/braking force, active
front steering and external yaw moment, respectively. Model
matching errors belong to the lateral velocity, longitudinal
velocity and yaw rate are chosen as feedback signals. The
dynamic output feedback control laws used in [13] and [14]
eliminates the need of measurement available state vector
but results full order compensators having at least 4th and
6th order dynamics because of the dimension of augmented
state vectors. Frendi et al. [15] used a gain scheduled MMC
in parallel distributed control (PDC) structure. A full state
feedback H1 PDC law is designed for an augmented state
vector. The augmented state vector contains actual side slip
angle and yaw rate; desired side slip angle and yaw rate;
integrals of error between actual and desired responses.

The present study investigates the design of an AFS control
system having a side slip angle free model matching LQR with
a structured controller gain. Proposed controller is designed
to minimize a classical LQR performance index by convex
optimization with LMI constraints. Controller gain is struc-
tured to avoid feedback of side slip angle. Proposed controller
has some certain advantages over previously developed MMC
schemes. It is well known that measurement of side slip angle
with reasonable cost is very challenging topic. Measurement
or estimation of the side slip angle is not required to imple-
ment proposed controller as in state feedback case [15]. In
addition, controller gains are optimized with LMI constraints
which are applicable for wide range of problems. Hence, the
proposed controller can be easily extended to handle additional
requirements. Despite the fact that closed-loop system order is
increased at least twofold by dynamic output feedback designs
as discussed in [13], [14]. In the proposed control scheme,
order of the closed-loop system is not increased, since the
proposed controller requires no additional state variables.

A planar 3-DOF nonlinear vehicle model has been selected
for simulation studies. This model is based on the well-known
bicycle model. Lateral tire forces are modeled by the Magic
Formula tire model. In the controller design a linearized lateral
model having a state vector composed of side slip angle and
yaw rate, has been used.

The remainder of the paper is organized as follows; in
Section 2 mathematical modeling is presented in detail. Con-
troller design is given in Section 3. In the following section,
the numerical simulation studies are presented to examine
controllers performance, and the results are discussed.

II. PROBLEM FORMULATION

In this section, MMC problem is formulated and the math-
ematical models required for simulation and controller design,
are presented.

Side slip angle free MMC LQR having a structured con-
troller gain, is designed to make yaw rate of the actual vehicle
follow the desired model output. The desired model is defined
as a simple first order transfer function between driver steering
input and the desired yaw rate. Block diagram of the MMC
scheme is shown in Figure 1.

Fig. 1. Block diagram of the proposed MMC

A. Actual Vehicle Model
In this section the actual nonlinear vehicle model which

is used in simulation studies is presented. The actual vehicle
model contains lateral, yaw and longitudinal dynamics with
nonlinear lateral tire forces modeled with Magic Formula [16].
Derived model is based on the well-known bicycle model
assumption as shown in Figure 2.

Fig. 2. Single track bicycle model for vehicle modelling

The governing equations of lateral, yaw and longitudinal
motions can be expressed as

mv
x

(�̇ + r) = F
yf

cos(�) + F
yr

(1)

I
z

ṙ = `
f

F
yf

cos(�)� `
r

F
yr

(2)

m(v̇
x

� �v
x

r) = F
yf

sin(�) (3)

Here, m and I
z

are mass of the vehicle and yaw moment
of inertia, respectively. `

f

and `
r

are the distances between
center of gravity and front, rear axles, respectively. v

x

is the
longitudinal vehicle velocity; � is the side slip angle; r is the
yaw rate. � denotes the steering angle. Here, n

g

is the steering
ratio. F

yf

and F
yr

are the lateral tire forces belong to front
and rear tires. The resultant lateral tire forces are saturated by
the maximum allowable lateral force; which is multiplication
of vertical load and friction coefficient µ. First, vertical loads
at front and rear axles due to the static load distribution and
longitudinal acceleration a

x

, at each axle are given as

F
zf

=
mg`

r

�ma
x

h

`
f

+ `
r

, F
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=
mg`

f

+ma
x

h

`
f

+ `
r

(4)

where h denotes the height of center of gravity.
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B. Control Oriented Vehicle Model
In this section, a linear state space representation of vehicle

is presented to be used in MMC design. The linearized control
oriented vehicle model contains lateral and yaw dynamics with
linear tire forces. The linear tire forces at the front ans rear
axles are calculated by

F
yf

= C
↵f

↵
f

; F
yr

= C
↵r

↵
r

(5)

where C
↵f

and C
↵r

are cornering stiffness coefficients. ↵
f

and ↵
r

are the tire slip angles which are given by

↵
f

= � � � � `
f

r

v
x

; ↵
r

= �� +
`
r

r

v
x

(6)

Here, � is the total steering input in the form of � = �
d

+ �
c

where �
d

is the driver steering input and �
c

is steering input
computed by active front steering controller.

Let us define a state vector x
v

= [ � r ]T and the inputs
u = �

c

, w = �
d

. By applying a small angle approximation on
equations (1), (2) and by substituting the linear tire forces (5)
into (1), (2), the linear state space model can be written as

ẋ
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C. Desired Model
The desired dynamics is assumed as a simple first order

model having only a time constant ⌧
d

and a dc gain g
d

. The
desired model is presented by [9];

r
d

=
g
d

⌧
d

s+ 1
�
d

(8)

where r
d

is the desired yaw rate. By defining x
d

= r
d

, the
desired dynamics can be written in a state space formulation.

ẋ
d

= A
d

x
d

+B
d

w (9)

where
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d

B
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d
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d

Here, the time constant value is parameterized as [9]
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The dc gain of the desired model is given by [16] as:
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For ensuring driving safety, the desired yaw rate, r
d

must be
bounded properly. Since, the vehicle yaw stability can not
be guaranteed for all yaw rate values, the desired yaw rate
must be bounded with the road friction coefficient µ and the
longitudinal velocity, v

x

. Hence, the target yaw rate of the
vehicle is formulated as [16]

r
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r
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x
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d
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v

x

(12)

D. Control Oriented Modeling for Model Matching Controller
Design

In this section, the final state space model to be used in
the MMC design is developed. The final state space model is
obtained by augmenting the linear vehicle model with model
matching error. Note that the main objective of the MMC is to
make plant output follow the desired output. In our study, the
plant output is the vehicle yaw rate described by r = C

r

x
v

and desired output is r
d

= x
d

. In order to enable MMC design,
dynamics of the model matching error is defined as

ė
r

= ṙ
d

� ṙ = ẋ
d

� C
r

ẋ
v

(13)

Hence, the augmented state space model can be written by
choosing a state vector x = [ x

v

e
r

]T

ẋ = Ax+Bu+B
w

w (14)
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III. CONTROLLER DESIGN

In this section, first design of a guaranteed cost LQR
having a structured controller gain, is formulated as a convex
optimization problem with LMI constraints. Thereafter, clas-
sical full state feedback LQR design with algebraic Riccati
equations (ARE) is presented.

A. Guaranteed Cost Structured LQR Design
Consider the linear time invariant system given by

ẋ = Ax+Bu (15)

Our goal is to find an optimal controller gain in the form of
u = Kx where K 2 <m⇥n is a controller gain matrix. Then,
the closed-loop system is written by

ẋ = (A+BK)x. (16)

The controller gain, K is designed to make the closed-loop
system (16) stable and to minimize the following performance
index:

J =

Z 1

0
zTQz + uTRu| {z }

⌦

dt (17)

here z 2 <c is a linear function of the state vector to represent
the vector of variables to be minimized. This vector z is
described by z = C

Z

x. In (17), Q 2 <c⇥c and R 2 <m⇥m

are performance weighting matrices. The following lemma
presents an LMI condition to provide a relation between the
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quadratic performance index (17) and the quadratic Lypaunov
function candidate.

Lemma 1 (Bellman-Lyapunov inequality [17], [18]). Let us
consider a quadratic Lyapunov function as follows

V (x) = xTPx � 0. (18)

where P 2 <n⇥n is a symmetric positive definite matrix. For
a quadratic cost function in the form of

J =

Z 1

0
⌦dt (19)

where ⌦ is given by ⌦ = zTQz + uTRu. A controller is
guaranteed cot control law, if the following condition holds:

V̇ (x) + ⌦ < 0 (20)

Here (20) is also known as Bellman-Lyapunov inequality [18].

Proof. Upper bound of the (19) can be easily obtained by
integrating (20)

V (x(1))� V (x0) +

Z 1

0
⌦dt < 0. (21)

Under the assumption of closed-loop system is asymptotically
stable, the quadratic cost function is bounded by V (x0) as
follows:

J < V (x0) (22)

Hence, the condition (20) can be used to construct LMI based
constraints which which sets an upper bound on quadratic cost
functions.

The following theorem presents an LMI based method to
design a guaranteed cost LQR controller.

Theorem 1. For a given values of Q and R, the asymptotic
stability of the closed-loop system (16) is ensured with a
guaranteed value of the performance index (17), if there
exists a rectangular matrix W 2 <m⇥n and positive definite
symmetric matrices Z 2 <n⇥n,S 2 <n⇥n subject to LMIs
(23),(24). Then, the guaranteed cost LQR controller gain can
be obtained by the solution of the following optimization
problem.

min tr(S), s.t. (23) and (24)
2

4
AZ +BW + ⇤ WT ZCT

z

⇤ �R�1 0
⇤ ⇤ �Q�1

3

5 � 0 (23)


S I
I Z

�
� 0 (24)

The resulting guaranteed cost LQR controller gains matrix is
calculated as K = WZ�1.

Remark 1 (Structured Feedback Matrix [19]). Note that
controller gain formulation of K = WZ�1 allows us to set a

prescribed structure on K by taking the decision variables in
specific forms. For example, if the controller gain in the form

K =

2

4
0 k12 k13 0
0 0 0 k24
k31 0 0 0

3

5 (25)

is required, then the decision variables can be taken as

W =

2

4
0 w12 w13 0
0 0 0 w24

w31 0 0 0

3

5 (26)

Z = diag(z11, z22, z33, z44) (27)

Observe that W and Z may include extensive number of zero
entries in large-scale systems [19].

Proof. By substituting the closed loop system (16), quadratic
cost function (17) and the quadratic Lyapunov function (18)
into Lyapunov-Bellman inequality (20)

xTPAx+ xTPBKx+ xTATPx+ xTKTBTPx <

�xTCT

z

QC
z

� xTKTRKx (28)

is obtained. By applying a Schur complement formula [20],
constraint (28) is congruent to


PA+ PBK + ⇤+ CT

z

QC
z

KT

⇤ �R�1

�
� 0. (29)

By use of the Schur complement, (29) is turned into
2

4
PA+ PBK + ⇤ KT CT

z

⇤ �R�1 0
⇤ ⇤ �Q�1

3

5 � 0. (30)

Let us introduce a variable Z = ZT = P�1. Then, perform a
congruence transform [20] by pre- and post- multiplying the
(30) with diag(Z, I, I). Finally, by applying a simple variable
change of W = KZ, the LMI constraint (23) is obtained.

Recall that guaranteed cost control law sets an upper bound
on the quadratic performance index. To deal with the mini-
mization of (17), define a new variable S � P which implies
that

S � P $


S I
I Z

�
� 0 (31)

The proof is completed.

B. Classical LQR Design
To compare the performance of the structured LQR with

standard LQR design, design procedure for a standard LQR
controller is provided as in the following theorem.

Theorem 2 (Classical LQR [21]). For a given values of Q
s

and R
s

, asymptotic stability of the closed-loop system (16) is
ensured with a minimum value of performance index

J =

Z 1

0

�
xTQ

s

x+ uTR
s

u
�
dt, (32)

if the solution of ARE

Z
s

A+ATZ
s

+Q
s

+ Z
s

BR�1BTZ
s

= 0 (33)
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exists. Here Z
s

2 <n⇥n is a positive definite symmetric matrix.
Then, the full state feedback LQR control law is obtained as

u = K
s

x = R�1BTZ
s

. (34)

C. Numerical Simulation Studies
The designed control method has been tested by numerical

simulation studies through MATLABTM, Simulink for the case
of rapid lane change maneuver. Rapid lane change maneuver is
one of the most widely used scenarios to test the yaw stability
and maneuverability. Since it is mostly needed for the obstacle
avoidance. The initial speed is selected as 120[km/h].

Firstly, the side slip angle free MMC is designed. The
performance weighting matrices are selected as follows:

C
z

=


0 1 0
0 0 1

�
; Q =


10 0
0 265

�
; R = 1 (35)

Then, the decision variables are structured as

W =
⇥
0 w2 w3

⇤
(36)

Z =


z11 0
0 z22

�
(37)

By applying Theorem 1 with YALMIP parser [22] and Se-
DuMi solver [23], side slip angle free MMC controller gains
are computed as

K = [ 0 0.4757 �5.9328 ]

For the sake of simplicity, the developed side slip angle free
MMC is henceforth denoted as SAFMMC. In order to compare
effectiveness of the proposed controller, a full state feedback
MMC is designed. The performance weighting matrices are
selected as

Q
s

= diag(10, 0, 265) R
s

= 1 (38)

By applying Theorem 2, full state feedback MMC (FSFMMC)
gains are computed as

K
s

=
⇥
�0.1062 1.0829 �15.271

⇤
(39)

Figure 3 shows the Bode diagram of yaw rate responses
based on the linear bicycle model (7), the desired model (8),
the SAFMMC and the FSFMMC. It is understood that the
desired model has a larger bandwith when compared with the
vehicle yaw rate response with no control. As it can be seen
from Figure 3, both controllers improved the vehicle yaw rate
responses significantly.

As the steering wheel command, the sine wave of amplitude
45[deg] and of frequency 0.5[Hz] was applied in the rapid
lane change maneuver. Acceleration or braking inputs were
not applied in the tests. In the open-loop vehicle responses, the
vehicle is supposed to be displaced laterally while maintaining
lane-keeping and aligns itself with the adjacent lane. The
numerical simulation results are shown in Figure 4 and Figure
5.

In Figure 4, the sinusoidal steering input by the driver,
�
d

, was applied to perform the lane change maneuver. Since
the desired model has a larger bandwith, faster responses are

Fig. 3. Yaw rate frequency responses.

Fig. 4. Time histories of the yaw rate response and steering commands

expected from controlled vehicles. Hence, the steering inputs
generated by both controllers, �

c

, take values to increase the
drivers input during the first 0.5 seconds. On the other hand,
the target yaw rate, r

t

, is bounded to guarantee driving safety.
Therefore, �

c

for both controllers, take values to decrease the
drivers input to avoid drifting motion shown in Figure 4. This
explains why the initial yaw rate responses have steeper slope
and the peak yaw rate values are smaller for the SAFMMC
and the FSFMMC.

As shown in Figure 5, uncontrolled vehicle is not capable
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Fig. 5. Time histories of the position in global coordinates

of aligning itself with the adjacent lane. However, the vehicle
with either the FSFMMC or the SAFMMC is able to align
itself with the lane.

Remark 2. The consideration of using only the yaw rate
and yaw rate tracking error as feedback, provides easy to
realize AFS controller design. Both controllers require the
driver steering angle, �

d

, and the longitudinal velocity, v
x

,
information to calculate target yaw rate, r

t

. Despite the fact
that the FSFMMC needs the yaw rate and side slip angle
feedback, the proposed SAFMMC requires only the yaw rate
feedback. The simulation results show that proposed SAFMMC
controller can improve the yaw stability as effectively as the
FSFMMC in spite of its simpler structure.

IV. CONCLUDING REMARKS

In this study, an LMI based side slip angle free MMC
LQR controller is designed for an AFS system. The proposed
controller is compared by a full state feedback LQR. A three-
degrees-of-freedom model having lateral, yaw and longitudinal
dynamics with the Magic Formula tire model is used to eval-
uate the performance of the AFS. As the driver steering input,
rapid lane change scenario is considered with different tire-
road friction coefficients. Numerical simulation studies show
that the proposed MMC scheme has compatible performance
with the full state feedback MMC scheme. Expanding the
proposed controller with consideration of longitudinal velocity
variations and extending the model with steering actuator
dynamics might be a direction for future works.
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Abstract—In this paper, four state feedback controllers,
namely skyhook, LQR, H2 and H1, are designed for an active
suspension system. The designed controllers are tested both via
simulations and experiments on the active suspension set using
a square bump, a sine bump and two random road profiles. The
simulation results and the experimental results are compared for
ride comfort, by post filtering the experimental results within the
frequency range specified by the standard ISO 2631-1. The ride
comfort analysis is done both via comparing the acceleration of
the vehicle body and via comparing the jerk of the vehicle body.
It has been shown that, skyhook controllers and LQR controllers
are more suitable for bumps, regarding the ride comfort, and
that they are not very suitable for the random road profiles. And
it is also observed based on the experimental results that, H2

and H1 controllers are improving random road profiles with low
toughness and are as good as the skyhook and LQR controllers for
bumps, but that none of the mentioned controllers are improving
random road profiles with high toughness, as expected by the
simulation results.

Keywords—Active suspension system, LQR, Hinfinity, H2, sky-
hook, state feedback, ride comfort

I. INTRODUCTION

Suspension systems play an important role in public trans-
portation, military applications, logistics, etc. The suspension
systems refer to the group of mechanical components which
contain generally spring, damper and axle mechanism, which
are an automotive technology that reduce the negative effects
of the road irregularities on various performance criterions
such as ride comfort, road handling and driving safety. In the
literature, ride comfort is measured by the acceleration in the
vertical direction of the passengers in the vehicle body.

Suspension systems have three subcategories which are
active, semi-active and passive suspension. The active suspen-
sion has an actuator differs from the other type of suspension
and controllers are designed for active suspension systems.
Several control methods have been used for the control of the
suspension systems such as Proportional-Integral-Derivative
[1], [2], [3], Linear Quadratic Regulator [4], [5], [6], [2],
Fuzzy Logic [7], [8], [9], H2 [10], [11], H1 [6], [12], Model
Predictive Control [13], [14], Skyhook [15].

In this paper, mathematical model of the active suspension
system and road profiles which are square bump, sine bump, A
class and E class, are presented in Section 2, Skyhook, LQR,
H2 and H1 control strategies that use to enhance the ride

comfort are shown in Section 3, simulation and experiment
results of the control techniques performance on the 4 different
road profiles are mentioned in Section 4 and the conclusion is
presented in Section 5.

II. MATHEMATICAL MODELS

A. Quarter-Car

An LTI dynamical system with exogenous inputs is given
with the following equations,

ẋ(t) = Ax(t) +B1u(t) +B2!(t)

y(t) = C1x(t) +D11u(t) +D12!(t)

z(t) = C2x(t) +D21u(t) +D22!(t)

(1)

and can be represented with the following general plant,

Pss =

2

4
A B1 B2

C1 D11 D12

C2 D21 D22

3

5 (2)

The variables given in (1) for the active suspension system [16]
is defined as follows;

x1(t) = zs(t)� zus(t)

x2(t) =
d

dt
zs(t)

x3(t) = zus(t)� zr

x4(t) =
d

dt
zus(t)

z1(t) = zs(t)� zus(t)

z2(t) =
d2

dt2
zs(t)

!(t) =
d

dt
zr(t)

u(t) = Fc

(3)

where x1(t) is the suspension deflection, x2(t) is the velocity
of the upper plate, x3(t) is the tire deflection, x4(t) is the
vertical velocity of the wheel, u(t) is the force applied by the
actuator, zr(t) is the road profile and !(t) is the derivative
of the road profile. The road profile zr, is considered as
disturbance, and the objective is to minimize the suspension
deflection z1(t) and the acceleration of the upper plate z2(t).
It is important that the generalized plant is modeling the
exogenous approximately, considering the fact that the road
profile is the real exogenous input, not the derivative of the

978-1-5386-7641-7/18$31.00 c�2018 IEEE
437

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



road profile. The generalized plant for the active suspension
system is given as

Pss =

2

666666666666664

0 1 0 �1 0 0

�Ks
Ms

�Bs
Ms

0

Bs
Ms

0

1
Ms

0 0 0 1 �1 0

Ks
Mus

Bs
Mus

�Kus
Mus

�(Bs+Bus)
Mus

Bus
Mus

�1
Mus

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

1 0 0 0 0 0

�Ks
Ms

�Bs
Ms

0

Bs
Ms

0

1
Ms

3

777777777777775

(4)

B. Road and Bump Models

The square bump model is extensively used in the literature
to examine the suspension system performance. The mathemat-
ical model is given as follows,

zr(t) = A(u(t� t0)� u(�t+ ⌧ + t0)) (5)

where A is the height of the bump, t0 is the collision time of
the tire with the bump, ⌧ is the period of the bump and u(t)
is the unit step function.

A more realistic bump, is the half-sine bump, which is
given as follows,

zr(t) = Asin(r(t� t0)� r(�t+ ⌧ + t0)) (6)

where r(t) is the unit ramp function.

It is also important to examine the ride comfort not only
for road bumps, but also for real world road profiles. For this
purpose the following random road model is used [17],

żr(t) = �0.635zr(t) + w(t) (7)

where w(t) is white noise. Adjusting the variance of the white
noise w(t), it is possible to model different roughness levels in
real world roads. In this paper, the best and worst road profiles,
namely road A and road E, are used for the sake of simplicity
of the analysis. Road A is modeled using white noise with
variance �2

= 1 and road E is modeled using white noise
using variance �2

= 256.

III. CONTROL TECHNIQUES

A. Skyhook

The Skyhook control method models an imaginary damper
element between the vehicle’s body(upper plate) and a point in
the sky. Using this imaginary damper element, the intention is
to reduce the displacement of the vehicle body in the vertical
direction. This imaginary damper element can be modeled
fairly easy, based on the definition of the damper element,
which is basically a velocity feedback, the resulting controller
can be modeled as

Fsky = �Ksky żs (8)

where zs is the upper plate displacement. Since żs is nothing
but the state variable x2(t), this control approach can be
accomplished by a partial static state feedback.

Hooke&Jeeves optimization method [18] and genetic al-
gorithm [19] were used to find an optimal Ksky gain. The
skyhook controller is designed via optimizing the tire deflec-
tion and the difference between the upper plate displacement
and the road profile zs � zr, seperately using ISE, ITSE, IAE
and ITAE performance criteria. The resulting skyhook gains
minimizing the tire deflection and minimizing the difference
zs � zr are given in Table I and Table II, respectively.

TABLE I. SKYHOOK GAINS OBTAINED FOR MINIMIZING THE zus � zr
DIFFERENCE

zus � zr
ISE ITSE IAE ITAE

Hooke&Jeeves Ksky -93.6981 -93.886 -109.6951 -109.6951
Genetic Algorithm Ksky -93.6979 -93.8856 -108.8347 -109.6949

TABLE II. SKYHOOK GAINS OBTAINED FOR MINIMIZING THE zs � zr
DIFFERENCE

zs � zr
ISE ITSE IAE ITAE

Hooke&Jeeves Ksky -62.6453 -63.1209 -83.6308 -84.0975
Genetik Algorithm Ksky -62.6473 -63.1211 -83.6307 -84.0976

From Table I and Table II it can be seen that, both opti-
mization methods result in similar gains, and that optimizing
for zs � zr and zus � zr results in minor differences in the
skyhook gain. Since the gains are fairly small compared to the
other state feedback controllers, the maximum gain is chosen
for comparison, namely Ksky = �109.69. The control input
can be expressed as,

u = � [

0 �109.69 0 0

]x (9)

B. LQR

The LQR problem is to find an optimal control rule that
will make the system internally stable and minimize the cost
function expressed:

J =

Z 1

0
(xTQx+ uTRu)dt (10)

Since the LQR method takes no disturbance effects into
account and there is no exact method to choose Q and R
matrices, the aforementioned matrices are taken from the active
suspension set guide [16]. The values are given below;

Q =

2

64

450 0 0 0

0 30 0 0

0 0 5 0

0 0 0 0.01

3

75 , R = 0.01 (11)

Using these values, the static state feedback gain is calculated
as

K = [24.6621 47.6059 38.7426 4.5090] (12)

where the optimal input is u = �Kx.

C. H2 optimal state feedback

The aim of the H2 controller is to minimize the effect
of an exogenous input ! on an objective z for a state space
realization given in (1). For the active suspension system the
exogenous input is given as the derivative of the road profile
żr. There are two objectives to be minimized, namely the
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acceleration of the upper plate z̈s and the suspension deflection
zs � zus. The H2 optimal state feedback controller can be
obtained with the following convex optimization problem [20];

min(�)

trace(Z) < �

AP +B1S + (AP +B1S)
T
+B2B

T
2 � 0

�Z C2P +D21S
(C2P +D21S)

T �P

�
� 0

(13)

Here �, Z, P ve S are variables to be solved and the state
feedback gain is calculated via

KH2 = SP�1 (14)

For the given active suspension system, the following values
are obtained [21],

P =

2

64

0.9331 �11.4343 �0.4721 7.2275
�11.4343 143.8441 5.9967 �112.6227
�0.4721 5.9967 0.2827 �5.6572
7.2275 �112.6227 �5.6572 238.5831

3

75

S = [

1192.0 �15422.0 �649.2 14633.0
]

Z =


0.9332 200.9
200.9 90533.0

�

� = 300.9
(15)

and the feedback gain is calculated as

K = [

�573.8011 �153.1270 232.4755 11.9380
]

(16)

D. H1 optimal state feedback controller

The H1 optimal control problem shares similarities with
the H2 optimal controller, the exogenous input is żr and the
objective is to minimize z̈s and zs�zus, but here the inf-norm
is used instead of the 2-norm and the following is minimized,

min

8||w||2 6=0
max

||z||2
||w||2

(17)

In order to design a H1 optimal state feedback gain the
following convex problem can be solved [20],

min(�)2

4
AP +B1S + (AP +B1S)

T B2 (C2P +D21S)
BT

2 ��I DT
22

(C2P +D21S)
T D22 ��I

3

5 � 0

P � 0

(18)

Here �, P ve S are solved and the state feedback gain is
calculated via

KH1 = SP�1 (19)

For the given suspension system the following values are
obtained [21],

P =

2

64

0.0202 �0.2488 �0.0101 0.1559
�0.2488 3.1329 0.1296 �2.4038
�0.0101 0.1296 0.0060 �0.1206
0.1559 �2.4038 �0.1206 4.9445

3

75

S = [

26.0829 �337.7829 �14.1380 321.0138
]

� = 6.8383

(20)

and the state feedback gain is calculated as

K = [

�460.8326 �149.9549 465.9982 17.9147
]

(21)

IV. SIMULATION AND EXPERIMENT RESULTS

The general plant for the active suspension experiment set
[16] is given as follows,

Pss =

2

6666666666664

0 1 0 �1 0 0

�367.3469 �3.0612 0 3.0612 0 0.4082
0 0 0 1 �1 0

900 7.5 �1250 �12.5 5 �1

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

1 0 0 0 0 0

�367.3469 �3.0612 0 3.0612 0 0.4082

3

7777777777775

(22)
The resulting square bump and sine bump road profiles during
the experiments are depicted in Figure 1.

Fig. 1. Bump profiles

The resulting random road profiles during the experiments,
namely road A and road E, are shown in Figure 2. From Figure
2 the difference between road A and road E, in terms of road
toughness can be clearly observed, and in comparison with
the road bumps, it is obvious that the road bumps and random
road profiles have different characteristics.

It is well known, that working with experimental data needs
post processing, especially for scenarios where derivatives are
necessary for analysis of the experimental results. In this
experimental setup, the acceleration and the jerk data are
obtained via taking the 1st and 2nd derivative of the measured
żs. Since there is noise in the measurement, filtering was
required and considering the fact that the ride comfort is
measured between 5 � 80Hz in the frequency domain [22]
and that the measurement noise occurs at high frequencies, a
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Fig. 2. Road profiles

lowpass filter needs to be designed. Since the aim is to analyze
the ride comfort the low pass filter can be chosen as follows;

H(s) =
80

s+ 80

(23)

The filter given above is used to filter both the acceleration
data and the jerk data for all experimental data.

During the experiments and simulations 4 different road
profiles are used to examine ride comfort. The ride comfort
can be measured by comparing the acceleration, which the
passenger is exposed to during the ride, which is specified
in the ISO 2631-1. The effect of motion is categorized by
taking the rms value of the acceleration into 5 different classes,
namely A, B, C, D and E [17]. The random road profile is
given according to ISO 2631-1, but since the active suspension
experiment has limitations for both the control input and the
road profile, the specifications are not applicable. The norms
of the roads used in the experiments and simulations are given
in Table III. In order to be able to compare the ride comfort

TABLE III. NORM OF ROADS

Road ||zr||1 ||zr||2 ||zr||1
Square 120.1 1.544 0.02004
Sine 51.44 0.8926 0.01985
Road A 22.23 0.2464 0.004669
Road E 30.64 0.4241 0.01294

for each designed controller against all roads, the amplification
of the norm of the road is considered, by dividing the norm of
the acceleration to the norm of the road. Using this approach it
is possible to compare all controllers ride comfort for all given
road profiles in a relative manner. The road norm amplification,
using the 1-norm, 2-norm and 1-norm, for the square bump
and sine bump are given in Table IV, Table V, respectively.

From Table IV regarding the passive suspension, it can be
seen that, the simulation data and experimental data are not
exactly identical and from Table V it is obvious that the sine
bump is almost identical in this regard. All controllers perform
similar if the road profile is given as a square bump where the

TABLE IV. ACCELERATION COMPARISON FOR SQUARE BUMP

Controller ||acc||1
||zr||1

||acc||2
||zr||2

||acc||1
||zr||1

Passive(Simulation) 69.94 84.535 216.29
Passive(Experiment) 21.157 41.823 166.47
Skyhook(Simulation) 4.0674 14.162 86.048
Skyhook(Experiment) 5.5279 14.742 100.57
LQR(Simulation) 7.2755 22.771 123.64
LQR(Experiment) 8.8275 21.127 134.16
H2(Simulation) 4.8939 18.254 105.63
H2(Experiment) 6.5527 18.53 121.82
H1(Simulation) 4.9412 18.622 107.41
H1(Experiment) 6.5168 18.513 127.42

TABLE V. ACCELERATION COMPARISON FOR SINE BUMP

Controller ||acc||1
||zr||1

||acc||2
||zr||2

||acc||1
||zr||1

Passive(Simulation) 8.8576 7.9897 14.516
Passive(Experiment) 4.8385 6.1495 21.584
Skyhook(Simulation) 1.1876 1.8305 6.8559
Skyhook(Experiment) 4.4325 5.299 16.718
LQR(Simulation) 1.5317 2.5941 9.8642
LQR(Experiment) 3.9089 4.7672 16.316
H2(Simulation) 1.1982 2.083 8.4047
H2(Experiment) 4.0514 4.9437 17.486
H1(Simulation) 1.2062 2.1026 8.5989
H1(Experiment) 4.7002 5.532 14.645

skyhook controller has a slight edge. If the road profile is given
as a sine bump, the LQR and H2 controllers perform better,
where all controllers have small improvements compared to
the passive suspension.

The results of the random road profiles, road A and road
E, are given in Table VI and Table VII, respectively.

TABLE VI. ACCELERATION COMPARISON FOR ROAD A

Controller ||acc||1
||zr||1

||acc||2
||zr||2

||acc||1
||zr||1

Passive(Simulation) 69.533 80.565 152.8
Passive(Experiment) 51.618 61.566 150.82
Skyhook(Simulation) 21.148 24.122 39.525
Skyhook(Experiment) 68.876 81.093 220.92
LQR(Simulation) 31.097 35.411 61.579
LQR(Experiment) 62.952 74.778 201.31
H2(Simulation) 26.426 30.243 50.419
H2(Experiment) 41.32 48.804 134.29
H1(Simulation) 27.409 31.384 50.853
H1(Experiment) 44.427 52.842 116.72

TABLE VII. ACCELERATION COMPARISON FOR ROAD E

Controller ||acc||1
||zr||1

||acc||2
||zr||2

||acc||1
||zr||1

Passive(Simulation) 270.06 249.38 236.25
Passive(Experiment) 229.8 206.96 233.37
Skyhook(Simulation) 65.482 58.86 73.394
Skyhook(Experiment) 239.67 217.59 257.83
LQR(Simulation) 104.08 92.126 99.358
LQR(Experiment) 234.93 212.21 234.34
H2(Simulation) 85.71 76.877 98.18
H2(Experiment) 255.64 231.88 309.19
H1(Simulation) 89.517 80.39 103.83
H1(Experiment) 236.1 213.03 259.41

In comparison with the square bump and sine bump, the
difference between the simulation data and experimental data
for road A compared with the passive suspension is smaller.
Even though the simulation results show that the skyhook and
LQR controllers perform better than the passive suspension,
the experimental data shows the contrary. It is also observed
that, the H2 and H1 controllers improve the ride comfort both
according to simulation data and experimental data.
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From Table VII it can be seen that, even though the
simulation data shows that all controllers perform better than
the passive suspension, the experimental data does not project
the same improvements.

TABLE VIII. NORM OF CONTROL INPUTS ||u||1

Controller Square Sine Road A Road E
Sky (Simulation) 13.85 1.706 0.9599 4.282
Sky (Experiment) 14.44 2.853 1.779 6.374
LQR (Simulation) 8.733 0.9705 0.6235 2.665
LQR (Experiment) 7.699 1.05 0.8808 3.44
H2 (Simulation) 13.63 1.352 1.019 4.211
H2 (Experiment) 13.79 2.535 1.679 9.032
H1 (Simulation) 13.85 1.381 1.046 4.357
H1 (Experiment) 13.55 2.336 1.568 7.716

Table VIII shows the peak values of the control inputs
for all designed controllers. From the Table VIII, it can be
seen that the LQR controller produces low peak values for
the control signal, regarding all road profiles. The skyhook
controller produces high peak values for the sine bump and all
controllers produce similar peak values for road A. It is also
obvious that, for road E, all controllers produce high peak
values.

TABLE IX. NORM OF CONTROL INPUTS ||u||2

Controller Square Sine Road A Road E
Sky (Simulation) 192.8 74.42 31.2 134.5
Sky (Experiment) 172.7 54.97 35.16 178.0
LQR (Simulation) 127.1 36.79 19.56 89.91
LQR (Experiment) 112.5 26.09 17.6 97.23
H2 (Simulation) 173.2 58.97 29.8 133.3
H2 (Experiment) 172.1 63.15 54.52 236.8
H1 (Simulation) 174.5 59.69 30.49 136.3
H1 (Experiment) 164.7 51.85 38.37 206.7

Table IX shows the 2-norm of the control signal for the
designed controllers. It is observed that, the LQR controller
produces low controller signal, regarding all road profiles.
Other than that, all controllers produce similar control signals
for all road profiles.

Another important method in analyzing ride comfort is the
jerk of the vehicle body, which is defined as the derivative of
the acceleration of the vehicle body. A similar comparison of
the jerk values for different road profiles and controllers are
illustrated for simulation data and experimental data in Figure
3 and Figure 4, respectively.

From Figure 3, it can be seen that the skyhook controller
performs better than the other controllers and that the con-
trollers perform similar for the sine bump.

From Figure 4 it is observed that, all controllers fail to
improve for road e and that all controllers perform similar for
the sine bump. Also the skyhook controller performs better
than the other controllers for the square bump. It is obvious
that, the observations made with the jerk amplifications are
compatible with the acceleration amplifications mentioned
before.

V. CONCLUSION

In this paper four different state feedback controllers are
presented, namely skyhook, LQR, H2 and H1. The presented
controllers are compared with a square bump, sine bump,
random road profile with class A toughness and random

Fig. 3. Jerk effects using simulation data for all road profiles, from left to
right for each road profile; passive suspension, skyhook, LQR, H2 and H1.

Fig. 4. Jerk effects using experimental data for all road profiles, from left to
right for each road profile; passive suspension, skyhook, LQR, H2 and H1.

road profile with class E toughness, both via simulations and
experiments. It is observed that for square bumps, the skyhook
controller is slightly better performing, and that all controllers
perform reasonably good, compared with the passive suspen-
sion using both simulation results and experimental results. It is
shown that, according to the simulation results the controllers
improved the ride comfort for a sine bump, but according to the
experimental results all controllers and the passive suspension
had the almost the same comfort level. It is seen that, the
skyhook controller and the LQR controller are not suitable for
random road profiles according to the experimental results,
where according to the simulation data both controllers were
successfully improving the ride comfort. It has been shown
that, the H2 and H1 controllers were able to improve the ride
comfort for random road class A, whereas none of the designed
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controllers could improve the ride comfort for random road
class E. These analyses, were made both via inspecting several
norms of the acceleration and jerk values of the upper plate
of the active suspension system.

It is also observed that, the experimental results and the
simulation results differ from each other, which may be caused
due to error in the model parameters or due to unfiltered noise.
For future work, some system identification may be used to
acquire a more accurate model for the simulations or some
robust controllers may be designed, especially for H2, H1
and skyhook controllers.
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Abstract—This study presents an approach for designing an
adaptive backstepping controller with unmeasured road distur-
bance to suppress the acceleration level of the vehicle body.
It is considered that the unmeasured disturbance consist of a
summation of a final number of sinusoidal signals with unknown
parameters. Then, the observer is constructed. To generate the
actuator force of MR damper, backstepping approach with using
adaptive control technique is employed. To show the performance
of the proposed controller, a Hardware In-Loop Simulation is
prepared.

I. INTRODUCTION

With the development of mechatronic systems, consumers
demand better ride quality with higher comfort level from
automotive manufacturers. Unfortunately, these two criteria are
conflicted because of the characteristics of the classical sus-
pension systems. In order to tackle this problem, semi-active
and active suspension systems are offered in the literature
[1]. Active suspension system uses an actuator (Hydrolic or
electromagnetic) which produces force in a wide range of fre-
quency. Even though the provided comfort though the vehicle
cabin in active suspension is more successful than others, the
system requires a high power supply and is expensive due
to many sensors and servo motors [2]. On the other hand, a
semi-active suspension system contains a magnetorheological
damper (MR). In this system, the control force is generated by
changing the properties of damper which leads to require less
amount of power. Academia and Industry are attracted because
of the optimal performance of the semi-active suspension
system.

Various approaches have been focused on designing a
controller for semi-active suspension system such as well
known PID [3], fuzzy logic [4], skyhook [5], [6], sliding mode
[7], robust control [8] and LQR [9]. In [10], the nonlinear
adaptive control technique is employed to a quarter car model
with considering the dynamics of electrohydrolic actuator. In
[11], H1 method is used to mitigate the effect of the road
disturbance. In order to guarantee the safety requirements,
constrained H1 controllers are proposed in [12] - [14].
Nevertheless, none of these studies considers a situation that
disturbance signal is not available for measurement.

ks cs F (t)

ms

mt

ctkt

x(t)

xt(t)

xd(t)

Fig. 1: Schematic sketch of a quarter car model

In this study, the road disturbance signal is taken into
account as unmeasured. In order to overcome this problem,
an observer is designed. It is assumed that the road distur-
bance signal consists of a sum of sinusoidals with unknown
amplitude, phase and frequency but the number of distinct
frequencies is known.

The rest of the study is organized as follows. The math-
ematical model of quarter car model with assumptions is
introduced in Section II. The road disturbance observer is
given in Section III. In Section IV, the adaptive backstepping
controller is designed. In Section V, the stability of the closed
loop system is established. Finally, a Hardware-In-the-Loop
simulation is illustrated in Section VI.

978-1-5386-7641-7/18/$31.00 c�2018 IEEE
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II. MATHEMATICAL MODEL

In this paper, we consider a quarter car model which is
depicted in Figure 1. The equations of motions for the quarter
car model is given by
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where the mass of the body and tire are denoted by m
s

and
m

t

, respectively. The spring parameters for body and tire are
given by k

s

and k
t

, the damping coefficients are c
s

and c
t

,
respectively. The displacements of body and tire are x(t) and
x
t

(t), respectively. The symbol F (t) is actuator input. The
state space representation of the plant can be written as follows
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We make the following assumptions regarding the quarter car
model.

1) It is assumed that all parameters of the plant are
known and all states are available for measurement
except the road disturbance.

2) The unmeasured road disturbance consists of in-
finitely many number of sinusoidals. However, we
solely take into account the distinct frequencies in our
observer design. According to ISO 2631, humans are
prone to feel uncomfortable frequency ranges in be-
tween 0-2 and 4-8 [15]. Thus, we only consider these
two distinct frequencies. In addition, the amplitude,
frequency and phase of the sinusoidal road profile are
considered as unknown.

Our objective is to design a controller so that the effect of the
road disturbance to the vehicle body is mitigated. Therefore,
the actuator generates the input signal F (t) that attenuates the
acceleration levels of the body.

III. OBSERVER DESIGN

In this seciton, an observer is design to compensate the
effect of unmeasured road disturbance. Reminding Assumption

2, we represent the road disturbance as

⌫(t) =
nX

i=1

A
i

sin(!
i

t+ �
i

) (6)

where, the symbols n, A
i

, !
i

and �
i

are the distinct number
of frequency, amplitude, frequency and phase of the sinusoidal
signal, respectively. This disturbance can be represented as a
output of a linear exosystem [16],

˙P = SP ⌫ = hTP (7)

where P 2 R2 and the matrix S is related to the unknown
frequency !

i

, whereas, the unknown amplitude A
i

and phase
�
i

depend on the initial conditions of (7). We parametrize
the disturbance in the following. Let G 2 R2X2 is a Hurwitz
matrix such that (G, l) is a controllable pair. Moreover, let
the pair (S, hT ) is observable and the spectra of S and G
are disjoint the unique solution M 2 R2X2 of the slyvester
equation [17],

MS �GM = lhT (8)

is invertible. Employing the coordinate transformation to (8),
we get,

ẇ = Gw + l⌫ (9)
⌫ = ✓Tw (10)

where ✓T = hTM�1.

Lemma 3.1: The road disturbance ⌫(t) can be written as

⌫(t) = ✓T � + ✓T ⇠ (11)
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with
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1

BTB
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The estimation error � 2 R2 which obeys
˙� = G� (15)

Proof: Let us define an estimation error;

� = w � ⇠ (16)

We get the equation (15) by taking the time derivative of (16)
with using (4) and (9).

IV. CONTROLLER DESIGN

To achieve the main objective, we design an adaptive con-
troller to cancel the effect of the disturbance with employing
the backstepping procedure. To begin with, we design a desired
actuator input signal (F

d

(t)) with only considering the vehicle
body dynamics given in (3). After that, the vehicle model is
represented with the disturbance representation to handle the
problem as an adaptive problem. Then, we substitute the error
term into the system. Finally, a control law for the actuator
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Fig. 2: Photograph of experimental set-up for HILS system.

input (F (t)) is designed and stability of the closed loop system
is established.

In view of the body dynamics (3), we construct the desired
value for the actuator input F (t) as

F
d

(t) = m
s

�
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(X �X
t

)

�
(17)

The error term between the desired and actual actuator force
is given by
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d
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Differentiating the error with respect to time, we get,
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The controller input is selected as ˙F (t) � m↵TB F (t)
m

t

from
taking into account the equation (19). Then, we choose the
dynamics of the actuator force as

˙F =
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m
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where the coefficient c > 0.

With using the certainity of equivalence principle, the
unknown parameter ✓ is given by

e✓|{z}
estimation error

= ✓ � b✓|{z}
estimation

. (22)

with the update law for ✓ is

˙b✓ = ��
✓

e(t)m
s

↵TB⇠ (23)

where the update gain �
✓

> 0.

V. STABILITY

Theorem 5.1: Consider the closed loop system which con-
sists of the plant (3) and (4), with the road disturbance (6) and
the observer (12), (13) and the adaptive controller (21) with
the update law (23). By taking into consideration Assumptions
1 and 2,

1) The equilibrium of X = � =

e✓ = e = 0 are stable
and the signals x, ẋ, ẍ e, � converge to zero as time
approaches to 1

2) The suspension travel is limited by the stroke length.
3) The actuator input is bounded.

Proof: In order to proof the Theorem 5.1, we obtain the
following error system by plugging (18) into (13), (21) into
(19) and (12) into (4)
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In order to show the stability of the closed loop system, we
propose the following Lyapunov function,
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Differentiating (27) with using (15), (23), (24), (25) and (28),
yields
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To handle the cross term, Young’s Inequality is employed with
using c = 1+
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Fig. 3: The displacement response of the body.
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Fig. 5: Acceleration response of the vehicle body

From (30), we conclude

V (t)  V (0). (31)

Let us define

⇢ =

⇥
X(t) e(t) e✓ �(t)

⇤
T

(32)

and using (27) and (30),

|⇢|2  M1|⇢(0)|2 (33)

where the coefficient M1 > 0. For all ⇢, the right hand side of
(15), (23), (22), (24) and (25) are continuous in time and ⇢,
which implies that the right hand side of (30) is continuous in
time and ⇢. In addition, the right hand side of (30) is zero at
⇢ = 0. By considering LaSalle-Yoshizawa theorem [18], (30)
guarantees that X(t), e(t) and �(t) approach to zero while time
goes to 1. From the boundedness of ⇢ and the convergence of
the states X(t), e(t) and �(t), it follows from (24) that ˙X(t) is
bounded and approaches to zero while time goes to 1. From
(5), it is concluded that the signals x, ẋ, ẍ, e, � converge to
zero as time approaches to 1.

Due to the confined area between vehicle body and tire,
the suspension stroke (X(t) � X

t

(t)) is limited. Recalling
from Assumption 2, the road disturbance consists of a sum
of sinusoidal signals. Therefore, we conclude that the right
hand side of (11) is bounded. Since ✓ is a unknown constant
and � converges to zero, it is concluded that ⇠ is a bounded
signal. Furthermore, taking the time derivative of ⇠ with with
using (13), it is concluded that X

t

and F (t) are bounded.

VI. SIMULATION

To demonstrate the success of the proposed controller,
we prepare a Hardware-In-Loop Simulation (HILS) which is
depicted in Figure 2. The system consists of RD-8041-1 long
stroke MR Damper (1) from Lord Company with wonder
box (2) (MR Damper device controller kit), load sensor (3)
from Brüel-Kjaer 8230-002, position sensor (4) from Micro
Epsilon optoNCDT 1700-100, servo motor (5) with driver (6)
from Panasonic 5 KW 2000 rpm, controller board (7) from
Dspace 1103 and power supply. For this system, the quarter
car parameters are used in a real time simulation which given
in Table I.

TABLE I: Parameters of Simulation

Parameter Value
m

s

338.5kg
m

t

59kg
k

s

15000N

m

k

t

190000N

m

c

s

1000 N

ms

c

t

60 N

ms

In Section IV, the controller is designed based on the
force of the actuator. However, the force of the MR damper
depends on the applied voltage due to the inherent dynamics.
Therefore, the following algorithm is implemented to generate
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Fig. 6: Applied Voltage input from MR Damper Fig. 7: Applied MR damper force

the actuator force,

V =

(
0 �e(t)sgn(F (t)) < 0

�e(t)sgn(F (t)) 0  �e(t)sgn(F (t)) < V
max

V
max

�e(t)sgn(F (t)) > V
max

(34)

where V is the actuator voltage and � is a constant parameter
which the numerical values of these coefficients are taken from
[2].The symbol e(t) represents the error signal which is defined
in (18). According to this algorithm, the voltage is only applied
when the sign of error function and actual actuator force is
same. Otherwise, the voltage remains zero.

To simulate the road disturbance effect, we employed the
PSD (Power Sprectrum Density) method which is stated in
ISO 8608. The road profile is given by [19]

⌫(t) = 10

�1
2

k

r

�n�1/2n0

NX

i=1

cos(2⇡i�nt+ �i)
l

i
(35)

where the symbol n
o

represents the reference spatial frequency,
A

n

is the duration, �
i

is the random phase which is varied in
simulation between 0 and 2⇡. The sample number is denoted
by N . The road roughness is given by k

r

where the numerical
value for this term is taken from [20] as 3. The velocity of
vehicle is chosen as 10 km/h.

The displacement responses of the vehicle body and sus-
pension stroke (which shows the deflection between the vehicle
body and tire) is illustrated in Figure 3 and 4, respectively.
Nevertheless, the evaluation of passenger comfort is related
by the transmitted vibration from road through the vehicle
cabin according to ISO 2631-1. The acceleration response of
the vehicle body can be seen from Figure 5 for five seconds
where the the blue thick and red dashed lines represent the
uncontrolled and controlled in other words open and closed
loop responses, respectively. It is clearly seen from acceleration
response that the controlled response is more successful than
the uncontrolled response in terms of cabin comfort. With the
use of proposed controller, the vehicle offers more comfortable
ride which is achieved by mitigating the effect of the road
disturbance even if it can not be measured. Due to the physical
capacity of MR damper, it can be worked up to 10 volt. This

situation can be observed in Figure 6. The amount of applied
MR damper force is depicted in Figure 7.

VII. CONCLUSION

The control problem for semi-active suspension system
to provide road holding and comfort of vehicle cabin is
investigated. The road disturbance is represented with a sum
of sinusoidals with unknown coefficients. To compensate the
effect of unmeasured disturbance, the observer is designed. An
adaptive backstepping controller is designed to produce MR
damper force. Finally, it is guaranteed that the closed loop sys-
tem is stable and the suspension stroke moves within the limit.
The effectiveness of the proposed controller is demonstrated
by Hardware-In-the-Loop simulation. Expanding the proposed
method with consideration of a parametric uncertainty and the
dynamics of the MR damper model might be a direction of
future work.
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Abstract—In this study, we propose a fuzzy logic based self-
driving car control system and its deployment into the JavaScript 
Racer game. In the design of the self-driving system, it is aimed to 
design an intelligent vehicle control system such that the racing car 
finishes the race in the shortest time without getting out of the 
road. To accomplish such a goal, the proposed intelligent driving 
system takes up and merges the frameworks of control theory, 
fuzzy logic and computer vision. In this structure, computer vision 
is used for lane detection while the fuzzy logic control is employed 
for positioning and regulating the speed of the racing car. The 
paper presents in detail the structure and design of the intelligent 
driving system by presenting all of its design steps. The efficiency 
of the fuzzy logic based self-driving racing car control system is 
shown with results collected from the game environment. 

Keywords—fuzzy logic; expert systems, self-driving car; lane 
tracking; JavaScript Racer 

I. INTRODUCTION 

In recent years, self-driving car projects have grown in 
numbers significantly and earned an important place in the 
automotive industry [1]. However, the self-driving car 
technology still have some drawbacks such as reliability and 
cost. In real world applications, the implementation of self-
driving car systems is quite challenging and requires very 
expensive hardware [2]. As a consequence, researchers have 
handled simulated environments such as computer games to test 
their self-driving car systems since games provide dynamic, 
cheap and realistic testbeds. In this context, various games have 
been investigated such as The Open Racing Car Simulator 
(TORCS) [3-6], JavaScript Racer [7], VDrift [8], and World 
Rally Championship 6 [9]. In literature, various types of self-
driving car systems have been designed and employed into 
racing game environments. For example, a nonlinear model 
predictive control has implemented to VDrift [8] while a fuzzy 
logic based autonomous vehicle control system has been 
designed for TORCS [6]. In most of these applications, it is 
assumed that the race track and lanes are known in advance 
which separates them from real-word application. Yet, in real-
world application, the lanes of the road must be detected in real 
time. Therefore, vision based lane detection methods are 
commonly employed [10]. In vision based lane detection, there 
are two main problems that are lane detection and lane tracking. 
Detecting a lane is a challenging problem since the road has 
changing conditions [11]. Many different vision based lane 
detection systems have been developed and they usually use 
different lane patterns and different techniques such as hough 

transform, template-matching, and neural networks [12-14]. On 
the other hand, lane tracking is also an important problem which 
is needed for the lateral control of the self-driving car. Various 
methods have been proposed to generate position reference 
trajectory based on lane tracking such as fuzzy logic [6], deep 
reinforcement learning [7], and neural network [14] have been 
employed to solve this problem. 

In this study, we will propose a fuzzy logic based self-
driving car control system and its deployment into the JavaScript 
Racer game. In the design of the self-driving system, we aim to 
design an intelligent vehicle control system such that the racing 
car is capable to finish the race in the shortest time without 
getting out of the road (i.e. as Formula 1 qualifying race). The 
proposed structure is composed of three main components which 
are the vision based lane detection system, Fuzzy logic based 
Position Reference (FPR) generator and Fuzzy logic based 
Velocity Reference (FVR) generator. We will firstly design the 
vision based lane detection system to solve road curve 
estimation problem in real time. The intelligent FPR and FVR 
structures are designed to generate the position reference (𝑝 ) 
and velocity reference (𝑣 ), respectively, for the self-driving car 
control system by processing the road curvature information that 
is provided by the vision based localization. Then, we will 
design PD controllers for both the position and velocity control 
loops of racing car. Finally, in order to show the effectiveness of 
the developed fuzzy logic based self-driving car control system 
simulation results are presented and investigated. The game 
performance of the developed fuzzy logic based self-driving car 
control system can be seen at https://youtu.be/SO076c2GJg0  

This paper is organized as follows. Section II provides 
information about the JavaScript Racer game. Section III 
presents the proposed fuzzy logic based self-driving racing car 
system. The real-time game performance of the proposed 
intelligent control system are given in Section IV. Finally, the 
conclusions are given in Section V. 

II. JAVASCRIPT RACER GAME ENVIRONMENT

In this study, the JavaScript Racer game environment, which 
is illustrated in Fig. 1, has been handled [15]. The JavaScript 
Racer is an open-source pseudo-3d web browser based racing 
game. It provides a realistic and easily modifiable environment 
for the self-driving car systems. In the game, various types of 
roads are available that have different sharpness and length. 
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These adjustable features provide realistic and persuasive 
testbeds for self-driving systems. 

0-1 1-0.4 0.4  
Fig. 1. A screenshot from JavaScript Racer game 

In the JavaScript Racer game environment, we cannot 
directly send velocity or angle reference input signals to the car, 
we can only send discrete actions. There are four discrete binary 
actions that are the left (𝑢 ), right (𝑢 ), up (𝑢 ) and binary 
down (𝑢 ) as given in Table I. 𝑢  and 𝑢  binary key-press 
actions are used to accelerate and decelerate the car in 
longitudinal axis, respectively, while 𝑢  and 𝑢  binary key-
presses actions are used to accelerate and decelerate the car in 
lateral axis. Moreover, the velocity of the racing car is limited in 
between 0 −  12000 and the visible frame of the image is 
limited in between −1 (left edge of the road) and 1 (right edge 
of the road) as seen in Fig. 1. Also, the game has seven road 
curves that were defined as follows: Left Hard (LH), Left 
Medium (LM), Left Easy (LE), Straight (S), Right Easy (RE), 
Right Medium (RM) and Right Hard (RH). 

TABLE I.  BINARY ACTIONS OF JAVASCRIPT RACER GAME 

Input Action 

𝑢 ∈ {0,1} Longitudinal Up 

𝑢 ∈ {0,1} Longitudinal Down 

𝑢 ∈ {0,1} Lateral Right 

𝑢 ∈ {0,1} Lateral Left 

The frames of the JavaScript Racer game environment 
cannot be collected directly since the JavaScript Racer is a web 

browser based game. Thus, Tornado web server [16] is used to 
collect JSON-encoded frames and send JSON-encoded actions 
to the racing car as seen in Fig. 3. Moreover, we modified the 
code of JavaScript Racer to send the instant position (𝑝 ) and 
velocity (𝑣 ) to the our Python web server which would run data 
through our intelligent control system and return each actions 
back to the browser in every 𝑇 = 0.01𝑠.  

III. FUZZY LOGIC BASED CAR CONTROL SYSTEM 
In this section, we will present the fuzzy logic based self-

driving racing car control system which is illustrated in Fig. 3. 

A. Vision Based Lane Detection 
In this subsection, we will explain how we accomplished 

identifying lane problem with simple but efficient color based 
image processing methods. The Tornado web server provides us 
RGB frames with 480×360 pixels resolution. In order to reduce 
the computational complexity, we have resized the frame into 
300×300 pixel frame. Moreover, we have specified a trapezoidal 
region of interest on this frame that is sufficient for identifying 
various types of curves present in the game. Then, a perspective 
transform is performed on this frame. 

(a)                                         (b)                                         (c)  
Fig. 2. Transformed images in (a) 𝐼 , (b) 𝐼 , (c) 𝐼  form 

In this study, we preferred to use RGB (𝐼 ), HSV (𝐼 ) 
and HSL (𝐼 ) color spaces as shown in Fig. 2. Then, we 
applied the following thresholds to increase the performance of 
lane detection  

x HSV mask filter’s threshold range is 
between  (0, 0, 187)– (255, 20, 255). 

x Mask filter for HSL is defined between (0, 195, 0)– 
(255, 255, 60) 

x RGB mask filter is determined between 
(200, 200, 200)– (255, 255, 255) for white extraction.  

Numpy Frames𝑎, ∆𝑎

𝑝𝑟  𝑢𝑝 

PD Velocity 
Controller

𝑣𝑟  𝑢𝑣 𝑢𝑈,𝑢𝐷

 
 

-

+
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JSON Actions
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PWM
PD Position 
Controller

 
Fig. 3. Fuzzy logic based self-driving racing car control system 
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The resulting color spaces HSV (𝐼 ), HSL (𝐼 ), and 
RGB (𝐼 ) are then merged into a final bitmask (𝐼 ) as 
follows:  

𝐼 = 𝐼 ∨ 𝐼 ∨ 𝐼  (1) 

Then, the resulting image given in Fig. 4a is used for lane 
detection. The lanes were detected by using a sliding histogram 
window approach on the frame (𝐼 ). At each slice, a point was 
captured where the pixel intensities are the highest. These 
captured points are then used to fit a 2nd order polynomials that 
represent the curves. As shown in Fig. 4b, two polynomials are 
defined one for left line 𝑃  and one for right line 𝑃  that are 
defined as follows: 

𝑃 (𝑥) = 𝑎  𝑥 + 𝑏  𝑥 + 𝑐  (2) 

𝑃 (𝑥) = 𝑎  𝑥 + 𝑏  𝑥 + 𝑐  (3) 

For all possible road curves (LH, LM, LE, S, RE, RM and RH) 
in the racetrack, we have performed several experiments and 
calculated corresponding coefficients of 𝑃  and 𝑃 . The mean 
values of these coefficients are given in Table II.  

𝑃𝑟  𝑃𝑙 

(a) (b)  
Fig. 4. Image 𝐼  (a), visualization of 𝑃  𝑎𝑛𝑑 𝑃  on road (b) 

TABLE II.  THE COEFFICIENTS OF 𝑃  AND 𝑃  
 

LH LM LE S RE RM RH 

𝒂𝒍 (× 10 ) 60 35 10 −15 −30 −55 −80 

𝒃𝒍 −0.5 −0.45 −0.35 −0.25 −0.1 0.09 0.21 

𝒄𝒍 200 180 160 140 120 100 80 

𝒂𝒓(10 ) 80 55 3 15 −10 35 −60 

𝒃𝒓 −0.23 −0.12 0.09 0.18 0.33 0.39 0.44 

𝒄𝒓 230 207 183 160 137 114 90 

As it can be observed from Table II, there is a strong 
relationship between the coefficients 𝑎  & 𝑎  and the sharpness 
of curves as expected due to the meaning of 1st and 2nd order 
derivative tests. Thus, in order to estimate sharpness of the 
upcoming curve on the frame, we only take account the current 
mean values of 𝑎  and 𝑎  and its change with respect to time. 
The mean value (𝑎 ) is defined as 

𝑎 =  (𝑎 + 𝑎 )/2 (4) 

while, the change 𝑎  (∆𝑎 ) is defined as  

∆𝑎 (𝑘) = 𝑎  (𝑘) − 𝑎 (𝑘 − 1) 𝑇⁄    (5) 

Here, 𝑇 = 0.01𝑠 is the sampling time. In order to reduce the 
effect of uncertainties caused by low resolution, we have 
implemented a moving average filter on the signals 𝑎  and 
∆𝑎 . 

𝑎 (𝑘) = ( 𝑎 (𝑘 − 3))/3 
(6) 

𝛥𝑎 (𝑘) = ( 𝛥𝑎 (𝑘 − 3))/3 (7) 

Then, to avoid possible errors while the car is changing its lane 
in high speed, a low pass filter with 𝛽 = 0.8 has been also 
employed to 𝑎  and 𝛥𝑎  as follows: 

𝑎(𝑘 + 1) = 𝛽 𝑎(𝑘) + (1 − 𝛽) 𝑎 (𝑘) (8) 

∆𝑎(𝑘 + 1) = 𝛽 ∆𝑎(𝑘) + (1 − 𝛽) 𝛥𝑎 (𝑘) (9) 

Fuzzy Logic 
Controller

𝑎 𝐴 

𝛥𝐴 𝛥𝑎 
𝑣𝑟 , 𝑝𝑟  

𝐾𝑎  

𝐾𝛥𝑎  

 
Fig. 5. Fuzzy logic reference generator structure 

B. Intelligent Velocity Control System 
In this subsection, we will present the structure of FVR 

generator and the conventional velocity controller. 

1) Fuzzy Logic Based Reference Velocity Generator 
We will present the FVR that generates the proper velocity 

reference signal (𝑣 ) by using the inputs 𝑎 and 𝛥𝑎 as seen in Fig. 
5. The inputs are normalized into the universe of discourse of 
the antecedent Membership Functions (MFs) as follows [17, 
18]: 

𝐴 = 𝐾  𝑎 𝛥𝐴 = 𝐾  𝛥𝑎 (10) 

where, 𝐾  and 𝐾  are the input Scaling Factors (SFs) and fixed 
to the values 𝐾 = 1428.57 and 𝐾 = 42.86. 

TABLE III.  THE RULE BASE OF THE FVR GENERATOR 

𝒂 / 𝜟𝒂 LH LM LE S RE RM RH 

LH LV LV LV LV MV HV VHV 

LM LV LV LV MV HV VHV HV 

LE LV LV MV HV VHV HV MV 

S LV MV HV VHV HV MV LV 

RE MV HV VHV HV MV LV LV 

RM HV VHV HV MV LV LV LV 

RH VHV HV MV LV LV LV LV 
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𝐴  
Fig. 6. Illustration of the antecedent MFs of 𝐴 

The FVR generator is constructed with a 7×7 rule base as 
given in Table III. As shown in Fig. 6 and Fig. 7, the antecedent 
part of the fuzzy rules is defined with triangular MFs and are 
defined with same linguistic variables that define the curve types 
of the game. The consequent part of the fuzzy rules are defined 
with the following four linguistic fuzzy terms as follows: Low 
Velocity (𝐿𝑉) = 4000, Medium Velocity (𝑀𝑉) = 5000, High 
Velocity (𝐻𝑉) = 6000, and Very High Velocity (𝑉𝐻𝑉) =
7000. The FVR uses and employs the product implication and 
the center of sets defuzzification method [17, 18]. The resulting 
surface of FVR can be seen in Fig. 8. 

𝛥𝐴  
Fig. 7. Illustration of the antecedent MFs of ∆𝐴 

𝐴 

𝛥𝐴 
 

 
Fig. 8. Illustration of the FVR generator surface   

2) PD Velocity Controller 
We have firstly performed a system identification experiment to 
reveal the relationship between the car velocity (𝑣 ) and the 
control signal (𝑢 ). The system dynamics are defined with the 
following first order integrating difference equation:  

𝑣 (𝑘) = 𝑣 (𝑘 − 1) + 65.97 𝑢 (𝑘 − 1)  (11) 

To regulate the velocity of the racing car, we have designed a 
PD controller to minimize the velocity error (𝑣 ) defined as  

𝑣 (𝑘) = 𝑣 (𝑘) − 𝑣 (𝑘) (12) 

The control law of PD in sampled time domain is  

𝑢 (𝑘) = 𝐾  𝑣 (𝑘) + 𝐾  (𝑣 (𝑘) − 𝑣 (𝑘 − 1)) 𝑇⁄   (13) 

where 𝑇 = 0.01s and the coefficients of PD controller are tuned 
as 𝐾 = 0.00001656 and 𝐾 = 0.0000001 to have a fast 
system response. As it can be seen in Fig. 3, the sampled control 
signal 𝑢   is then converted into the discrete game actions 𝑢 ∈
{0,1} and 𝑢 ∈ {0,1} via a Pulse Width Modulation (PWM) 
generator as follows:  

 𝑢 > 0 →  𝑢  = 1, 𝑢 =  0
 𝑢 < 0 → 𝑢  = 0, 𝑢 =  1  (14) 

The resulting closed loop system performance for velocity 
reference 𝑣 = 7000 is given in Fig. 9. 

 
Fig. 9. PD controller performance 

C. Intelligent Position Control System 
In this subsection, the design of the FPR generator and 

position control system for the system will be explained.  

1) Fuzzy Logic Based Reference Position Generator 
The FPR generator uses 𝑎 and 𝛥𝑎, similar to the FVR 

structure, to generate position reference 𝑝  for the racing car as 
shown in Fig. 5. The FPR generator is constructed with a 7×7 
rule base as given in Table IV. The FPR uses the same 
antecedent MFs of the FVR, while the consequent part is defined 
with five linguistic fuzzy terms as follows: Far Left 
Position (𝐹𝐿𝑃) = −0.7, Close Left Position  (𝐶𝐿𝑃) = −0.35, 
Middle Position  (𝑀𝑃) = 0, Close Right Position (𝐶𝑅𝑃) =
0.7, and Far Right Position (𝐹𝑅𝑃) = 0.7. The FVR uses and 
employs the product implication and the center of sets 
defuzzification method [23]. The resulting surface of FPR 
generator is given in Fig. 10. 

TABLE IV.  THE RULE BASE OF THE FPR GENERATOR 

𝒂 / 𝜟𝒂 LH LM LE S RE RM RH 

LH FLP FLP FLP FLP MS CLP MP 

LM FLP FLP FLP MS CLP MP CRP 

LE FLP FLP FLP CLP MP CRP FRP 

S FLP FLP CLP MP CRP FRP FRP 

RE FLP CLP MP CRP FRP FRP FRP 

RM CLP MP CRP FRP FRP FRP FRP 

RH MP CRP FRP FRP FRP FRP FRP 

Ve
lo

ci
ty
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𝛥𝐴 

𝐴  
Fig. 10. Illustration of the FPR generator surface 

2) PD Position Controller 
We have firstly performed a system identification 

experiment to obtain the difference equation between the car 
position (𝑝 ) and the control signal (𝑢 ). 

𝑝 (𝑘) = 1.98 𝑝 (𝑘 − 1) − 0.98 𝑝 (𝑘 − 2) +
10 (8.82 𝑢 (𝑘 − 1) + 8.76 𝑢 (𝑘 − 2))  (15) 

To regulate the position of the racing car, we have designed a 
PD controller to minimize the position error (𝑝 ) defined as: 

𝑝 (𝑘) = 𝑝 (𝑘) − 𝑝 (𝑘) (16) 

The sampled control law of the PD controller is as follows: 

𝑢 (𝑘) = 𝐾  𝑝 (𝑘) + 𝐾  (𝑝 (𝑘) − 𝑝 (𝑘 − 1)) 𝑇⁄   (17) 

The coefficients of PD controller are tuned as 𝐾 = 5 and 𝐾 =
0.05. As we have done in the velocity control system, the control 
signal 𝑢   is then converted into the binary game actions 𝑢 ∈
{0,1} and 𝑢 ∈ {0,1} via a PWM generator as follows:  

 𝑢 > 0 →  𝑢  = 0, 𝑢 =  1
 𝑢 < 0 → 𝑢  = 1, 𝑢 =  0  (18) 

The resulting position control performance for varying position 
reference signal is given in Fig. 11. 

 
Fig. 11. PD controller behavior 

IV. REAL-TIME GAME PERFORMANCE 
Here, we will examine the real-time game performance of 

the proposed fuzzy logic based self-driving racing car control 
system. In the experiment, the car is going to complete a 
racetrack that is structured with all possible road curves (LH, 
LM, LE, S, RE, RM and RH) which are generated in a random 
order. The resulting intelligent control system performance is 
given in Fig. 12. It can be firstly concluded that the overall racing 
performance of the proposed autonomous control system is 
satisfactory. It can be also stated that when the racing car is 
positioned on one of the lanes, the vision based lane detection 
mechanism is unable to estimate the curves with polynomials 
efficiently. This effect can be seen at 8.8s and 23.5s in the Fig. 
12. However, these effects are eliminated in a short time. The 
game performance of the intelligent control system can be seen 
at https://youtu.be/SO076c2GJg0  

Now, let us focus on the shaded area in Fig. 12a, the car is 
driving through a LH curve at 26.5ths to a RH curve at 29ths. 
Consequently, due to the radical change of road curve 
characteristics, the FPR mechanism changed the 𝑝  value from 
-0.7 to 0.7. The car tracked this position reference change within 
2.6s. Moreover, as it can be seen in the shaded area in Fig. 12b, 
during the transition from LH curve to RH curve, the 𝑣  value 
has increased until 28.5ths to stabilize the position dynamics of 
the car. After that, the 𝑣  value has decreased to an optimum 
value for avoiding effects of centrifugal force. 
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Fig. 12. Fuzzy logic based self-driving  racing car control system performance
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V. CONCLUSION AND FUTURE WORK 
In this study, we proposed a self-driving racing car control 

system and its performance was examined in JavaScript Racer 
game environment. Firstly, we designed vision based lane 
detection system to solve lane identification problem. The 
predicted lane curvature information was used for lane tracking. 
For this problem, we proposed intelligent velocity and position 
control systems. FPR and FVR generators were designed by 
using expert knowledge to generate reference values. 
Experimental results show that the proposed fuzzy logic based 
self-driving racing car control system has reached the desired 
reference values very quickly and they eliminated effects of 
disturbances in a short period of time.. 

For our future work, we plan to deploy the proposed 
intelligent structure to more complex computer games and to a 
real-world autonomous car.   
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Abstract—Battery chargers are the energy transmission part of 
electric vehicles between the grid (or electric energy source) and 
the vehicle. This energy transmission process has a great effect on 
the technology of electric vehicles. Charging a vehicle as fast as 
possible is necessary for an electric vehicle to compete with the 
internal combustion engine vehicles. The technology has been 
dealing with this process near past, while charging a car was 
taking a few hours, this time is reducing day after day.  In this 
paper it is aimed to give some information about the current 
technologies of chargers (only the chargers with cable not wireless 
chargers) and it is also aimed to design a trial Simulink model for 
chargers. When the literature is considered, simulation samples of 
chargers are little so increasing these samples is important to 
improve the technology of fast charging. 

Keywords— electric vehicles (EVs); battery chargers; state of 
charge (SOC); phase locked loop (PLL) 

I. INTRODUCTION

Advanced technology of battery chargers is required for 
fulling the battery of electric vehicles fast and safely. When 
the internal combustion engine cars are considered their fuel 
is fulled approximately two or three minutes but in EVs 
several hours are required to charge the battery.  Decreasing 
the charging duration will make the usage of EVs common. 
The plan of this paper is as follows: In section two, overview 
of the battery chargers, their types and battery charging times 
will be considered in general. In section three, it will be 
mentioned a Simulink model to simulate battery charger using 
the battery parameters of an electric vehicle. In the last section, 
the simulation results and the future of this model will be 
evaluated. 

II. BATTERY CHARGERS AND CHARGER TYPES

The energy storage device namely battery is heart of an
electric vehicle. Therefore, battery charger plays a very 
important role in the electric vehicle technology [1]. 

It normally takes several hours to recharge the battery 
pack. The required time varies with the size and type of battery 
pack and battery charger. Much research and development of 
battery chargers has taken place. New designs of chargers have 
been able to recharge a battery pack in less than 20 minutes. 
These chargers use sophisticated electronics to monitor the 
cells and regulate the charging voltage and current. Being able 
to quickly charge the batteries would certainly make an 
electric vehicle more practical [2]. 

A. Charger Types
Electric vehicle charger types are divided in four different

ways: whether the charger onboard or not; coupling type of the 
charger; the charging levels and the safety modes (onboard or 
offboard charger; conductive or inductive charger; level 1, 2, 
3 chargers and mode 1, 2, 3, 4 chargers.) 

Battery chargers may be internal or onboard (in the 
vehicle) or external or offboard (at a fixed location). There are 

advantages and disadvantages to both. An onboard charger 
allows the batteries to be recharged wherever there is an 
electrical outlet. The disadvantage of onboard chargers is their 
added weight and bulk. To minimize this, manufacturers 
normally equip the vehicles, with low power chargers that 
require long charge times. Offboard chargers, however, 
force the driver to charge the batteries at specific locations but 
offer more power and decrease the time required to charge the 
batteries [2]. Today, virtually all electric vehicles have a small 
onboard charger. You can use a cable to connect the onboard 
charger to a regular AC socket in your garage or plug it into a 
charge point. The charge point delivers the AC required for 
the onboard charger to charge your battery so a charge point is 
not actually a charger but an intelligent socket to plug in your 
charge cable [2]. If you want to charge faster, the AC/DC 
converter and hence the charger need to be bigger. But a bigger 
charger is heavier, takes up more space in the car and adds 
complexity and cost to the vehicle [3]. An external charger that 
does the AC/DC conversion can be a lot bigger, heavier, more 
complex and more expensive than an onboard charger. But it 
is also a lot faster. That is why they are usually referred to as 
‘DC fast chargers’ or just ‘fast chargers’. A very common fast 
charger delivers 50 kW which charges a vehicle about 5 to 15 
times faster than an onboard charger.  The next generation of 
fast chargers was introduced in early 2018 and delivers 175 
kW and can even be upgraded later to 350 kW. More on the 
impact of this later [3]. 

Conductive charging is an 110 or 220 V recharging 
method. AC electricity from the local utility or other source is 
transformed to the voltage required for the battery pack, 
converted into DC, and fed to the batteries via conductive, 
metal-to-metal contact. This type of charging is used with 
most onboard chargers. Some offboard chargers also use a 
conductive coupling [2]. Inductive charging is a 220 VAC 
recharging system that transfers electricity from a charger to 
the vehicle using magnetic principles. To charge the batteries, 
a weatherproof paddle is inserted into the vehicle’s charge 
port. The paddle and charge port form a magnetic coupling. 
The external charging unit sends current through the primary 
winding inside the paddle. The resulting magnetic flux induces 
an alternating current in the secondary winding, which is in the 
charge port. The connection is basically a transformer with the 
primary winding in the paddle and the secondary winding in 
the vehicle. The induced AC is then converted to DC within 
the vehicle) to recharge the batteries. There is no metal-to-
metal contact between the charge paddle and the charge port 
of the vehicle. This system provides a safe and easy-to-use 
way to recharge the batteries [2]. 

The charging level describes the “power level” of a 
charging outlet. There are three levels in charging technology 
[1]. Level 1 Charging: It is also known as “Home Charging”. 
The vehicle shall be fitted with an on-board charger capable of 
accepting energy from the existing AC supply network. It is a 
method of EV charging that extends AC power from the 
electric supply to an on-board charger from the most common 
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grounded electrical receptacle using an appropriate cord set 
[2]. Level 2 Charging: A method that utilizes dedicated AC. 
EVSE in either private or public locations. The vehicle shall 
be fitted with an on-board charger capable of accepting energy 
from alternating current EVSE. It is called as “Fast AC 
charging”, either 7kW (32A single phase) or 21 kW (three-
phase) level [1]. Level 3 Charging: A method that utilizes 
dedicated direct current (DC) EV supply equipment to provide 
energy from an appropriate off-board charger to the EV in 
either private or public locations. Level 3 charging is termed 
as “Fast DC charging”, up to 50kW, which means 20min. 
charging from empty to 80% full (for DC charging, the last 
20% take a very long time, so DC charging is usually 
measured up to 80%) [1]. In addition, it is mentioned in [5] 
that the SAE J1772 standard defines three levels of fast DC 
charging as DC Level 1 200/450 V, up to 36 kW (80 A); DC 
Level 2 - 200/450 V, up to 90 kW (200 A) and DC Level 3 
200/600V DC (proposed) up to 240 kW (400 A). 

Mode 1 Charging: the EV is connected to an AC supply 
network using a non-dedicated household socket. Mode 2 
Charging: It requires over-current protection, protective 
earth, and a residual current protective device for protection 
against electric shocks. Mode 3 Charging: the EV is 
connected to a charging installation, which is permanently 
connected to a single-phase or three-phase AC network. Mode 
4 Charging: The EV is connected to a single-phase or three-
phase AC network with an AC/DC converter. An off-board 
EV charger is utilized to enable rapid charging. Mode 4 DC 
fast charging allows currents of up to 400A [4]. 

B. Charge Speed 
According to [1], there are four main aspects that have an 

effect on the charge speed. 

Battery pack capacity: In general, a larger battery pack 
can be charged faster. State of Charge (SoC): When the 
battery is almost fully charged the charge speed drops to 
prevent the battery cells from overheating. Battery 
temperature: Battery cells operate most effectively between 
20–25 degrees Celcius (68–77 degrees Fahrenheit). but also 
by (highway) driving and (fast)charging as this will generally 
increase battery temperature [1]. Battery chemistry: When 
designing a battery manufacturer have to make choices on 
size, weight, costs, life and performance of a battery. 

III. SIMULATION 

A Simulink model as shown in Fig. 1 is designed to simulate 
the charging process of EVs to get different results for 
different charge level inputs and to compare their results.  In 
this model, the parameters of the components are determined 
according to the charging levels as mentioned in the previous 
section (i.e the voltage values of the voltage source meet the 
limits of the charging levels) and the control process of the 
AC-DC converter is made easily using the available blocks in 
Simulink.  These blocks are Phase Locked Loop (PLL) and 
Pulse Generator. PLL is used because the synchronization of 
the battery charger with the grid is done using PLL as 
mentioned in [5] and [6]. The sample time of the simulation is 
0.0005 s, this value is arbitrary and the whole simulation time 
is 10 s. The response time of the Simulink with these time 
values is satisfactory. 

 

 

Fig. 1. Simulink Model of  Battery Charging Process 

When a three phase 200  source is rectified to charge 
a 300 V battery, it takes 10 seconds to increase the state of 
charge of the battery (SOC) from % 0 to % 2.8, the output 
current of the rectifier is approximately on the level of   A 
(too high and also not constant) and the voltage of the battery 
is also approximately 280  as in Fig. 2. According to this 
simulation result, the output current of the rectifier is too high 
while the highest current is 400   in the SAE J1772. 

 

Fig. 2. Simulation Results for 200  Sourc 
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Fig. 3. Simulation Results for 300 V Source 

 When the voltage is increased to 300 , it takes 10 
seconds to increase the state of charge of the battery (SOC) 
from %0 to %7, the output current of the rectifier is again on 
the level of   A and the voltage of the battery is 
approximately 400 V as in Fig. 3. As mentioned in section II, 
when the source voltage is increased, the charging duration 
becomes smaller or the battery is charged larger than a lower 
voltage in the same charge duration time. 

IV. RESULTS AND DISCUSSION 

 In this paper a review of battery chargers is made such 
as battery charger types, charging times, the aspects that have 
an effect on the chargers and also a simple Simulink model is 
designed to simulate battery charging process of EVs. In the 
Simulink model, harmonics of the grid are not considered and 
the control process of the rectifier is made using the available 
blocks.  According to the two simulation results, when the 
voltage of the source increases, the SOC of the battery 
increases and this means battery is charged faster. At this 
point, it is important to design chargers that are resistant to 
high voltages. The missing part of the simulation results is the 
output current of the rectifier. This current is too high and it 
decreases but it must be constant and must be in the level of 
charging levels. As a future work, the model will be improved 
to solve this problem and it is also aimed to obtain the levels 
of the charging voltages and currents in the SAE standard. 

REFERENCES 

 
[1] C. Dericioglu, E. Yirik, E. Unal, M.U. Cuma,  B. Onur  and M. Tumay 

“A Review of Charging Technologies for Commercial Electric 
Vehicles”, International Journal of Advances on Automotive and 
Technology Promech Corp. Press, Istanbul, Turkey Vol.2, No. 1, pp. 
61-70, January, 2018. 

[2] J. Erjavec and J. Arias, Hybrid, Electric and Fuel-cell Vehicles, 
Thomson Delmar Learning 2007. 

[3] Everything you’ve always wanted to know about fast charging, 
Available  at:https://fastned.nl/nl/blog/post/everything-you-ve-always-
wanted-to-know-about-fast-charging. Accessed  June 25, 2018. 

[4]  V. Schwarzer, R. Ghorbani, “Current State-of-the-Art of EV 
Chargers”, Electric Vehicle Transportation Center, 2015. 

[5] A. Arancibia and K. Strunz, "Modeling of an electric vehicle charging 
station for fast DC charging," 2012 IEEE International Electric Vehicle 
Conference, Greenville, SC, 2012, pp. 1-6.doi: 
10.1109/IEVC.2012.6183232. 

[6] P. Thomas and F. M. Chacko, "Electric vehicle integration to 
distribution grid ensuring quality power exchange," 2014 International 
Conference on Power Signals Control and Computations (EPSCICON), 
Thrissur, 2014, pp. 1-6. 

 

 
 
 
 
 

458

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Design and Implementation of Predictive Energy
Management For Range Extended Electric Vehicles

Can Palaz
AVL Research and Engineering

Istanbul, Turkey
Email: can.palaz@avl.com

Emre Yönel
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Abstract—Hybrid electric vehicles (HEV) provide an accept-
able compromise in the transition from fossil fuel based to electric
based transportation while introducing additional complexity due
to added degrees of freedom. In parallel, the increasing connec-
tivity of modern vehicles contributes to the information available
for decision making and controls. In this work, a predictive energy
management strategy based around model predictive control
(MPC) techniques is implemented and tested on model-in-the-loop
(MiL) and hardware-in-the-loop (HiL) environments with models
mainly derived with first principles. The components of the
implementation, including the derivation of the prediction model,
constraints, and selection of prediction horizon, are explained
in detail. The factors that affect the prediction, i.e. elevation
profile of the road ahead and velocity profile, and their effect
to prediction are described. Finally, the differences between the
MiL and HiL test results are analyzed.

I. INTRODUCTION

Hybrid electric vehicle (HEV) and battery electric vehicle
(BEV) architectures became widely popular over recent years
not only due to the stricter emission regulations mandated by
the governments worldwide; but there is also a significant strive
for better fuel economy from the customers and manufacturers
in order to minimize cost of ownership. By using two distinct
energy sources, namely fossil fuel in an internal combustion
engine (ICE), and electricity in electric motors (EMs); HEVs
can manage to achieve higher efficiency values compared to
conventional vehicles, due to their higher control degrees of
freedom and technology that allows recuperation of energy.
As battery technologies are yet to support the requirements for
widespread usage of BEVs in the daily life, HEV architectures
pose the opportunity to fill the contemporary needs in this
transitional era of automotive transportation. Range extended
electric vehicle (REEV) is a specific configuration of HEV
architecture in which an ICE of relatively small displacement
supports the state of charge (SoC) of a high voltage battery,
rather than generating the traction torque, while one or multiple
EMs are tasked with the generation of traction. REEV confi-
guration, which is explained in more detail in the following
sections, gives a simpler solution to the torque generation and
control, in terms of complexity, through assignment of a single
task per energy source unlike the parallel hybrid architectures.

Recent studies show a wide spectrum of different strategies
for control and optimization of the consumption of HEV ar-
chitectures. In [1], energy management systems utilizes simple
and robust methods of local control strategies, in which two

main strategies of fuel consumption minimization and battery
usage optimization with linear functions are implemented.
Fuzzy logic controllers with dynamic programming are used
in [2], [3] in order to control the power split decision in
HEVs for battery SoC sustainability. Quadratic programming,
which requires less computational power and offers improved
efficiency against combustion engine on/off planning strategies
based on dynamic programming, is proposed in [4]. Other
optimization based methods include rule based methods [5],
which approach via Potryagins minimum principle [6], [7].
In [8], engine operation is decided according to a priori
knowledge of environment via rule based predictive control. In
[9], [10], the knowledge of path is utilized for prediction, and
segmentation and discretization known route data via receding
horizon control, which enables the route data to be processed
with a shorter horizon span. Adaptive equivalent consumption
minimization strategy control law (A-ECMS) and stochastic
dynamic programming SDP [11] are two of the latest algo-
rithms of complexity for energy management decision making.
While A-ECMS reaches the best fuel efficiency performance
when parameter sets adjusted to the type of driving conditions
are used, SDP respects the charge sustaining constraints better.
On the other hand, A-ECMS is lot harder to calibrate for exact
driving conditions. Reinforcement learning [12] is also used for
energy management strategies with 6-step ahead prediction.
Lastly [13] discussed the usage of online model predictive
control (MPC) for SoC trajectory set-points.

The scope of this work is to develop and implement
a predictive control strategy for energy management based
on a priori knowledge of the elevation and speed data for
range extender operation. For this purpose, MPC is selected
as the underlying strategy as it intrinsically supports system
dynamics and constraints, prediction, and provides opportunity
of optimality over a selected cost function that has intuitively
tunable parameter.

Structure of the rest of the work is as following: In Section
II, the energy management problem is defined in further
detail. In Section III, the model used for prediction is derived.
Remaining components of MPC are defined in Section IV.
The details of the model-in-the-loop (MiL) and the hardware-
in-the-loop (HiL) implementations are explained in Sections
V and VI. Finally, in Section VII, conclusion and future work
are given.
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Fig. 1. REEV architecture

II. PROBLEM DEFINITION

The scope and the components of the model predictive
energy management problem for an REEV are introduced in
this section. Namely, the REEV powertrain architecture and
associated components, and the exogenous information, which
is made available by the improved connectivity of modern
vehicles and benefits to the their efficiency goals are defined.

A. Range Extended Electric Vehicle

The chosen powertrain architecture for the energy manage-
ment problem is REEV, i.e. a series hybrid powertrain with a
relatively powerful EM and a battery with high capacity.

In a typical REEV, the traction is provided by an EM. The
inverter, which drives the traction motor, is powered by a high-
voltage battery.

The charge of the battery is primarily supplied by an
external source, e.g. a charging station. Another component
of the powertrain is the auxiliary power unit (APU), which
consists of an ICE and a generator. The APU is designed to
be used as a source of power to charge the battery during the
driving session, depending on the energy management strategy.

The components of the powertrain are shown in Fig. 1
along with the power flow in between. The entire power flow
is bidirectional apart from the power supplied by the APU,
P

APU

, which only flows from the APU to the battery.

B. Energy Management

Given an initial and target position, the REEV shall pro-
vide enough range to reach its destination without damaging
the components of the powertrain. From the perspective of
energy management, this is achieved through respecting the
constraints introduced by the components, i.e. maintaining the
SoC of the battery between an upper and a lower threshold,
and adhering to the power limitations of the APU.

In addition to the characteristics of the powertrain, the
speed profile and the elevation profile of the REEV’s trajectory
are assumed to be available. The details of the profiles are
explained below.

1) Speed Profile: The speed profile is defined as the speed
reference of the vehicle that varies over its position. The speed
reference tracking is not within the scope of energy manage-
ment but part of the cruise control; however, a priori knowledge
of the future speed enables the estimation of the traction effort
in terms of required energy. Similar to predictive cruise control
application, the driver preferences, speed limitations, safety
conditions, and traffic can be listed among the contributing
factors to the formation of the speed profile. The calculation
of the speed profile is not part of the energy management
problem as it is considered in this work, and for application
purposes, is assumed to be available.

2) Elevation profile: Elevation information of a known tra-
jectory that is to be followed by the vehicle is obtainable from
various sources such as advanced satellite navigation systems
or map service providers over the internet. The elevation profile
is defined as the elevation information as a function of position.
Similar to the speed profile, the knowledge of the elevation
profile contributes to the estimation of the traction effort.

III. PREDICTION MODEL

The energy management problem is focused on the SoC of
the battery, and in order to avoid complexity and nonlinearity
in the prediction model, for this work it is approximated with
a simple equation:

x = E

B

/E

B

max

(1)

where x is the SoC, E

B

and E

B

max

are the stored energy
and the maximum energy capacity of the battery respectively.
It should be noted that E

B

max

is selected smaller that a
comparable REEV in order to reduce the testing duration for
HiL tests, details of which is are explained in Section VI. With
inefficiencies caused by conversions neglected, the change in
the stored energy is defined as

�E

B

= E

APU

� E

T

(2)

where E

APU

and E

T

are the energy provided by the APU and
the energy consumed for traction respectively. From the free
body diagram of the vehicle shown in Fig. 2, the equation of
motion, as well as the derivative of kinetic energy with respect
to distance, can be written as

m

dv

dt

=

dE

K

ds

= F

T

� F

G

� F

F

� F

A

(3)

where s is longitudinal distance of the vehicle along its path,
m, v, and E

K

are the mass, the velocity, and kinetic energy
of the vehicle respectively, F

T

is the traction force (which
is assumed to be provided by the EM only and neglecting

FT

FF

FA

FG
!

Fig. 2. Free body diagram
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mechanical brake force), and F

G

, F
F

, and F

A

are the gradi-
ent, friction as an approximation of rolling resistance of the
tires, and air drag forces, whose equations are given below,
respectively.

F

G

= mg sin(↵)

F

F

= µmg cos(↵)

F

A

= 1/2c

d

Av

2
=

c

d

A

m

E

K

(4)

In the resistance force equations above, g is the standard
gravity, ↵ is the inclination angle, µ is the friction coefficient,
c

d

is the drag coefficient of the vehicle, and A is the frontal
area of the vehicle.

Integration of force terms over distance is defined as the
energy of the related term; therefore the derivative of (2) wth
respect to distance can be written as:

dE

B

ds

=

dE

APU

ds

� dE

K

ds

� F

G

� F

F

� F

A

(5)

The space derivative of the APU energy is defined as the
control input and is related to the APU power, P

APU

.

u , dE

APU

ds

=

P

APU

v

(6)

Discretization of (5) gives the following equation:

E

B

k+1 =E

B

k

+ (1� c

d

A

m

�s)E

K

k

� E

K

k+1

�mg�h� µmg�p+ u�s

(7)

where �s is sampling distance �h and �p are defined as
following:

�h , sin(↵)�s

�p , cos(↵)�s.

(8)

E

K

k

can be calculated from the vehicle speed and is
treated as known disturbance. If �s is chosen large enough,
it is assumed that the speed control of the vehicle, i.e. cruise
control, is able to reach the reference speed. This, along with
a priori knowledge of the speed profile, enables E

K

k+1 to be
treated as known disturbance as well. Similarly, the knowledge
of the elevation profile enables the treatment of �h and �p

as known disturbances. Therefore, (7) is linear with respect
to its states and defined inputs. Following is the state space
representation of the model:

x

k+1 = Ax

k

+Bu
y

k

= Cx

k

(9)

where

u = [u E

k

k

E

k

k+1 �h �p]

T

A =

1

E

B

max

B =

1

E

B

max

[�s

m��sc

d

A

m

�1 �mg �µmg]

C = 1.

(10)
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Fig. 3. Elevation profile

IV. MODEL PREDICTIVE CONTROLLER DESIGN

With the prediction model for the system defined, the
constraints of the system and a suitable cost function to be
minimized are required for the MPC implementation, all of
which are explained in this section.

The output of the system is the SoC of the battery, and for
the longevity of the component, the SoC shall remain between
an upper and a lower threshold, i.e.

x

min

 x  x

max

. (11)

The specific values chosen for simulations for minimum and
maximum values are 30% and 80%, respectively.

The control input to the physical system is the APU power,
which is bounded as

0  P

APU

 P

APU

max

; (12)

however the control input to the prediction model is defined
in (6) and it is different from the input to the physical system.
Consequently, the constraints on the input of the prediction
model are the following:

0  u  P

APU

max

v

. (13)

For simulations, maximum APU power is chosen as 50 kW.

The target of the energy management is defined as the
minimization of the fuel consumption, which is highly de-
pendent on the operation point of the ICE. One of the ad-
vantages of REEVs is the flexibility to operate the ICE at
any operation point; which gives opportunity to operate the
engine at the most efficient point for a given power request.
If the efficiency of the engine when operated at the optimum
operation conditions is assumed to be constant, the relation
between the requested APU power and the equivalent fuel
consumption power becomes linear. Additionally, transitional
losses are associated for the transitions between operation
points of the engine. Considering these assumptions over the
fuel consumption, the following cost function is defined for a
control sample:

J = w1u
2
k

+ w2�u

2
k

(14)

where w1 and w2 are respective weights, and �u

k

is the
change of controller input between consecutive samples.
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Fig. 4. Cruise control output

V. MODEL-IN-THE-LOOP SIMULATION AND RESULTS

The efficacy of the predictive energy management is tested
on a MiL simulation setup on MATLAB/Simulink with the
utilization of Model Predictive Control Toolbox. The following
are the tuning parameters of the MPC algorithm:

• Sampling distance of the prediction model

• Prediction horizon

• Weight of the control input

• Weight of the change of the control input

An arbitrary value is chosen for the weight of the control
input and a greater value for its change to avoid transient
losses.

In order to satisfy the assumption that the cruise control
would be able to reach the target speed within one sampling
distance, the value for the sampling distance is chosen as
100m.

Additionally, a slack variable on the SoC constraint is
introduced to improve the feasibility for the solver.

One of the elevation profiles used for MiL simulations is
shown on Fig. 3. It is extracted from the elevation information
of a path in Istanbul, Turkey, specifically from 40.89635 N
29.16677 E to 40.97196 N 29.25496 E. The cruise control
information is shown on Fig. 4, which is independent from
the energy management algorithm.

The MiL simulations are run with prediction horizon values
of 1, 5, 10, and 50 (which correspond to 100 m, 500 m, 1 km,
5 km respectively) while keeping other parameters unchanged.
During the simulations, the following are integrated over time
for cost assessment purposes, whose values are shown on
Table I, along with a simplified reference rule-based energy
management strategy implementation that is very typical for
this type of application for comparison:
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Fig. 5. SoC and APU power graphs for the same profiles with different
values of prediction horizon

• The APU power,

• The absolute value of the rate of change of APU power
over time,

• Violation of SoC constraint.

The change of SoC and APU power are shown in Fig. 5.
The inspection of the measurements suggests that as the pre-
diction horizon increases, the anticipatory behavior increases
and the peak power request and fluctuation of power decrease.
The model used in MiL simulations is highly nonlinear as
opposed to the prediction model; therefore the calculated costs
are not in complete correlation with the prediction horizon.
Nevertheless, a decreasing trend in cost is observable with
increasing prediction horizon.

The reference implementation is a thermostat rule-based
implementation, which the power request from the APU based
on predescribed rules that depends on the SoC of the battery,
whose parameters are tailored to coincide with the SoC values
of the proposed MPC based implementation for a fair com-
parison. Although the cost due to power request change is
remarkably low due to the on-off nature of the thermostat, the
remaining cost values are very high for parameters that are
essentially over fitted to the specific test case at hand.

TABLE I. COST VALUES FROM SIMULATIONS

Prediction Horizon
Cost

Power Power Change SoC Constraint
1 5062.82 254.96 56.18
5 5003.92 205.31 99.65
10 5001.07 169.23 81.72
50 5026.97 77.80 32.86

Rule based 5241.99 1.59 54.33
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VI. HARDWARE-IN-THE-LOOP SIMULATION AND
RESULTS

HiL simulation and testing introduce various advantages
to development processes; among which are higher fidelity
simulations, shorter test cycles, and lowered costs. The efficacy
of the predictive energy management strategy introduced in
this work is tested on a HiL setup for assessment of its appli-
cability on an environment closer to a real world application.
The HiL setup used for this work, including the components
and communication directionality, is represented in Fig. 6. The
setup consists of three main components:

• A simulation computer with a real time operating
system for simulations and the required electrical
interfaces for communication with other components
from ETAS HiL systems,

• An operation computer to control and log the real-time
simulation with ETAS HiL toolchain,

• An electronic control unit (ECU), which is based
around the multicore Infineon AURIX microcontroller
family and runs the control software that includes
the energy management controller and the cruise con-
troller.

The execution time and, to a lesser degree, memory usage
of the energy management controller are not relevant for
MiL testing; and as long as the memory limitations of the
simulation environment are respected, the prediction horizon
can be chosen arbitrarily high. However such is not the
case for the HiL environment as the real-time simulation
of the plant is executed on a different platform from the
control software and the controller is also required to run at
real-time. Additionally, the available memory for the control
software is significantly lower than a MiL environment and the
communication between the ECU and the simulation computer
is finite. As the prediction horizon of the energy management
system increases, so do the required computational effort and
memory for the algorithm. The elevation and speed profiles
over the prediction horizon cannot be stored on the ECU in
a realistic dynamic environment, and have to be provided to
the ECU over the communication interface, which is CAN
bus. In short, there is a trade-off over the prediction horizon
between the performance of the algorithm and computational
burden. The prediction horizon value chosen for a balanced
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Fig. 6. Representation of HiL setup
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Fig. 7. Comparison of MiL and HiL test SoC and APU power

compromise is 10, which corresponds to a 1 km prediction
distance.

The fidelity of the simulation model is improved for HiL
simulations by the introduction of nonlinearity to the response
of APU to the power request. The ICEs are not able to
operate stably below certain power levels due to their working
principals. In order to avoid instability, The output APU power
is set to zero if the requested power is below a threshold,
and is set to a low value if the request is between these
two thresholds. For HiL simulations, these thresholds are
respectively 5 kW and 10 kW.

The comparison of MiL and HiL simulation results with a
prediction horizon value of 10 are shown in Fig. 7. In both
the MiL and HiL tests, the energy management is able to
maintain the SoC above the relaxed lower constraint without
excessive APU power demand. This can be observed between
300 s and 450 s in particular, where the speed reference is
high (90 km/h) and the track inclination is steep (the position
corresponds to approximately between 4 km and 9 km in Fig.
3). The HiL implementation that runs in real-time is able to
mimic the performance of the MiL simulations very closely.

Although the values for SoC and APU power appear very
close in both simulations, there are some differences of note.
The effect of the power request nonlinearity can be observed
around 290 s, 480 s, and 740 s where APU power changes
suddenly. This behavior would correspond to engine stops and
starts in a real-world scenario. Another noteworthy difference
is that the power request on the HiL simulation is noticeably
rougher in comparison with more sudden changes. The most
contributing factor to this roughness is the finite precision of
the information that is transferred between HiL system and the
ECU via CAN bus. The effect of the finite precision is very
similar to the effect of an imperfect model, and the feedback
mechanism of MPC is able to mitigate.
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VII. CONCLUSION

In this work, a predictive energy management strategy base
on MPC techniques is proposed. For the implementation of
the MPC controller, a prediction model that incorporates a
priori information for the prediction of SoC of the high voltage
battery is derived, and constraints on inputs and outputs of the
controller are identified. The effectiveness of the controller is
tested on both MiL and HiL environments and their results are
compared. Further, the reasons for differences are investigated.

Future improvements of this work include the utilization of
nonlinear MPC techniques to integrate nonlinear behavior into
the prediction mechanism as well as to improve the precision
of energy loss. Another improvement would be the considera-
tion of inefficiencies, e.g. battery charging/discharging and EM
motoring/generation.
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Abstract—This paper presents the model and the lateral 
control of an electric vehicle. A three degree-of-freedom yaw 
plane model is introduced to describe the lateral motion system. 
Two cases studies are discussed to synthetize the lateral dynamic 
controller. First case uses a steering wheel angle as an input and 
a lateral acceleration as the output. However, the second case 
uses a differential torque to control the yaw rate output. 
Simulation results illustrate the effective solution for better 
autonomous or assisted lateral control. 

Keywords—three dof vehicle model; steering wheel angle; 
differential braking; lateral dynamic; sliding mode control. 

I. INTRODUCTION 

The problem of the drivers of the vehicles is made difficult 
by the phenomena of drift during their displacement, 
especially during the course of the vehicle according to a 
curved trajectory. In order to facilitate driving and prevent 
accidents due to lane departure, a lateral control is 
indispensable for lane keeping of a passenger vehicle. 

Lateral control is responsible for keeping the vehicle on 
the lane by operating a control device, such as the steering 
column to steer the wheels and the brake for the ESP stability 
system (Electronic Stability Program) [1]. 

In autonomous driving, the lateral control is done 
automatically by acting on the steering angle. 

In a shared lateral control, the assistance machines often act 
on the steering wheel via an electric motor mounted on the 
steering column. This motor is responsible for producing a 
command to control the torque or the steering angle. The 
intervention of the assistance could also be done on the 
differential braking by inducing a yaw moment, which 
modifies the direction of the vehicle, like the ESP. The 
differential braking approach offers the advantage of 
dissociating the torques of the assistance machines and the 
driver, but it has the drawback of reduced efficiency in certain 
situations [2]. 

In this paper, we are interested to study the lateral control 
of the electric vehicle by discussing two cases: 

• Case of autonomous driving by designing a lateral
position control system that uses the steering angle as
the control input.

• Case of a shared driving where the differential braking
is introduced to force the vehicle to follow the
reference trajectory; this is the yaw rate control system.

II. SIMULATION MODEL

In this section, a three degree-of-freedom (3–DOF) yaw 
plane model is introduced to describe the lateral motion of 
electric vehicles [3]. The yaw plane representation is shown in 
Fig. 1. 

Fig. 1. Schematic diagram of three DOF vehicle model [4]. 

We assume that the origin of coordinate system is at the 
vehicle center of gravity (CG) .The governing equations for 
longitudinal and lateral motions are given by [4]:

                   (1) 

              (2)  

                (3)  

Where, M is the total mass of vehicle; xv is the longitudinal 

velocity at CG; 	is the vehicle side slip angle at CG;	  is the 
yaw rate;	  is the front steering wheel angle; 	is the yaw 

moment of inertia; 	is the distance from CG to front axle; 

	is distance from CG to rear axle. 	and 		are the 
longitudinal and lateral tire force of the  ith wheel , i is fl, fr, 
rl, rr, and represents the front left, front right, rear left and rear 
right wheels, respectively. 	is the differential braking 

generated by the motor torque difference between each wheel, 
which is an additional input variable. It can be calculated as 
follows [5]. 
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                 (4) 

Where, d is the track width, the front and the rear track widths 

are assumed to be equal.  

For design simplicity, assuming that the driving conditions 
between front and rear wheels are identical and the driving 
conditions between left and right wheels are also identical, as 
shown in Fig.1, the equations of motion for the lateral 
dynamics of the two-wheel model become: 

                       (5)                                                 

                       (6)                                                      

                 (7)                                                    

For small tire slip angles, lateral tire forces can be linearly 
approximated as follows:  

                                                      (8) 

Where  

											
                                                      (9) 

 
By assuming that  is relatively small and the longitudinal 

vehicle velocity is constant, the lateral and yaw rate dynamics 
including a yaw moment control input are obtained as follows: 

    (10) 

                                                                   (11) 

    

We can express these last dynamic equations as the 
following state-space form: 

                     =     

                                                                            (12)                                    

Where: 

, 	
 

 

    ;   

III. SLIDING MODE CONTROL 

The sliding mode technique consist in bringing the state 
trajectory of the system towards the sliding surface and use a 
suitable logic commutation to slide to the equilibrium point 
[6].  

We must define the sliding surface, which fixes the desired 
dynamics, then synthesizes a control law. This goes in two 
steps. At first, we push the system to reach the surface, then, 
we must maintain it sliding along that surface to reach the 
origin of the phase plane as shown in Fig.2 [7]. 

 

 
Fig. 2. Example Principle of variable structure control.  

Considering the following nonlinear state model: 

= , ,                                                            (13) 

To ensure the convergence of a state variable x to its 

reference value	 , the sliding surface is selected as follows 

[8]: 

                                                     (14) 

                                                                   (15) 

: positive gain. 
: relative degree. 

The sliding mode controller structure is composed of two 

parts, one concerns the exact linearization  and the other 

concerns the stability . The sliding mode control is given 
by: 

                                                                       (16) 

466

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 
 

	is the equivalent control, proposed by Filipov [8]. It 

serves to hold the variable to control on the sliding surface 
	 . The equivalent control is calculated by considering that 

the derivative of the surface is null  . 

 is the discrete control, which ensures convergence such 
that: 

 

                                                                     (17)     

So: 

												                                                         (18) 

 is a gain function defined by: 

         
					 					
						 					 		                                  (19) 

The commutations of the discrete control at high 
frequencies can cause chattering problem. This issue degrades 
the performances of the first order sliding mode controller. 
The use of an increased relative degree of sliding surface can 
attenuate the effect of chattering while providing high 
precision.  

IV.  SYNTHESIS OF SLIDING MODE FOR LATERAL CONTROL 

In this section, we synthetize two lateral sliding mode 
controllers. First one uses a steering wheel angle as an input 
and the lateral acceleration as the output, also the use of an 
increased surface order is necessary to display the law control. 
However, the second one uses a differential torque to control 
the yaw rate output. 

A. Lateral position sliding mode control 
The lateral acceleration is expressed like follows [9]: 

                     	                                             (20) 

By making the approximation of the small angles: 

, 												 	                	  

															 	                 

In established mode, the desired acceleration of the vehicle 
can then be written as:

  

                          	                                                 (21)
 

 is the radius of curved road 

The dynamic equation of the lateral error at the center of 
gravity of the vehicle with respect to a desired trajectory is 
given by: 

																		                                                       (22) 

The sliding surface chosen in this case is expressed as the 
following form:  

            					                                                    (23) 

Differentiate this surface with respect to time:  

					  

																											  

                                   

(24) 

In steady state:		 . So the equivalent steering angle 

control  can be determinate as: 

                  

(25) 

During convergence mode  

																								 	                                                         (26) 

So: 

                                                          (27) 

With	 	positive gain. 

The total steering angle control is expressed as:  

                                                                         (28) 

B. Yaw rate sliding mode control 
The purpose of the design of this controller is to control 

the lateral movement from the control of the yaw rate (yaw 
moment). This will generate a differential torque that 
compensates the torque provided by the driver when applying 
a steering angle in a turn. Consequently, the yaw rate can be 
directly controlled by the application of a differential input 
torque, which serves to maintain this speed at its desired 
value. The rate of change of the desired orientation of the 
vehicle is defined as [10]: 

               	                                              (29) 

With:	 

                                                                           (31) 
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The sliding surface in this case represents the error in yaw 
rate. It is expressed as follows: 

            					 	                                                      (32) 

The derivative of this surface can be written as: 

					 	  

     

	                                                                         (33) 

During the sliding mode and in steady state:	 , so :  

	

                                                              (34) 

During the convergence mode:		 	                                                         
 

So: 

            			                                       (35)      
 

With	 	positive gain. 

V. SIMULATIONS RESULTS 

The tests that will be cited in this paper were realized to 
compare the two lateral control strategies under the same 
simulation conditions. The vehicle model is composed of 
lateral and yaw dynamics, the longitudinal dynamic is 
assumed to be fixed on steady state. 

The trajectory traced by the vehicle was obtained by 
integrating the state variables into the reference (X, Y). But 
before that, a transformation of the vehicle reference (x, y) 
towards the inertial reference (X, Y) was necessary because 
the quantities are measured in the reference associated with 
the vehicle. 

           
	

	 	                 (36)

 Where:
 

 

A. Test 1 
The purpose of this test is to check the robustness of the 

lateral position sliding mode controller during normal driving 
at low speed. We choose the longitudinal velocity fixed 
to , the desired lateral acceleration is equal to	

, and the road radius varies between	 . 

Fig.3 shows the desired trajectory compared to the actual 
vehicle trajectory. We note that the vehicle follows perfectly 
its desired trajectory with small errors. The lateral acceleration 
is also represented. It has a same allure of its desired value 

which signifies that the dynamic of lateral error is reduced. In 
the same figure, the steering angle is presented which 
represent a control input for the system. This variable takes 
smalls values between -3.8 ° and 3.8 ° (depending on which 
turn is selected, right or left turn). 

The dynamic of the yaw rate is also presented. This 
variable has the same allure as that of the lateral acceleration 
because of the proportional relationship between these two 
variables. Therefore, the yaw rate can be controlled indirectly 
by controlling of the lateral position. 

 

 

 
Fig. 3. Lateral dynamic responses with control of the lateral position at low 
speed. 

B. Test 2 
Under the same previous conditions, assuming a fixed 

steering wheel angle, the yaw rate sliding mode controller is 
used to control a lateral movement. 

Fig.4 shows the evolution of the yaw rate compared to its 
desired trajectory. A perfect tracking is observed with a low 
speed error. Like the previous test, we note that the vehicle 
follows its desired trajectory whereas the direction changes. 
This result confirms that the control of lateral dynamic can be 
realized by acting on the braking torque. This result is 
obtained only at low speed. 

The differential torque control is also shown in Fig.5, it 
varies depending on steering wheel angle and it is limited by 
the nominal motor torque value. 

C. Test 3 
In this test, we check the robustness of both of the lateral 

position sliding mode controller and the yaw rate sliding mode 
controller at high speed. The longitudinal velocity fixed to 20 
m /s. We maintain the same value of the road radius.  

It can be seen from Fig.5 that a perfect trajectory tracking 
is observed. This result signifies that the lateral position 
sliding mode controller is not influenced by change in 
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longitudinal speed. However, this requires an important 
steering wheel angle. 

Fig.6 shows that the vehicle is unable to reach its desired 
trajectory. So, although the yaw rate controller system 
synthetized, the driver lose the control of the vehicle. In this 
case, we need an important differential torque to keep vehicle 
at desired trajectory which is impossible because of limitation 
of the motor torque. 

 

 

 
Fig. 4. Lateral dynamic responses with control of the yaw rate at low speed.  

 
Fig. 5. Trajectory and steering angle input at a high speed. 

 
Fig. 6. Trajectory and differential torque input at a high speed. 

VI. CONCLUSION  

Two lateral control strategies have been developed to 
control the lateral displacement of the vehicle with respect to a 
desired trajectory. A first strategy act on the steering angle, 

however, the second use a differential braking torque for the 
same purpose. The use of the steering angle as an input control 
was the most effective solution for better autonomous or 
assisted lateral control. The yaw rate control system is made to 
help the driver to steer and not to do full steering. Also, it can 
only be effective if the longitudinal speed of the vehicle is 
limited. 

ANNEX 

TABLE I.   MAIN VEHICLE PARAMETERS 

Parameter Value

M (vehicle mass) 500 kg 

 (yaw moment of inertia) kg.  

lf ( length between the front axle and 
gravity center) 

0.5m 

lr(length between the rear axle and gravity 
center) 

0.7m 

 (length of the rear axle) 1.2 m 

 (radius of the wheel) 0.25 m 

(gravity acceleration) 9.81 N.
 

cornering stiffness of front tire 37407 N/rad

Cornering stiffness of rear tire 51918 N/rad 
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Abstract—In this work a Laguerre Orthonormal Basis Func-
tions Based Model Predictive Control (MPC) approach is pro-
posed for automotive Adaptive Cruise Control (ACC) application
in order to reduce optimization problem complexity. Model of
ACC system is constructed using ego vehicle and inter-vehicular
dynamics. For inter-vehicular distance control Constant Time
Gap Policy is derived and to achieve the similarity with real world
driver, an empirical driver model is utilized. Both approaches
are integrated into the problem formulation. To avoid the effects
of unmeasured disturbances on vehicle following performance,
integral action is added to the system. Classical MPC approach
is reformulated by representing control signal as sum of Laguerre
Basis functions. Distance tracking error and control signal change
is constrained to take safety measure and to cope with the system
limitations. Additionally, to prevent infeasibility, slack variable
approach is utilized. Classical MPC and proposed Laguerre
MPC controllers are compared in terms of distance tracking
performance and problem complexity.

Index Terms—Adaptive Cruise Control (ACC), Model Predic-
tive Control(MPC), Laguerre Functions

I. INTRODUCTION

Controlling the vehicle speed automatically has been the
aim of the automakers since the first days of motor vehicles.
Even though it has been get very popular about for recent 20
years, speed control functions are quite old systems employed
in the automotive. Vehicle speed control essentially requires
to control the speed of the internal combustion engine. Even
at the beginning of the 1900’s, when modern motor vehicles
were first introduced to the market, there were various vehicles
equipped with a cruise control system, [1]. The first example
of the cruise control system, which include electromechanical
control systems, was applied in the 1960s on mass production
vehicles, [2]. In spite of the early deployment of cruise
control systems on mass-produced vehicles, the adoption of
adaptive cruise control systems has occurred in the 90’s. By
introduction of these functions, cruise control systems can
adaptively adjust vehicle speed considering various conditions
such as distance to a vehicle ahead, previewed road topology,
speed limit, etc. The first ACC examples were realized by
adjusting the speed of the ego vehicle with respect to inter
vehicular distance between ego and the leading vehicle. To

measure the inter vehicular distance, several approaches are
utilized. While Japanese Mitsubishi introduced an ACC system
using the LIDAR to the market in 1995, the German Mercedes
introduced the first ACC system with braking capability and
RADAR based distance measurement in 1999. The ACC
Stop&Go system, which allows the standard ACC system to
operate in traffic jam conditions, was first introduced to the
market in 2006 by Toyota, Lexus. Today, many adaptive cruise
control systems, such as cooperative ACC (CACC) which
employs vehicle to vehicle communication, intelligent ACC
(iACC) which can detect and make decision based on traffic
signs, and predictive ACC (PACC) which considers upcoming
traffic and topology information to take measure in terms of
efficiency [3] are under development phase.

Most of the ACC systems recommended in the literature
suggest an upper level controller which calculates the refer-
ence acceleration (or traction force) value of the ego vehicle
according to the inter-vehicular distance and a lower level
controller is proposed to realize the reference acceleration
value determined by the upper level controller, [4]. In the work
[5], a switching algorithm is proposed for distance and speed
control modes and a speed set for the low level controller is
generated by a gain scheduled PI controller. Besides, various
PI based control structures are proposed to reject the nonlinear
external disturbances such as road gradient and air drag force,
[6]. Although various methods [7], [8] using fuzzy logic
controllers and artificial neural network based controllers are
suggested in the literature, mostly relatively simple PID or
MPC based structures are preferred. In a constraint MPC
based approach, lower level controller and vehicle dynamics
are modeled as Generalized Linear Vehicle Dynamics (GVLD)
and multiple design criteria can be adjusted by fewer design
parameters, [9]. Constant time gap policy was applied to
decide desired inter-vehicular distance and a problem formula-
tion was obtained in which the weights on safety, comfort fuel
economy criteria can be adjusted parametrically. In another
study, energy equations were used to construct the system
model and problem formulation was performed by selecting
distance as an independent parameter instead of time. In this
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way, the dependency of the upcoming topology and traffic
information to the speed of the ego vehicle has been removed.
Thus, more favorable structure has been achieved to develop
an MPC structure focused on the fuel economy, [10].

Either the conventional ACC system or the most sophis-
ticated ones such as cooperative, intelligent and predictive
ACC, model predictive control structure is well suited to the
CC application. For example, the ability to limit the system
states and control signals that the model predictive control
provides, grants advantages in terms of safety. Additionally,
MPC structure provides opportunity to implement predicted
disturbances such as the traffic and topology information
taken from navigation or cloud systems. This further improves
safety, driving comfort and fuel economy. In contrast to all
of these advantages, the computational complexity and long
processing time are the biggest disadvantages of the MPC.
On the other hand thanks to the computing technology, this
complexity is less problematic today, and MPC applications
in ACC systems are increasing day by day.

In this paper, first ACC control system is to be modeled
using ego vehicle and inter-vehicular dynamics, then a vehicle
following model will be integrated into problem formulation
together with integral action on distance tracking error. Then
a generic cost function and constraint set for classical MPC
will be derived and to be reformulated by representing control
signal as the sum of Laguerre functions. In the conclusion
part, proposed Laguerre MPC approach and Classical MPC
approach will be compared in terms of performance and
complexity.

II. PROBLEM FORMULATION AND LAGUERRE MPC
STRUCTURE

A. ACC System Model Derivation

In principal, the ACC system is developed to control the
distance between vehicles. For this reason, the dynamics
between the vehicles must be defined. In Figure 1, v

ego

and
a

ego

indicate the speed and acceleration of the ego vehicle
respectively and l

ego

indicates the length of the ego vehicle.
v

target

and a

target

are the speed and acceleration values of
the lead vehicle.

Fig. 1. ACC system schematic representation

In this case the inter-vehicular distance and velocity equa-
tions will be (1) and (2). In equations, d, d

target

and d

ego

represents the inter-vehicular distance, ego and lead vehicle
distances respectively. And v

e

represents the relative speed of
lead vehicle with respect to ego vehicle:

d = d

target

� d

ego

� l

ego

(1)

v

e

= v

target

� v

ego

(2)

Tracking distance error, d
e

, is defined in (3) as the difference
between the desired inter-vehicle distance, L

des

, and the
measured inter-vehicular distance:

d

e

= L

des

� d

d

(3)

There are various methods to specify the desired inter-
vehicular distance. Constant Spacing Policy (CSP), Constant
Time Gap Policy (CTP) are the most well-known of these
methods. In this study, a CTP, which is one of the most suitable
methods in terms of string stability [11], is used. The ⌧ and l0

specified in the equation represent the time difference among
vehicles and the fixed safety distance respectively.

L

des

= v

ego

⌧ + l0 (4)

The vehicle dynamic equations depend on the mass of the
vehicle and the forces acting on the vehicle. External forces
on the vehicle are shown in Figure 2.

Fig. 2. External forces on the vehicle

Forces F

aero

, F
grad

and F

r,rf

represents the forces acting
on the vehicle, the aerodynamic air resistance, resistance due
to road gradient and wheel rolling resistance, respectively. The
expressions F

track

, m

v

and g represent the traction force,
mass of the vehicle and gravitational acceleration. With these
definitions, vehicle acceleration equation can be expressed by
(5), (6), (7), (8) and (9). In the equations, F

res

, C
d

, A
f

, ⇢,
✓ and C

rr

denote total resistive force, air drag coefficient,
surface area, air density, road gradient and wheel rolling
resistance coefficient respectively.

F

track

� F

res

= a

ego

m

v

(5)

F

res

= F

aero

+ F

grad

+ F

r,rf

(6)

F

aero

=
1

2
C

d

A

f

⇢v

2
ego

(7)

F

grad

= m

v

g sin(✓) (8)

F

r

= m

v

gC

rr

(9)

In the method to be proposed, similarity of the controller
to a real driver in terms of acceleration characteristics will
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be one of the design objectives. To provide this similarity,
an empirical driver model called Driver Car-Following is
employed. In that model, driver requested acceleration value is
calculated based on relative speed of the lead vehicle and inter-
vehicular distance tracking error, [9]. This model is presented
by (10) and a

dm

, k

V

and k

D

represents the driver model
acceleration reference, driver model velocity error coefficient
and driver model distance tracking error coefficient.

a

dm

= k

V

v

e

+ k

D

d

e

(10)

Acceleration tracking error, d
e

, based on the driver model
acceleration reference can be expressed as in (11):

a

e

= a

dm

� a

ego

(11)

Low level dynamics due to the vehicle powertrain is mod-
eled by a first order transfer function given in (12). This
transfer function defines the dynamics between the desired
traction force ,F

track,des

, and actual traction force. In this
equation K

L

and T

L

represents the gain and time constant
of this model respectively.

F

track

=
K

L

T

L

s+ 1
F

track,des

(12)

Using equations (5) and (12) ego vehicle acceleration state
equation can be found as in (13):

ȧ

ego

=
K

L

T

L

m

v

F

track,des

� 1

T

L

a

ego

� 1

m

v

Ḟ

res

� 1

T

L

m

v

F

res

(13)
Using (2), (3), (13) and (11) state space equations for the

ACC system are constructed as in (14) and (15).

2

664

ḋ

e

v̇

e

ȧ
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ȧ

e

3

775 =
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664
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0 �k
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� k
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3

775

2

664

d

e

v

e
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ego

a

e

3

775

+

2

664

0
0
KL

TLmv

� KL
TLmv

3

775F

track,des

+

2

664

0 0 0
1 0 0
0 � 1

TLmv
� 1

mv

k

V

1
TLmv

1
mv

3

775

2

4
a

target

F

res

Ḟ

res

3

5

ẋ = Ax+Bu+ Pv

(14)

y = Cx, C = I4⇥4 (15)

B. Laguerre Orthonormal Basis Functions Based MPC For-
mulation

Laguerre MPC formulation has been extensively studied in
the literature and explained in several books in detail as well,
[12]. As an extension, optimal way of choosing Laguerre time
constant is proposed in this work. Proposed MPC structure
is to be used in discrete time domain, therefore state space
equations are required to be converted into discrete time

domain first. After proper conversion, state space equations
can be represented as in (16):

x(k + 1) = A

d

x(k) +B

d

u(k) + P

d

v(k)

y(k) = C

d

x(k)
(16)

An integral action is to be implemented in order to prevent
steady state error in distance tracking. Therefore, the states are
written in incremental form and two new state variables output,
y, and the integral of output, q, are augmented to system as
in (17):

2

4
�x(k + 1)
y(k + 1)
q(k + 1)

3

5 =

2

4
A

d

0 0
C

d

A

d

I 0
0 I I

3

5

2

4
�x(k)
y(k)
q(k)

3

5

+

2

4
B

d

C

d

B

d

0

3

5�u(k) +

2

4
P

d

C

d

P

d

0

3

5�v(k)

(17)

In this work, size of the optimization problem reduced
by representing predicted control signal as weighted sum
of orthonormal Laguerre basis functions. In discrete time,
Laguerre functions are defined as in (18). In this equation
l1,2, and |a| < 1 are Laguerre basis functions and time scale
of Laguerre functions respectively.

L(k + 1) = A

l

L(k)

L =

2

66664

l1(k)
l2(k)
l3(k)
· · ·

l

Nl(k)

3

77775
, A

l

=

2

66666664

a 0 0 0 0
� a 0 0 0

�a� �

. . . 0 0
...

. . . . . . . . . 0

(�1)i�2
a

i�2
�

. . . . . . . . . . . .

3

77777775

� = 1� a

2

L(0) =
p

�

⇥
1 �a a

2 �a

3
. . . (�1)N

l

� 1(a)N
l

� 1
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T

(18)

For time constant a=0.85, first 4 Laguerre functions with 50
sampling point is represented in Figure 3.

Fig. 3. Discrete time Laguerre functions
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Any stable system response (or stable control signal) can
be expressed as weighted sum of this Laguerre functions. In
the formulation of MPC controller, assuming stability, control
signal can be represented as well. By doing that, optimization
complexity can be reduced in the change of optimality. To be
more precise, if the control signal to the system is represented
as in equation set (19), total optimization parameter is reduced
from k to N

l

. In the equation (19) N

l

,l
j

and c

j

are total
number of Laguerre functions, j

th Laguerre function and
weight on it respectively.

�u(k
i

+ k) =
NlX

j=1

c

j

(k
i

)l
j

(k)

L(k) =
⇥
l1(k) l2(k) · · · l

Nl(k)
⇤

⌘ =
⇥
c1(k) c2(k) · · · c

Nl(k)
⇤
T

�u(k
i

+ k) = L(k)⌘

(19)

When control signal is expressed in terms of sum of
Laguerre functions, sub-optimality is imposed. It is due to
the limitation on the degree of freedom of control signal,
i.e. number of Laguerre functions used. This limitation can
be reduced by proper selection of total number of Laguerre
functions to be used and Laguerre time scale. In our work,
a discrete linear quadratic regulator is designed with desired
closed loop characteristics, and control signal of this controller
is used for deciding optimal values of N and a. To do that, for a
step reference, control signal of LQR controller is logged and
total number of Laguerre functions to be used is specified.
After that, an optimal value for a to represent this control
signal is found by the procedure explained in [13]. For the
optimal value of a, Laguerre function representation of the
LQR control signal is presented in Figure 4. As can be
seen, as the total number of Laguerre functions increased,
Laguerre based control signal approaches to control signal
generated by the LQR controller. For control horizon of 20
steps, representation with 10 Laguerre very close result.

Fig. 4. Control signal representation with Laguerre functions for different Nl

For the MPC formulation, a general cost function is defined
as in (20). In this cost function w

y

, w�x

, w
q

, w�u

, w
u

and

w

s

are weights on output, change of the states, integral of
the errors, control signal change, control signal and the slack
variable for distance error constraint respectively. N

p

and N

c

stands for prediction and control horizon.

J =

NpX

j=1

y

T (k
i

+ j)w
y

y(k
i

+ j) + q

T (k
i

+ j)w
q

q(k
i

+ j)

+�x

T (k
i

+ j)w�x

�x(k
i

+ j) + s

T (k
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+ j)w
s

s(k
i
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u

T (k
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+ i)w
u

u(k
i

+ i)

+�u

T (k
i

+ i)w�u
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i

+ i)
(20)

If predicted control signal is expressed in terms of Laguerre
functions, (21) is obtained:

u =

2

6664

�u(k
i

)
�u(k

i

)
...

�u(k
i

+N

c

� 1)

3

7775
=

2

6664

L(0)
L(1)

...
L(N

p

� 1)

3

7775
⌘ = L⌘ (21)

While constructing the problem, system capabilities and
safety requirements must also be considered. For safety rea-
sons inter-vehicular distance error is to be constrained. On
the other hand, due to the dynamic capabilities of internal
combustion engine, traction force rate must be limited to cope
with the slow dynamics. For that reason two constraint sets are
defined as in (22). To prevent infeasibility, a slack variable is
defined for distance tracking error. This slack variable is added
to constraint set and the cost function. In equation (22) d

e

, d
e

,
�u

e

, �u

e

and s

d

stands for lower and upper limit on distance
tracking error, lower and upper limit on control signal change
and slack variable respectively.

d

e

� s

d

d

e

(k
i

+ j)  d

e

+ s

d

0 d

e

(k
i

+ j)

�u �u(k
i

+ i)  �u

(22)

Once the system dynamics modeled and cost function and
constraints are defined, MPC controller can be formulated as
a constrained optimization problem. To formulate and solve
this optimization problem YALMIP [14], a modeling and
optimization toolbox for MATLAB, is utilized.

III. NUMERICAL EXPERIMENTS AND RESULTS

In the numerical analysis, classical MPC controller and
Laguerre Function based MPC controller with constraints
have been constructed and ACC problem with disturbances
is modeled in MATLAB/Simulink environment. Controller
performances are compared for a simple and a realistic test
case. Previous work and more detailed results are presented
in [15]. Values of the model parameters that are used in
simulations are given in Table I:
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TABLE I: Model Parameters
Parameter Value Parameter Value

m

v

1500kg T

L

0.45s
C

rr

0.006 N

m/s

⌧ 2.5s

C

d

0.75 l0 10m
A

f

6.25Nm

2
k

V

0.25 1
s

⇢ 1.2 kg

m

3 k

D

0.02 1
s

2

K

L

1 T

s

0.05

Constrained and unconstrained Classical MPC and Laguerre
MPC controllers are compared in terms of performance for
these test cases. Controller parameters are presented in fol-
lowing table:

TABLE II: Controller Parameters
Parameter Value Parameter Value

a �0.227 N

L

10
�u �400 N

Ts
w�u

1.33⇥ 10�6

�u 200 N

Ts
w

u

5⇥ 10�8
d

e

6.25Nm

2
w�x

⇥
0 0 0 0

⇤

d

e

1 w

y

10�2
⇥
5 3 1 0.6

⇤

N

p

20 w

q

0.0002
N

c

20 w

s

2

In the first test case, both vehicle starts from stand still
and lead vehicle accelerates to 110 kph with a constant
acceleration. When lead vehicle approaches steady state ve-
locity, road slope is changed by step function. Note that lead
vehicle acceleration and road slope cannot be measured by
ego vehicle, thus they act as disturbance on the system. First
test case can be seen in Figure 5

Fig. 5. Simple test case - Road slope and lead vehicle speed

If the distance tracking error defined in (3) is positive, it
means that vehicles are closer than the desired inter-vehicular
distance. For that reason it may yield an unsafe situation,
therefore distance tracking error is upper limited by 0.1 m. As
can be seen from Figure III as lead vehicle accelerates or ego
vehicle experience a road slope, distance tracking error occurs
but integral effect added to system covers this error eventually.
Also it can be seen that distance tracking error is kept low
and for constrained case both Normal and Laguerre MPC

controllers are able to limit inter-vehicular distance around
desired limit under the effect of unmeasured disturbances.

Fig. 6. Simple test case - Inter-vehicular distance

On the other hand as presented in Figure 7, change of
control signal is limited successfully and controller is smooth
and stable.

Fig. 7. Simple test case - Change of traction force

In Table III, total cost functions of each controller for simple
test case are represented. As can be seen cost function have
increased about 17%. On the other hand since 10 basis func-
tions are utilized for Laguerre MPC, optimization parameters
decreased to 50% thus will reduce the execution time of the
controller.

TABLE III: Simple Case - Performance Results
Controller Total Cost

NormalMPC(Unc.) 1.39⇥ 105

Lag.MPC(Unc.) 1.62⇥ 105

NormalMPC(Cons.) 2.35⇥ 105

LagMPC(Cons.) 2.76⇥ 105

In the second test case, The Highway Fuel Economy Cy-
cle (HWFET) standardized by US Environmental Protection
Agency selected as velocity profile of lead vehicle. For road
slope profile, a road profile for a real highway is derived by
OpenStreetMap data. These profiles are presented in Figure
III.
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Fig. 8. Realistic test case - Road slope and lead vehicle speed

As can be seen in Figure 9, distance tracking error is below
1 m and is successfully limited by 0.1 m with constrained
controllers under the effect of unmeasured disturbances. It can
be noted by Table 3 that, total cost function is increased about
17% when control signal is represented by 10 Laguerre basis
functions.

Fig. 9. Realistic test case - Inter-vehicular distance

TABLE IV: Realistic Case - Performance Results
Controller Total Cost

NormalMPC(Unc.) 1.24⇥ 105

Lag.MPC(Unc.) 1.45⇥ 105

NormalMPC(Cons.) 1.26⇥ 105

LagMPC(Cons.) 1.48⇥ 105

IV. CONCLUSIONS

In this work, a Model Predictive Control based Adaptive
Cruise Control approach is proposed. First ACC system is
modeled by ego vehicle and inter-vehicular dynamics. Then
an empirical car following model is integrated into problem to
increase the similarity between this automatic controller and a
real world driver. For desired inter-vehicular distance, constant
time gap policy is employed. To reject the effect of unmea-
sured disturbances, an integral action added to inter-vehicular
distance control. To reduce optimization problem complexity,
control signal over the control horizon is represented as sum of
Laguerre basis functions. An optimal method presented in the

literature is utilized to select time scale of Laguerre functions.
A cost function including the weights on change of states,
outputs, integral of distance error, change of control signal
and control signal is defined. Distance error and control signal
change is constrained to take safety measure and to cope with
system limitations. To prevent infeasibility, a slack variable is
defined on distance error. Designed controllers are tested on
a simple and a realistic test cases. As a result of numerical
experiments, it is seen that, proposed control structure has very
good performance in terms of ACC functionality. Proposed
Laguerre MPC has performance decrease about 17% in return
of 50% decrease in the number of unknown optimization
parameters. Also it is noted that both for Classical MPC and
Laguerre MPC, distance tracking error is successfully limited
with good distance tracking .

As a future work, controller stability for different number
of Laguerre function can be analyzed. Also to enhance the
stability of the system, final state penalty and/or final state
constraint can be added with dual mode control. In addition
to two vehicle stability analysis, string stability, which is very
critical when a convoy of vehicles is constructed, can also be
analyzed. For implementation purposes, an explicit structure
for proposed controller can be studied.
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Abstract— With the increase of autonomous vehicle 
popularity, autonomous parking approaches become more 
critical. In this study, the autonomous parking problem of a model 
car with Ackermann steering system is discussed and various 
algorithms have been tested for both vertical and parallel parking. 
We also propose a method for the problem of vertical parking. 
Algorithms have been tested in the simulation environment and on 
the designed vehicle model. It has been observed that the parking 
process is successful in real-world tests. 

Keywords—ADAS, autonomous vehicle, autonomous parking 

I. INTRODUCTION 

The topic of driver support systems has been studied frequently 
by the automotive industry and the academy in recent years. 
Advanced driver-assistance systems (ADAS), whose usage is 
becoming increasingly widespread, are based on advanced 
detection techniques, vehicle automation, and communication 
between vehicles and infrastructure (V2V and V2I) [1]. These 
systems support the driver in consideration of environmental 
conditions and increase driving safety. Speed limitation, 
collision avoidance, advanced vision systems, and autonomous 
parking systems are considered as subsystems for ADAS 
concept. Among these subsystems, parking maneuver requires a 
serious driver experience when it is practiced manually without 
a driver assistant.  

When the problem of autonomous parking is considered, two 
basic approaches are used: dynamic and kinematic methods. 
While control algorithms created with kinematic models are 
used to calculate the rotation and orientation of the vehicle, the 
algorithms constructed via dynamic models perform control 
over wheel accelerations. 

Dynamic control methods increase the control performance 
and it is more successful at high speeds. However, it has 
following difficulties [2]:  

x Requirement of complex analysis and calculations

x Sensitivity of the control system to the uncertainties
on the model parameters

x Robustness, costliness, and inaccuracy of the
inertial sensors

x Costliness and inaccuracy of the estimators

In contrast, the simpler kinematic approaches are quite valid 
for vehicles driven at low speeds. The geometric methods that 
utilize this approach are based on the drawing of various arcs or 
polynomial curves by vehicle [3]–[6]. When applying the 
methods using linear approaches, firstly a linear model of the 
system is obtained and a classical controller is designed for this 
model [7], [8]. Apart from these, nonlinear methods compute 
control signals that provide stability without linearizing the 
system [9]. 

In the study, parallel and vertical parking algorithms are 
investigated. The algorithms based on geometric approach have 
been successfully tested in the simulation environment and then 
on the designed mobile vehicle. 

The study is organized as follows: In the second part, the 
kinematic model and the mechanical, electrical and software 
features of the vehicle are presented. Parallel and vertical 
parking algorithms that is used are explained in the third section. 
The simulation environment and simulation results are 
illustrated in fourth section. In the fifth section, real-time 
applications of the parking algorithms with designed vehicle are 
demonstrated. The study is finalized by the conclusion section. 

II. VEHICLE MODEL AND SPECIFICATIONS 

The kinematic model of the vehicle is formed to be used in 
the simulation environment. Then, the subsystems and the 
specifications of the vehicle are explained in this section-. 

A. Kinematic Vehicle Model

Before the construction of the kinematic model of the
vehicle, the coordinate system used by the model should be 
determined. For this purpose, the SAE tire coordinate system is 

chosen [10]. In body-fixed SAE coordinates, + x shows the front 
of the vehicle, +y shows the passenger side, and +z shows the 
ground direction. 

In this study, the traction force is only provided from the rear 
wheel [11]. It is also assumed that the vehicle is moving at low 
speed and that there is no wheel slip.  The kinematic model is 
illustrated in Figure 1. The kinematic system is summarized in 
equations (1), (2) and (3) respectively. 
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 �̇� = 𝑉𝑐𝑜𝑠𝜃                                        (1) 

  �̇� = 𝑉𝑠𝑖𝑛𝜃                      (2) 

 �̇� = 𝑉
𝑙

𝑡𝑎𝑛𝛽                          (3) 

In these equations, V, θ, l and β denote vehicle speed, vehicle 
orientation, length, and steering angle respectively. 

 
Fig. 1. The diagram of the vehicle kinematics [12] 

B. Vehicle Specifications  

A mobile vehicle with Ackermann steering is developed to 
test the designed algorithms. The mechanical and electrical 
subsystems of this vehicle are explained as follows. 

a) Mechanical system design 

The mechanical system of the autonomous mobile vehicle 
consists of a chassis which carries the electric motors, electronic 
cards, connected the steering system and the sensor holder 
systems which includes the ultrasonic sensors. The motion of the 
robot is provided by two electric motors located in rear wheels. 
Besides, encoders are mounted on motor shafts in order to 
measure the motor speed. The steering maneuver is provided by 
the servo motor attached to the front axle. A separate sensor 
holder part is designed for the installation of ultrasonic sensors. 
A sample 3D drawing of the vehicle is shown in Fig. 2. 

The chassis of the robot is manufactured by laser cutting 
from plexiglass material. All other parts are made of 
polypropylene material using a 3D printer. 

 
Fig. 2. The drawing of the vehicle in SolidWorks 

 

 

 

Some parameters of the vehicle are given in Table 1. 

TABLE I.  PARAMETERS OF VEHICLE 

 

b) Electrical system design 

The electrical design is initiated with the determination of 
the necessary components. The following components have 
been selected for this purpose: 

x 2 units DC Motor and L298N Motor Driver   

x 6 units HC-SR04 ultrasonic sensor 

x Tower Pro SG90 RC mini servo motor 

x Arduino Mega 2560 Development Board 

All subcomponents are tested with a developed test software. 

After completion of the mechanical and electrical systems, 
the final version of the vehicle is demonstrated in Fig. 3. 

 
Fig. 3. The assembled vehicle 

III. AUTONOMOUS PARKING ALGORITHM 
Autonomous parking is ensured with two different 

algorithms. These are parallel parking and vertical parking 
algorithms. The choice between these approaches are made 
depending on the geometric specifications of the parking area. 
The width and depth of the parking space is critical on this 
choice. 

A. Geometric Specifications 

Minimum radius circles should be used in order to complete 
the vehicle with minimum maneuver and minimum path length 
during park operation [13]. If the steering angle is kept constant 
during movement, the vehicle moves on a circular arc (potential 
tire slipping is neglected). The radius of this circle changes 
depending on the steering angle and the vehicle parameters. 

Parameters Values 
e, wheelbase 0.112 [m] 

p,  the distance between the rear 
axle and the rear of the car 0.071 [m] 

w, vehicle width 0.2 [m] 
l:   vehicle length 0.254 [m] 

β, Max steering angle ±15° 
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Steering angle β depends on the design of the vehicle and these 
limits can be expressed as -βmax<β<βmax. 

The circle diameter R, is formed by the imaginary wheel 
positioned in the middle of the front wheels Also, the radii Re 
and Ri, which are given in Fig. 4, are essential for parallel 
parking calculations. Essential vehicle parameters and radii of 
circles are shown in Fig. 4. 

 
Fig. 4. Essential geometric parameters 

Radii of circles are calculated in equations (4), (5) and (6) 
with known vehicle parameters and steering angles. More 
information on these calculations can be found in [14]. 

𝑅 = 𝑒
𝑠𝑖𝑛𝛽

                           (4) 

 𝑅𝑖 = √𝑅2 − 𝑒2 − 𝑤
2

= 𝑒
tan 𝛽   

− 𝑤
2

                         (5) 

 𝑅𝑒 = √(𝑅𝑖 + 𝑤)2 + (𝑒 + 𝑝)2            (6) 
 

p, l, e, w and β denote the distance between the rear axle and 
the rear of the car, vehicle length, vehicle width, wheelbase, and 
steering angle parameters respectively.  

If the steering angle is considered to be the maximum in the 
positive or negative direction, the radius of the imaginary wheel 
becomes minimum. In this case, other circle radii values also 
reach their smallest values [14]. The vehicle’s path is minimized 
by the help of smallest circle maneuvers. Lmin is defined as the 
minimum distance in which the vehicle can enter in a single 
maneuver without collision during parallel parking.  Lmin is also 
calculated using Fig. 5 through the minimum circle radius value 
and vehicle parameters.  

 𝐿𝑚𝑖𝑛 = 𝑝 + √𝑅𝑒𝑚𝑖𝑛
2 − 𝑅𝑖𝑚𝑖𝑛            (7) 

If the distance is bigger than Lmin, the parallel parking may 
be achieved without collision. 

 
Fig. 5. The path in parallel parking with a single maneuver 

B. Parallel Parking Algorithm 

Parallel parking is the process of entering the vehicle into the 
desired area with positive and negative maximum steering 
angles. According to this procedure, the steering is first turned 
to the maximum angle. After reaching a pre-defined position 
without a collision, the steering angle is turned into its negative 
maximum value. When the vehicle travels at a negative 
maximum angle in same distance as the positive maximum 
angle, the vehicle parks in the desired area in parallel. In this 
way, the vehicle travels on equal length arcs of two different 
tangent circles, whose centers are different. In addition, the 
vehicle travels on a minimum path length and the required 
maneuvering conditions are ensured. 

Some specific conditions must be met for a successful 
parallel parking. Among these, the parameter Δy, which is 
defined as the vertical distance of the obstacle to vehicle, must 
be within certain limits. This vertical distance is depicted in Fig. 
6. 

The required range of Δy is calculated for real vehicles in a 
previous work [15]. As can be seen from this study, the 
minimum value of Δy can be about zero.  

 
Fig. 6. The vertical distance of the obstacle to vehicle Δy 

The maximum value of Δy can also be calculated. Parallel 
park operation cannot be achieved if the obstacle in the vertical 
position is far from this maximum distance value. The maximum 
vertical distance Δymax is given in equation (8) and this distance 
is shown in Fig. 7. 

 ∆𝑦𝑚𝑎𝑥 = 2𝑅                          (8) 

If the Δy exceeds theses limits, the vehicle is not able to make 
a parallel park by drawing two circles.  
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Fig. 7. The maximum vertical distance of the obstacle to vehicle Δymax 

Another constraint required for parallel parking is the 
distance between the obstacles which must be greater than the 
Lmin as shown in equation (7). 

Parallel park operation can be performed by considering 
these constraints. The vehicle must travel on the desired arcs for 
the desired duration in compliance with the designed algorithm. 
The route of the arcs to be traveled should be planned according 
to the motion planner.  

In the beginning of the parking process, it is assumed that the 
vehicle is parallel to the obstacles. The car must measure the 
parking area width and the vertical distance to the obstacles 
before drawing the desired arcs. The path that is followed by the 
vehicle during a parallel parking maneuver is shown in Fig. 8.  

 
Fig. 8. The path of the vehicle during parallel parking maneuvers 

First of all, the vehicle moves from its initial position on x–
axis xi to xs which is the starting point of parking movement. 
Then, the vehicle performs a maximum steering angle βmax and 
reaches the Pt(xt, yt) point with this maneuver.. By this time, it 
completes the travel on the first arc that must be followed. After 
thi first maneuver, vehicle changes the steering angle to -βmax. 
The vehicle which completes the second arc with the same 
length of the first arc, finishes the parallel parking between two 
obstacles. 

During the construction of the algorithm, the circle C1 is 
accepted as the origin. This point is always perpendicular to the 
last position of the vehicle in the park area. Besides, the circle 
C1 is also tangent to the circle C2. According to the provided 
information, the desired route to be tracked is calculated by the 
following equations [16].  

First of all, the coordinates of the initial position of the car is 
calculated as shown in equations (9) and (10). 

 𝑥𝑖 = 𝐿𝑚𝑖𝑛 − 𝑝 + ∆𝑥                          (9) 

 𝑦𝑖 = 2𝑅 − ∆𝑦 − 𝑤                                                                (10) 

The initial position and maneuver starting position on y-axis 
are equal as shown in Fig. 8 and equation (11).  

 𝑦𝑠 = 𝑦𝑖                           (11) 

Moreover, the radius of the C1 centered circle is calculated 
in equation (12).  

 𝑟𝑠 = 2𝑅                          (12) 
 

The starting point of parking maneuver is obtained via the 
initial position of the park and the circle equations related to the 
initial positions in equation (13).   

 𝑥𝑠 = √𝑟𝑠
2 + 𝑟𝑖

2 − 𝑥𝑖
2                        (13) 

According to the previous calculations, the coordinates of 
the Pt point at which the steering angle changes are given in 
equations (14) and (15). 

 𝑥𝑡 = 𝑥𝑠
2

                             (14) 

 𝑦𝑡 = 𝑦𝑠
2

                             (15) 

After these steps, the θ which is the angle of first maneuver’s 
arc and the length of this arc Larc are obtained in equations (16) 
and (17) respectively.  

 𝜃 = sin−1 (𝑥𝑡

𝑅
)                                       (16) 

 𝐿𝑎𝑟𝑐 = 𝑅𝜃                                                        (17) 

As may be seen from this equation system, the angle and 
length of the first arc of the maneuver can be calculated. The 
second arc, which is drawn by the vehicle with negative 
maximum steering angle, has same length as the first arc. 

C. Vertical Parking Algorithm 

If the parking space is smaller than the Lmin distance, there is 
a possibility for vertical parking.  If the depth of the parking 
space is greater than or equal to the length of the car.  it is 
possible to park in the desired area vertically. The vehicle 
operates the vertical parking procedure depending on the vertical 
distance between obstacle ad vehicle. Hence, the vertical 
parking operation may be conducted in two ways: the vertical 
parking with single maneuver and multiple maneuver.  

a) The vertical parking with single maneuver 

While the depth of the parking area is large enough and 
vertical distance is greater than equal to minimum turning radius 
Rmin, the single maneuver vertical parking may be performed. 
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According to this algorithm, the vehicle moves backwards on 
the quarter circle and then it continues its motion with zero 
steering angle until reaching the convenient position in the 
parking area. These maneuvers are presented.in Fig.  9.  

 
Fig. 9. The paths followed by the vehicle in case of the single maneuver 
vertical parking 

Firstly, the condition shown in equation (18) has to be 
assured [17]. In the equation (18), 𝑑𝑜𝑏𝑠 minimum vertical 
distance from the second obstacle is calculated as subtraction of 
half of the vehicle length  𝑤

2
 from turning radius length R. If the 

vertical distance of the car is greater than or equal to 𝑑𝑜𝑏𝑠,the car 
may start the vertical parking with single maneuver and without 
any collision to second obstacle .   

 𝑑𝑜𝑏𝑠 ≥  𝑅 − 𝑤
2

                         (18) 

In Fig. 9, T1 is defined as the corner point of the first obstacle 
and also the reference point. Moreover, wp is the width of the 
parking area. The initial point M1  is arbitrarily assigned and,𝑀2 
from which the vehicle starts moving backwards with maximum 
steering angle, is computed depending on wp. The endpoint 
coordinates of the quadrant path (x0,y0) varies with the initial 
point of the beginning of the parking maneuver M2 [17]. The 
vehicle’s vertical position at (𝑥0, 𝑦𝑜),points are calculated in 
equation (19) and (20) and the vehicle continues to vertical 
movement until reaching rear obstacle. 

 𝑥0 = 𝑤𝑝
2

                          (19) 

 𝑦0 = √𝑅𝑚𝑎𝑥
2 − (𝑅𝑚𝑖𝑛 + 𝑤𝑝

2

2
)

2
                       (20) 

The negative values of y0 are not handled for the single 
maneuver vertical parking algorithm case. 𝑅𝑚𝑎𝑥 in equation (20)  
is defined as 𝑅𝑒 in equation (6).  

b) The vertical parking with multiple maneuvers 

The vertical parking procedure with multiple maneuvers 
depends on the vertical distance from the obstacle. If this 
distance is smaller than the maximum radius of the circle, the 
vehicle uses park with the multiple maneuvers vertically. The 
path followed by the vehicle is demonstrated in Fig. 10. 

 
Fig. 10. The path followed by the vehicle in case of the multiple 
maneuvers vertical parking 

The vehicle which starts from an arbitrary initial point moves 
back to the M1(xi,yi) point in case of the availability of suitable 
parking area. After this movement, car starts to move forward 
with maximum steering angle until it reaches the turning point 
M2(xt,yt). Then, it is positioned vertically by moving on the 
second circle with the same radius in the direction of the 
opposite angle conditions calculated by the steering angle. By 
this way, the multiple maneuvers vertical park operation is 
performed with the vertical movement of the vehicle without 
any collision to rear obstacle. The length of the circles to be 
followed depends on the horizontal distance of the obstacle to 
the vehicle, which is shown as 𝑦𝑖 .  

The coordinates of the critical points on the curves tracked 
by the vehicle during vertical parking with multiple maneuvers 
must be calculated. These calculations are presented in 
equations (22), (23), and (24). In equation (22) 𝑦𝑖  is assigned as 
the initial arbitrary point and also R is calculated in equation (4). 
Therefore, firstly 𝛼 is derived from  equation (22) and simplified 
as in (23). Lastly,𝑥𝑖 is calculated in (24), which is the point 
where the car returns and starts subsequent parking maneuvers.   

 𝑦𝑖 + (𝑅 − 𝑅𝑐𝑜𝑠(𝛼)) − 𝑅𝑠𝑖𝑛(90 − 𝛼) = 0           (22) 

                          𝛼 = cos−1 (𝑦𝑖+𝑅
2𝑅

)                             (23) 

              𝑥𝑖 + 𝑅𝑠𝑖𝑛(𝛼) − (𝑅 − 𝑅 cos(90 − 𝛼) = 𝑤𝑝
2

           (24) 
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(𝑥𝑡, 𝑦𝑡) is  shown in the Figure 10 which is turning point ,and 
these values are calculated by using 𝛼 angle and arc length 
equation as illustrated previously. 

D. Autonomous Parking System: Software and Algorithmic 

Design 

In the study, the autonomous parking problem of a mobile 
vehicle with on-board sensors is investigated. Related flow 
charts are created for software implementation of the 
mathematical methods presented. 

The software basically consists of two main stages. The first 
stage is the determination of the area to be parked. and the 
selection of appropriate parking algorithm. The selection 
depends on the length of the specified parking area and the 
distance from obstacles as described in previous sections.  This 
first step is common to all parking methods and shown in Fig. 
11. After the selection of the parking method, one of the 
flowcharts that shown in Fig. 12 is selected by the vehicle. 

 
Fig. 11. The flowchart of determination of the parking area and parking 
method 

 

Fig. 12. The flow diagrams of parallel parking, vertical parking with single 
maneuver and vertical parking with multiple maneuvers (Left to right) 

IV. SIMULATIONS AND REAL WORLD EXPERIMENTS  
A simulation environment is created in MATLAB/Simulink 

to test the algorithms before the application on real vehicle. 

A. Simulations 

When preparing the simulation environment, the kinematic 
model described in Section 2.1 was used. Therefore, obstacle 
locations are manipulated on demand. 

First, the parallel parking algorithm is tested in the 
simulation. Δy and Δx are selected as 0.1m and 0.07m for the first 
simulation. The circles that the vehicle travel for parallel parking 
are shown in Fig. 13. The initial position of the center of the 
vehicle is indicated by the green dot. 

 
Fig. 13. Parallel park with Δy=0.1 m ve Δx=0.07 m 

After that, the simulations are repeated for different Δy 
values. The result of these simulations are seen in Fig. 14. 
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Fig. 14. Parallel parking results for different Δy values 

After this, the single maneuver vertical parking algorithm is 
tested in simulations. The simulation is repeated for different Δy 
values and the results are shown in Fig. 15. As it is seen, vehicles 
with different starting points can park in the same spot vertically. 

 
Fig. 15. Vertical parking with single maneuver for different Δy values (0.42 
m, 0.47 m and 0.52 m) 

Finally, the multiple maneuvers vertical parking algorithm is 
tested in the simulations. The simulation is repeated for different 
Δy values. The movement of the vehicle for the varying Δy 
values is shown in Fig. 16.  

 
Fig. 16. Vertical parking with multiple maneuvers for different Δy values (0 
m, 0.1 m and 0.2 m) 

As it is observed from simulations, all three algorithms for 
parking work successfully. This phase is followed by repeated 
real-world experiments in order to validate simulations. 

B. Real-World Experiments 

In order to see the real-time performance, three real-world 
experiments are performed, for parallel parking, single 
maneuver vertical parking and multiple maneuvers vertical 
parking. Sequential photos from real-world experiments of 
developed three algorithms can be seen from Fig. 17, Fig. 18, 
Fig. 19. 

 
Fig. 17. Parallel parking 

 
Fig. 18. Vertical parking with single maneuver 
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Fig. 19. Vertical parking with multiple maneuver 

As it is observed from the real test results, the vehicle 
successfully performs autonomous parking with all three 
different parking methods. Real-time autonomous park 
experiments can be watched from the link given in [18]. 

V. RESULTS 
In this work, the problem of autonomous parking for a mobile 
vehicle is examined. During the study, the design, production, 
algorithm development, and software implementation steps are 
realized. Before real application, the parallel and vertical 
parking algorithms implemented in simulation environment. 
Additionally, a new method for vertical parking with multiple 
maneuvers are presented. After simulations, the developed 
algorithms are applied on a real mobile vehicle prototype. In 
conclusion, successful simulation results are supported by real-
time tests. 
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Abstract—Validation of highly automated or autonomous ve-
hicles is still a major challenge. One main reason is the need to
identify the uncountable potential situations in which the vehicle
should be evaluated. Even when they are completely identified,
the full-coverage of all these situations is not possible in real-
world tests. Virtual validation however can be used to generate
infinitesimally changing cases for testing. Nevertheless, the main
challenge then becomes the collection and description of realistic
test scenarios. This paper proposes an end-to-end approach for
scenario generation from various sources. A flexible database
structure enables fast and efficient querying that is used to
generate an extensive set of test cases. The proposed schema
is evaluated end-to-end—from scenario to test case generation to
automated simulation and data gathering—populated by a data
source based on the experience gained through real world tests.
The proposed approach is a further step towards more efficient
testing of autonomous functions.

I. INTRODUCTION

Autonomous vehicles are becoming increasingly capable
and frequent. Any automated application, whether Advanced
Driver Assistance Systems (ADAS) or Highly Automated
Driving (HAD) functions, needs to go through rigorous testing
procedures due to the traditionally-strict safety requirements
of the automotive industry. However, purely physical testing
is cost- and time-intensive. Varying road infrastructure, chang-
ing traffic and weather conditions, different driver behavior
and country-specifics need also be considered. A so-called
proven-in-use certification solely based on physical test driving
has been shown as almost impossible [1]. Software-based
(virtual) validation approaches are therefore promoted as a
viable alternative to support the testing process by enabling
a higher scenario coverage at lower costs and in shorter time.
Furthermore, simulations can be used to identify the sub-set
of cases that should further be tested on the real car.

Automotive industry, due to the rigorous safety require-
ments, requires predefined standardized testing methods (e.g
EuroNCAP 1) with recent focus on the validation of active
safety systems such as AEB (Automated Emergency Brake)
[2], [3], or LKA (Lane Keep Assist). This standardization
enables a reliable comparison method between different ap-
proaches and companies. To make verification and validation

1https://www.euroncap.com

approaches of ADAS and Automated Driving Systems (ADS)
comparable, the system-under-test needs to be tested on these
specific test criteria and metrics [4]. Since the present focus
of these standardized test scenarios is quite limited, most
assessment methodologies aim for a scenario-based testing
approach [5] based on real world scenarios [6].

Dynamic virtual simulation environments support the testing
process at increased speed while providing extended flexibility
on the scenario definition. A scenario is a common approach
to substantiate test cases for functional modules [5]. These
scenarios definition blocks can be as simple as two vehicles
approaching each other on the same lane. However, even for
this trivial case, a real-world test schema would require these
two vehicles to be driven manually in predefined parameter
limits (e.g. desired speed ± limited deviations, small lateral
distance from the lane center) before the start of the autonomy
evaluation for a set number of repetitions. Software-based
validation can perform this repetitive task with ease.

In this paper, we propose an end-to-end scenario generation
approach based on a scenario database. This approach enables
the generation of real world and synthetic scenario with high-
flexibility while supporting the limitations and requirements
set by standardized tests.

Our approach differs from the literature in its flexibility,
adaptivity and ease of use while providing abstraction for the
scenario definition layer. In particular, our schema builds upon
the generated scenario database structure that clearly identifies
the key components of a given autonomous paradigm. This
abstraction enables the creation of parametrized test cases
that makes the testing of autonomous functions under various
adaptive conditions feasible. We then generate technology-
independent scenario content for the simulation environment
which, when executed, produces standardized sensor data
with scenario definition and parametrization labels. Thus, our
framework can generate large quantities of labeled data which
can empower machine learning based analytics. The perfor-
mance evaluations of the proposed architecture is performed
on a sample autonomous paradigm, Adaptive Cruise Control
(ACC) which shows that we were able to generate 1728 test
cases from 75 scenario definitions within 1.1 seconds.

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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II. RELATED WORK

A. Scenario database

An essential base for scenario-based testing is a com-
prehensive scenario database. Several research projects are
currently working on the definition of scenario databases
and the definition of their content. One source for scenario
databases are Naturalistic Driving Studies (NDS) [7]. One
of the most extensive ones is the Second Strategic Highway
Research Program (SHRP 2), which is one of the largest
studies concerning naturalistic driving behaviors [8]. With the
help of this data, Zhou J. and del Re L. [9] created a test case
catalog which is proven to have a good coverage of critical
traffic situations. Moreover, safety performance measures are
introduced that aim to find a safety boundary indicating the
performance limits of automated vehicles in different traffic
situations [9]. Another naturalistic driving study has been
performed by the UDrive project2.

TNO3 is taking another direction by introducing their
Streetwise approach. Scenarios are not just created by good
engineering, safety analysis and the experience from decades
of automotive development, but also by mining from real
driving data from cars with environment sensors.

B. Scenario mining

Similar to the approach described in this paper, de Gelder
and Paardekooper [6] propose a way of assessing the perfor-
mance of ADAS functions using real-life scenarios in combi-
nation with Monte-Carlo simulations based on the Streetwise
database. Since they use real-life data extracted from recorded
driving data (driving recordings), the assessment allows to
draw conclusions on how the ADAS function would perform
in real traffic. The consequence of their approach is that with
this methodology the result shows which test cases are critical.
Consequently, testing the system in the situations that it is most
likely to encounter becomes easier [6].

Another approach that uses a real-world data is conducted
by Zhou et al. [9], whereas this time, the real world crash
rate is compared with the crash rate of simulated experiments
in order to validate its efficiency. Similarly, Yao et al. [10]
presents an approach for automatically extracting lane change
maneuvers via machine learning from large amount of real
driving data with an accuracy of 97%.

Our approach provides a systematic interface for the inclu-
sion of the mined data. Due to the abstraction of the scenario
definition and test cases, we are able to include real-world
scenario information into our database structure which can be
varied to span a wide variety of possible events.

C. Scenario description and execution

Based on the scenario definitions [5], Menzel et al. [11]
focuses on the practicality of a scenario-based approach for
the design of ADAS following the development process of the

2http://www.udrive.eu/
3https://www.tno.nl/en/about-tno/news/2017/7/tno-introduces-streetwise-

scenario-based-methodology-for-validation-of-automated-driving/

ISO 26262 standard. In their work, they suggest three levels of
abstraction for scenarios, namely functional scenarios, logical
scenarios, concrete scenarios, that can then be used to generate
work products for the different process steps defined in the
ISO 26262 standard. While functional scenarios represent the
most abstract scenario and mainly focus on the semantic level,
logical scenarios depict a detailed representation of functional
scenarios. The third level is defined by concrete scenarios that
make use of concrete values from a parameter range. With
regard to test case generation, concrete scenarios are the most
suitable as a basis. Our approach uses a similar method, where
we use scenario definition, scenario instance and test-cases
instead to define the three layers of scenario content. This
abstraction empowers flexibility in the generation schema that
allows us to test the autonomous paradigms under various
changing but relevant conditions.

While many approaches make use of a sole
MATLAB®/Simulink® simulation environment, also more
sophisticated visualizing simulators exist on the market
[12]. For example Abdelgawad et al. [13], implemented
their simulation models with MATLAB®/Simulink® whereas
Unity is used for the visualization. Other examples for
visualizing simulation environments are IPG CarMaker [14]
[12], PreScan [15], SUMO, SCANeR, and VTD.

VTD (Virtual Test Drive4) utilizes de facto standards for
road description (OpenDRIVE), scenario description (Open-
SCENARIO) and road surface definitions (OpenCRG) [16].
These standardization for defining dynamic and static content
provides high-levels of modularity which enables implemen-
tations independent from the environment itself.

III. METHOD

In order to keep the system as flexible and scalable as
possible, we rely on a NoSQL database that can be accessed
via well-defined interfaces. Figure 1 summarizes the high-level
system architecture. The work-flow described above shows
similarity to [6] while providing additional flexibility.

The work-flow of the overall method can be divided into
four subprocesses. At the center, it has the scenario database
layout which communicates with multiple database sources
that specializes in the information they provide (e.g. vehicle
DB, measurement DB...). These definitions serve as a template
file that is later used as a basis for newly generated test
cases. The key-frame segmentation and labeling subprocess
(on the top side of the figure) is not the scope of this paper,
since the focus of the current work is limited on the scenario
generation capabilities of the pipeline and therefore lies more
in the scenario and test-case layout in the center and the user
interface on the left side of the figure. The latter subprocess is
responsible for parameter variation according to the scenario
and test definitions defined. Moreover, it provides an intuitive
tool (Test Case Generator) to query the existing scenario
definitions to create a sub-set of desired test-cases.

4Virtual Test Drive (VTD) is a simulation environment by the company
VIRES Simulationstechnologie GmbH.
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Fig. 1. High-level system architecture of our Scenario Generation process. Object data, which is extracted from video streams, is used to detect key frames
of events and labeling. Parameters are extracted from detected scenes to create scenario and test definitions. Essential data is stored in central databases and
can be queried by the user interface to generate new test cases and scenarios.

Once the concrete test-cases are generated, they are auto-
matically relayed to the simulator as scenario contents in a a
standardized format (i.e OpenSCENARIO). Utilizing a cross-
platform content definition, the generated scenarios can be
queried independent of the chosen simulator.

A. Scenario Database

Schema flexibility has utmost importance for our scenario
database, since data from different sources has different
schema design. Considering the measurement data which is
collected from real world sensors of different kind, we end
up having a Big Data system which incorporates data from
different kind of devices and multiple data sources (including
vendor data stores), at high volume and variety. The schematic
of this information varies upon its source, so that we decided
to use NoSQL database. A NoSQL database, which is flexible
in design, does not enforce any schema in order that it can
handle semi- and unstructured data out of the box.

Our scenario database consists of data from multiple sources
like Vehicle/Target Setup database, Scenario and TestCase
database and Measurement database. In the Vehicle/Target
Setup database, we store the parameters required to create the
setup for testing. In the Measurement database, real world
sensor data is stored. We store about ˜10GB object data per
hour for a test case with 2 moving actors. In the Scenario
database, we store scenario definitions related to the functions
supported by the vehicle under test with a common database
for NCAP, DVP and accident databases. For example, Adap-
tive Cruise Control (ACC) function has different scenarios to
be tested from both the collected data and based on the expert
knowledge (i.e. DVP). Following our example, we need to
filter for scenarios related to ACC from a DVP database. We
can even filter the result to return a scenario for a specific
maneuver type. Upon test case generation from scenarios, they

are stored in the database together with their simulator specific
scripts, in our case they are VTD and Open Scenario templates.

In our approach a scenario is a description of an ongoing
situation in which multiple vehicles perform actions. Further,
this description also includes multiple constant conditions such
as precipitation, traffic density, time of the day, etc. Addition-
ally, it consists of non-variable parameters such as Number of
Vehicles, Number of Lanes and also variable parameters such
EGO Target Speed, TOF Target Speed, etc. Within a scenario,
variable parameters are defined in the form of a parameter
range such as a speed range from 50-80 kph. Summarizing,
a scenario document consists of variable parameters (in the
form of a parameter range), non-variable parameters and also
constant environment conditions. This scenario document is
then used as a basis to derive test cases. A test case is a
concretisation of a scenario, in which actual values are selected
from the parameter range and also non-variable parameters
as well as predefined environment conditions. Thus, multiple
different test cases can be derived from a single scenario.

B. Test Case Generation
With the Test Case Generator (TCG) we implemented a user

interface that is mainly used to select and configure scenarios
and then generate new test cases based on that scenario. The
configuration is split up into several configuration steps that
are depended on each other. The aforementioned configuration
steps are as follows:

• Validation coverage: The user can choose between ba-
sic, medium, and high validation coverage. This choice
reflects the amount of scenarios/test-cases that will be
used for validation.

• Autonomous function: The tested function can be se-
lected from this configuration page. Currently listed
functions are statically defined, such as ACC (Adaptive
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Cruise Control), AEB (Automatic Emergency Break),
LKA (Lane Keep Assist). Each of the selected functions
can than be configured in more detail.

• Data source: Within this configuration step the user can
define the data sources that shall be used for validation.
Although this user interface relies on a central database,
we split up the data source selection into Synthetic Data
and Real-World Data.

• Test environment: This configuration page is dedicated
to define whether this test shall be performed in an
virtual or an real-world environment (either in test-track
or an actual road). For a virtual environment the options
are model-in-the-loop (MiL), hardware-in-the-loop (HiL),
vehicle-in-the-loop (ViL), or stand-alone Simulator and
the user can chose the simulation environment (e.g. VTD,
PreScan, CarMaker).

• Environment conditions: On this configuration page the
user can define environment conditions such as precipi-
tation (snow, rain) with its intensity, traffic density, etc.

The selected functionality (e.g. ACC) can be further con-
figured with the help of an additional dialog where user can
define non-variables and the variable parameter ranges.

C. Simulation Environment, Parameter Extraction and Sce-
nario File Generation

Using the proposed schema and its interface, users can
generate any number of test cases with selected scenario
definitions and varying parameters. For creating a closed-loop
pipeline from scenario generation to evaluation, however, these
test case parameters should be then relayed to the dynamic
simulation environment automatically. This transformation
should be generalizable to multiple simulation environments.

1) Simulation Environment: Considering the requirements
(realistic, flexible definition, evaluation) set by a simulated
autonomous paradigm evaluation, the chosen simulation envi-
ronment should be:

• Outfitted with a wide range of sensor models that are
modular and parameterizable in their efficiency,

• Interconnected to multiple sources of control/analysis
such as C/C++ interface, ROS, Matlab/Simulink

• Capable of a realistic dynamic simulation for the test
vehicle at minimum and ideally for other vehicles,

• Easy to define scenario and environment, either inherently
or through additional tools,

• Equipped with test automation capabilities.
VTD simulator is capable of outputting the time-stamped

object level information wrapped in a Open Simulation Inter-
face (OSI) format which provides a standardized technology-
independent medium that can be read and modified through
multiple platforms/sources. There is also an existing support
for interacting with the simulation environment through the
provided command structure for different vehicle configura-
tions (e.g. external vehicle dynamics or custom controllers).

Static content definitions are performed via OpenDRIVE
and OpenCRG. OpenDRIVE in particular is an open file
format which is responsible for storing and communicating

Fig. 2. OpenSCENARIO template for a double lane change scenario. The
figure (modified from [18])) shows an XML-based dynamic content creation
that defines two cars in front of the test vehicle changing lane with varying
parameters (i.e. with different speeds) and conditions (time to act).

the logical road networks [16]. OpenCRG on the other hand
defines the detailed description, creation and evaluation of
road surfaces [17]. The readers are referred to the relevant
references for more information.

For creating dynamic content, VTD relies on the OpenSCE-
NARIO, which will be discussed in the following section.

2) Scenario Definition Schema: OpenSCENARIO is the
standardized dynamic content definition format led by a multi-
institute initiative. The aim is to utilize a transferable XML
scenario definition for various use cases inside a driving
simulation environment. Therefore, it enables content creation
and evaluation that is independent from the development
software and the simulation tool. Specifically, user can fill
in a storyboard referenced to each actor in the simulation.
The story includes the initial placement of each objects and
actions/maneuvers (e.g. lane change, speed change, follow
a path). A sample storyboard is given in Figure 2 with a
schematic representation of the scenario.

3) Parameter Extraction and Scenario Definition: Once a
specific scenario case (test case) is generated through the
proposed scenario database through the user interface, it needs
to be relayed to the simulation environment as the initial place-
ment of the virtual objects and their actions. This extraction
requires the identification of key parameters over the defined
test-cases which will then be used to define the actual scenario.

Our approach identifies the key parameters that populates
the instance of a Car State object as i) actual speed, ii) actual
positioning (longitudinal and lateral), iii) desired speed (if any)
and iv) desired positioning (lateral) of each actor at different
time samples. The appended list of these car states is then
used to derive the initial placement and necessary actions to
realize that scenario. Algorithm 1 contains the pseudo-code of
the proposed method.

Notably, experiment parameters (such as the speed of the
test car, positioning of the other objects, slope of the test road)
can be varied by the test-case generation schema within the
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Algorithm 1: Parameter Extraction and Scenario Genera-
tion
input : Test-case JSON File : InitialValues(t),

DesiredParameters(t), Conditions
output: Scenario XML File: VehicleInitializations,

VehicleActions(t)

Populate Car States
for i 1 to NumberofVehicles do

Initialize Carsi
for t 1 to NumberofStates do

CarStatei  SetInitialValues

(InitalValues(t)) + ParseParameters

(DesiredParameters(t),Conditions)
Carsi  + CarStatei

Vehicle Initialization and Car Actions
for i 1 to NumberofVehicles do

VehicleInitializations  Carsi [i](t = 0)
for t 1 to NumberofStates -1 do

VehicleActions(t)  Carsi [i](t+1) - Carsi [i](t)

SetEnvironment (DesiredParameters, Conditions)

limits defined in the database. The user can further vary addi-
tional scenario attributes through the provided parametrization
such as the time to perform an action (e.g. lane change, speed
change), time delay to execute the action and the time gap
between the test car and the closest car in the environment.
The script first ensures that these parameterizations are within
the limit-case ranges. The script then calculates the necessary
placements of the objects so that the provided parameters still
yield a viable scenario.

4) Data Recording and Labeling: One of the key advan-
tages of this systematic scenario generation with parametriza-
tion is its ability to generate large quantities of labeled data.
In our schema, the state of the environment at each time-
stamp (at 60 Hz) can be stored as a standardized sensor data
structure based on the Open Simulation Interface (OSI) [19].
OSI provides a generic interface using the message format of
the protocol buffers developed and maintained by Google for
the environmental perception that focuses on the automated
driving functions. Utilizing this sensor-independent environ-
ment information, it becomes possible to label and store the
environment information in a technology-independent manner.
For each recorded data, it is possible to store the labels of
the scenario definition (e.g. Test-car cuts-in) and the test case
parameters (e.g. test-car speed, actor speed, road elevation,
weather conditions...) that are defined in the DB structure. It
is also possible to label the time sequences that defines the
relevant actions in the simulation such as the action taken
(e.g. lane change), action time-stamp, and action duration.
This set of parameters provide the capability of creating
labeled and sensor-independent data which is highly critical
in developing new ADAS functionalities through machine

learning approaches.

IV. EVALUATION AND RESULTS

For the evaluation of the proposed schema, a key ADAS
function, namely ACC has been chosen. The use-cases that
are to be tested within this paradigm vary in the i) lateral
positioning of all vehicles (lane id), ii) longitudinal placement
of all actors, iii) initial speed, iv) lateral actions (i.e. any actor
can change lanes), v) longitudinal action (any actor can change
speed with predefined acceleration profiles), vi) number of
vehicles, vii) road elevation and viii) trailer attachment. One
sample scenario under these use-cases, EGO Cuts-in in Free-
way, defines the initial placement of the test-car and the target
actor at the adjacent lanes at different speeds. The scenario
tests whether the ACC can perform the required slow-down
smoothly when the higher speed test-car changes lane towards
the target car.

The proposed schema first generates the concrete test cases,
which is instantiated from the possible variations of this
scenario definition are generated within the defined limits.
For the specific example scenario, these variations include the
speeds of each vehicle, the time delay to execute the lane
change action, the lane-change maneuver profile and the time
to collision (TTC) 5. This list of parameters changes based
on the scenario definition—a speed change profile becomes
relevant when the scenario follows an accelerating target,
while road elevation and trailer attachment may be included
depending on the scenario definition as well.

From the possible 102 scenarios, we have tested our schema
to successfully create variants of the 75 scenario definitions
without additional modifications. The remaining 27 scenarios
are mainly based on different road profiles, which was not the
scope of this study. We believe that using the standardized
road structure, OpenDRIVE, it would be possible to extend
the proposed scenario generation schema to therefore cover a
larger percentage of the test-cases.

Moreover, our protocol generates 216 unique test-cases
from these 75 scenario definitions. These 216 test-cases can
be further varied with respect to action parameters such as
changing TTC (n), action start time (m) and action duration
(l) which would yield a total of 216⇥m⇥n⇥ l test-cases. For
example, with n,m, l = 2 variations, a total of 1728 scenario
contents can be generated under 1.1 seconds. Compared to
the time required to generate these scenario content even semi-
automatically, it introduces cost and time performance increase
on top of providing a systematic method for synthetic scenario
generation.

Furthermore, the end-to-end scenario generation method
provides additional capabilities considering the labeled-data
generation based on these scenarios. For a subset of these
experiments—80 test-cases on 4 different scenario definitions,
it is possible to create, label and ready to upload 2.7 GBs of

5In order to ensure that the desired TTC values are tested, the scenario
generation script places the actors apart to a predefined positioning depending
on the other kinematic parameters.
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Fig. 3. Snapshots of sample simulations. VTD Simulator follows the created scenario content that is generated based on the scenario database. Each snapshot
shows a different scenario: a) Target car cuts in the test car lane, b) Test car switches lane when there are two target cars, c) Test cars follows a decelerating
target car uphill (12deg elevation), d) Test car follows a decelerating target car in flat road with a trailer.

technology-independent (in other words, universally compat-
ible) data under 33 minutes. Considering that the execution
of simulation (i.e. the time it takes after the start of the
experiment until the data is finished storing) environment takes
23.55 seconds on average for each test case, the total overhead
can be calculated as 1.93 minute for this 80 test-cases.

V. CONCLUSION

Autonomous paradigms developed for driving-assist should
go through extensive testings to guarantee their safety.
Software-based validation promotes as a viable alternative to
the time and money consuming real-world testing. Further-
more, it is possible to generate realistic data following a sys-
tematic approach. A systematic approach that adds flexibility
and usability upon the standardization of already available
scenario definitions could empower machine learning based
autonomy paradigms, since, these systems perform as large—
but informative—as the data they are trained on.

In this paper, we evaluated the efficiency of an end-to-end
schema: scenario content generated through the definitions in
a database is used to generate and upload labeled data to a
measurement database. This schema enables adaptive test-case
generation that could be used to create systematic scenario
conditions that are to be tested for specific standards. It also
provides a synthetic but realistic ground-truth data generation
which can then be used to train new autonomy paradigms.

Future work based on the current approach includes the
connection of this schema to live measurement data through
the DB, identification of the KPIs and adding additional
databases. With the introduction of state-of-the-art test case
prioritization methods, smarter test-case generation schema
could point the coverage and limitations of this software-
based validation. With the new age of autonomy powered with
machine learning approaches, the structured way of creating
and evaluating the data becomes increasingly important.
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Abstract—In this study, the motion sickness level (defined
in the ISO standards) for autonomous vehicles is analyzed as
a function of the look-ahead distance. A standard linearized
vehicle model is used to design linear quadratic regulators (LQR)
for the automated steering. The dynamics of the otolith organ
of the human vestibular system is integrated to the linearized
control oriented model. This integration enabled to evaluate
the motion sickness level with an H2 norm performance index.
Several automated steering controllers are designed with the same
performance indices for various vehicle speeds and various look-
ahead distance values. The H2 norm of the motion sickness dose
values (MSDV) of each controller are used to demonstrate the
effect of the look-ahead distance on the motion sickness level.
A 3 degrees-of-freedom nonlinear vehicle model with yaw plane
dynamics and the semi-empirical Magic Formula tire model is
used for the simulation studies by which the analytical results,
obtained by linear analysis, are validated.

Index Terms—Reliability; autonomous vehicles; motion sick-
ness; look-ahead distance; H2 norm

I. INTRODUCTION

Fully autonomous (i.e., self-driving) vehicles envisioned
for the future of ground transportation [1] have drawn great
attention both from industry and academia in recent years
[2]. In this active area of research, reliability of the level-
5-autonomous vehicles [3] and the human-vehicle interaction
are at most importance [4], since the full autonomy are about
to radically change the way passengers/drivers interact with
the vehicles [5]. The reliability to the vehicles decreases as
the level of autonomy increases, mainly because of the lack
of predictability [6]. Reliability can be defined as a combined
function of measurable and non-measurable quantities, such as
longitudinal and lateral accelerations, jerk, physical workload
and as well as competence, intension, openness, respectively,
in addition to the lack of predictability [7].

In fully autonomous vehicles the driving is automated and
nobody has any authority in the control actions. Therefore ev-

erybody becomes a passenger who has to spend time with non-
driving tasks which results a conflict between the vestibular
and visual sensory systems of the passengers on board. This
inconsistency between the movement felt and the movement
seen by the vestibular system of a passenger is defined as the
motion sickness [8].

Motion sickness can be quantitatively evaluated by motion
sickness dose value (MSDV) which is based on the ISO 2631-1
standard [9]. MSDV, (basically, the level of motion sickness,
[10]) is simply computed by integrating the squared values
of the weighted acceleration signal which is nothing but the
energy of the weighted acceleration. Then, the square root of
the resulted integral is computed to obtain the MSDV. The
minimization of the acceleration sensed by the vestibular sys-
tem becomes linearly dependent on the reduction of the motion
sickness level. It is obvious that minimizing the weighted
acceleration will have a positive effect on the passengers
in terms of reliability. Note that H2 norm of the weighted
acceleration output is closely related to the MSDV since the
H2 norm is the energy of the output signal.

In the last few decades, extensive attention on steering
control of autonomous vehicles has sharpened the interest in
what features from the changing road pattern might be used by
a driver. Land and Lee have made simultaneous measurement
of steering wheel angle and driver’s gaze direction with three
different drivers [11]. It is reported that all three drivers gazed
on lane tangential points and tended to minimize the error at
the look-ahead point. Therefore, employing visual feedback to
obtain path following error at look-ahead point in automated
steering control loop has been studied extensively. Thanks to
the increasing speeds of modern microprocessors, the look-
ahead approach making use of computer vision systems has
been extensively used to design automated steering controllers
[12], [13].

The control problem using a look-ahead measurement was
studied by Ozguner et al [14], where a constant controller that
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computes the steering angle proportional to lateral deviation
error was proposed. In the study, the ratio between the lateral
deviation error and the steering angle is updated by vehicle
longitudinal velocity. Marino et al. [15] designed a nested
PID controller without the knowledge of lateral acceleration or
vehicle longitudinal velocity by. Nguyen et al. presented linear
matrix inequalities based designs of static output feedback H2

controller and gain scheduled fuzzy H1 controller [16], [17].
All of the aforementioned studies add some significant

contributions on the automated steering control literature.
Using look-ahead measurement for automated steering control
has been extensively studied and several control algorithms
successfully designed [14], [15], [17], and experimentally
validated [13], [16] in numerous papers. To the best of authors’
knowledge, the effect of look-ahead distance to the motion
sickness level has not been yet investigated. This is the main
motivation of this study in which the relationship between the
look ahead distance and the motion sickness level has been
analyzed analytically and by simulations.

In this study, the well known linear quadratic regulator
(LQR) theory is used for designing the automated steering
controllers. The automated steering controllers are designed
for different look-ahead distances and vehicle speeds. Then,
the linear vehicle model is augmented with weighted acceler-
ation. Lateral acceleration output is weighted with vestibular
system transfer functions associated with otolith organs [18],
[19]. H2 norm of the weighted acceleration is computed by
augmented model and used to find out the effect of look-ahead
distance on the motion sickness level.

II. VEHICLE MODELLING

A bicycle model with three degrees of freedom (DOFs),
where the yaw rotation combined with lateral and longitudinal
displacements, as shown in Fig. 1, is adopted for this study.
In the model, vertical, pitch and roll motions, as well as load-
shift effects, and suspension dynamics are neglected. It is a
common model and available in the literature (see [20], [21]).
Therefore, it is only briefly summarized here for the benefit
of the reader. Most of the symbols and notations used in the
model are also standard and summarized in Fig. 1; hence, they
are not further defined here for the sake of brevity.

A. Nonlinear Vehicle Model

The vehicle model is shown in Fig. (1). Here, v
x

denotes
the longitudinal velocity w.r.t body fixed frame, v

y

represents
the lateral velocity w.r.t body fixed frame and r stands for the
yaw rate. l

f

and l
r

are the distances between c.g and front
and rear axles, respectively. � = tan�1(v

y

/v
x

) is the side
slip angle. � is the steering angle. Dynamics of r, v

x

and v
y

are described by

ṙ =
l
f

F̂
yf

� l
r

F̂
yr

I
z

(1)

v̇
x

� v
y

r =
F̂
xf

+ F̂
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Fig. 1. Bicycle vehicle model and look-ahead geometry

v̇
y

+ v
x

r =
F̂
yf

+ F̂
yr

m
(3)

where I
z

is the mass moment of inertia about the yaw axis,
and F̂

xf

, F̂
xr

, F̂
yf

and F̂
yr

are described by

F̂
xf

= F
xf

cos(�)� F
yf

sin(�) F̂
xr

= F
xr

(4)

F̂
yf

= F
yf

cos(�) + F
xf

sin(�) F̂
yr

= F
yr

. (5)

Here, F
xf

,F
xr

,F
yf

and F
yr

are longitudinal and lateral tire
forces generated by the front and rear tires, respectively. The
nonlinear tire forces are modeled by the well-known Magic
Formula [21].

B. Linearized Vehicle Model
The linearized model is derived to analyze closed-loop

performance through examining the closed-loop pole locations
and properties. It is assumed that longitudinal velocity is
constant and the tire forces are linear functions of tire slip
angles. The front and rear tire slip angles are given by:

↵
f

= � � v
y

+ l
f

r

v
x

; ↵
r

= �v
y

� l
r

r

v
x

(6)

Then, the lateral tire forces are in the form of

F
yf

= 2K
yf

↵
f

F
yr

= 2K
yr

↵
r

. (7)

Here, K
yf

and K
yr

are cornering stiffnesses. By substituting
(6-7) into (1) and (3), the linearized vehicle model is obtained
as follows.

ẋ1 = a11x1 + a12x2 + b1u (8)

ẋ2 = a21x1 + a22x2 + b2u (9)

Here, x1 = r and x2 = v
y

are the state variables, and u = �
is the control input. The coefficients are given by

a11 = �
2K

yf

l2
f

+ 2K
yr

l2
r

I
z

v
x

(10)

a12 =
2K

yr

l
r

� 2K
yf

l
f

I
z

v
x

; b1 = 2lfKyf

Iz
(11)

a21 =
2K

yf

l
f

+ 2K
yr

l
r

mv
x

� v
x

(12)
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a22 = �2K
yf

+ 2K
yr

mv
x

; b2 = 2Kyf

m

(13)

Positioning on the lane must be formulated to perform
autonomous vehicle control. Lateral position of the vehicle
w.r.t. lane is easier to be measured at a location ahead of the
vehicle with visual feedback [22]. The lateral look ahead error
y
L

is defined as the deviation from the lane centerline at the
distance l

s

.  
L

is the heading error between lane tangential
line and orientation of vehicle.

Dynamics of the look ahead errors can be formulated as

ẏ
L

= v
y

+ l
s

r + v
x

 
L

(14)

 ̇
L

= r � ⇢v
x

(15)

where ⇢ = 1/R is the road curvature with R is the road
curvature radius. The dynamics of y

L

and  
L

have been ex-
tensively used in autonomous vehicle control [15], [16], [17].
By defining a state vector in the form of

x =
⇥
x1 x2 x3 x4

⇤
T (16)

the integrated vehicle-road model is written as follows:

ẋ = Ax+Bu+B
⇢

⇢ (17)

where x3 = y
L

and x4 =  
L

and the state space matrices are
given as follows:

A =

2

664

a11 a12 0 0
a21 a22 0 0
l
s

1 0 v
x

1 0 0 0

3

775

B =
⇥
b1 b2 0 0

⇤
T

B
⇢

=
⇥
0 0 0 �v

x

⇤
T

C. Augmented Model for Motion Sickness Evaluation
Human vestibular sensory system relates the sensed accel-

eration with the exposed one. It is located inside the inner
ear and simply composed of semicircular canals and otolith
organs [23]. Otolith organs are responsible for sensing the
translational motion. In this study, the translational motion
is considered for the evaluation of the motion sickness. The
dynamics of otolith organs can be described in terms of the
following transfer function that relates the sensed response to
the specific force stimulus along any of the x, y, z axes [18]:

W
o

(s) = 0.4⇥ 10s+ 1

(5s+ 1)(0.016s+ 1)
(18)

The transfer function given above can be written in state space
representation as follows:

ẋ5 = a55x5 + a56x6

ẋ6 = a65x5 + a66x6 + b
v

a
y

a
yv

= x6 (19)

where the coefficients are extracted from transfer function (18)
and given as a55 = �0.1, a56 = 0.02, a65 = �312, a66 =

�62.6 and b
v

= 50. Here a
yv

is the lateral acceleration sensed
at the vestibular level and a

y

is the lateral acceleration given
by a

y

= v̇
y

+ rv
x

. The lateral acceleration can be integrated
with vestibular model (19) as follows:

a
y

= v̇
y

+ rv
x

= a21x1 + a22x2 + b2u+ v
x

x1 (20)

The augmented state vector is defined as

x
a

=
⇥
x1 x2 x3 x4 x5 x6 = a

yv

⇤
T

. (21)

Then the augmented model for motion sickness evaluation is
obtained as:

ẋ
a

= A
a

x
a

+B
a

u+B
a⇢

⇢ (22)

A
a

=

2

6666664

a11 a12 0 0 0 0
a21 a22 0 0 0 0
l
s

1 0 v
x

0 0
1 0 0 0 0 0
0 0 0 0 a55 a56

b
v

a21 + b
v

v
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b
v

a22 0 0 a65 a66

3

7777775

B
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=
⇥
b1 b2 0 0 0 b

v

b2
⇤
T

B
a⇢

=
⇥
0 0 0 �v

x

0 0
⇤
T

III. CONTROLLER DESIGN AND MOTION SICKNESS LEVEL
EVALUATION

In this section the design of full state feedback LQR
controller, the H2 norm for a closed-loop linear time-invariant
system, the MSDV computation and MSDV evaluation with
H2 norm are presented.

A. Full State Feedback LQR Control
Consider the linear time invariant system given by

ẋ = Ax+Bu (23)

Our goal is to find an optimal controller gain in the form of
u = Kx where K 2 <m⇥n is a controller gain matrix. Then,
the closed-loop system is written by

ẋ = (A+BK)x. (24)

The controller gain, K is designated to make the closed-loop
system (24) stable and to minimize the following performance
index:

J =

Z 1

0
(xTQx+ uTRu)dt (25)

In (25), Q 2 <c⇥c and R 2 <m⇥m are performance weighting
matrices. The following theorem is used in designing the LQR
controller.

Theorem 1 (LQR [24]). For given values of Q and R,
asymptotic stability of the closed-loop system (24) is ensured
with the minimum value of performance index (25), if the
solution of

SA+ATS +Q+ SBR�1BTS = 0 (26)
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exists. Here S 2 <n⇥n is a positive definite symmetric matrix.
Then, the full state feedback LQR control law is obtained by

u = Kx = �R�1BTS (27)

B. H2 Norm of a Closed-Loop System Linear Time Invariant
System

Consider the linear time invariant system

ẋ = A
cl

x+B
cl

w

z = C
cl

x (28)

where w 2 <p is the exogenous input and z 2 <q is the
controlled output. H2 norm of the system (28) is the energy
of the controlled output signal under the assumption of unit
impulse exogenous output and it is given by

kT
zw

k2 = trace(

1Z

0

zT zdt) (29)

The following theorem represents the H2 norm of the system
(28) from w to z.

Theorem 2 (H2 norm [25]). H2 norm of the linear time
invariant system (28) is computed by

kT
zw

k2 = trace(CT

cl

PC
cl

), (30)

if there exist a positive definite matrix P 2 <n⇥n which is the
solution of the following Lyapunov equation.

AT

cl

P + PA
cl

+B
cl

BT

cl

= 0 (31)

C. Motion Sickness Dose Value

ISO 2631 � 1 standard is used in calculating the motion
sickness dose value. According to this standard, the MSDV is
an index to evaluate the motion sickness level objectively [9],
and it is formulated by:

MSDV
tot

=

Z
t

0
a2
w

dt

�0.5
m/s3/2 (32)

The MSDV
tot

is the total motion sickness dose value and a
w

is given by [10]
a
w

=
q
(k

y

w
d

a
y

)2 (33)

where the coefficients of w
k

= 0.426 and k
y

= 1.4 are
determined in [26]. In this study, a

y

is replaced with a
yv

,
to obtain the MSDV value at the vestibular level.

D. Motion Sickness Dose Value Evaluation of the Closed Loop
System with H2 Norm

Assume that LQR presented in section III-A is used to
design automated steering controller. The LQR controller is
designed by the control oriented model (17) with a state
vector (16) which is composed of r, v

y

, y
L

,  
L

. In order
to evaluate the motion sickness level with H2 norm, the
closed loop system must be constructed by integrating the state
feedback LQR with the augmented model (22). By choosing
the exogenous input w := ⇢ and the closed loop state vector

x
cl

:= x
a

, the state space matrices associated with augmented
model are obtained as:

A
cl

= A
a

�B
a

KC
y

B
cl

= B
a⇢

(34)

Here, C
y

is the output matrix to select control oriented state
vector (16) from the augmented state vector (21) and given by

C
y

=

2

664

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

3

775 (35)

If the weighted acceleration is chosen as the controlled output
(33), z = a

w

, the H2 norm equation (29) has fairly similar
form of the MSDV equation (32). Hence, the controlled output
matrix C

cl

can be determined to evaluate MSDV with H2

norm performance index. According to weighted acceleration
equation (33), the controlled output matrix is described by

C
cl

=
⇥
0 0 0 0 0 k

y

w
d

⇤
(36)

IV. ANALYSIS AND SIMULATION STUDIES

First, the analyses of the H2 norm for various vehicle
speeds and look-ahead distances are conducted on the linear
vehicle model. Then, these analytical results are validated by
automated lane change maneuver simulations on the nonlinear
vehicle model.

A. Controller Design

For automated steering controller, the cost function is spec-
ified as follows:

J =

1Z

0

�
q3y

2
L

+ q4 
2
L

+ r�2
f

�
dt (37)

where q3, q4 and r are the weight coefficients of look-ahead
controller. According to the cost function which is stated in
(25), performance weighting matrices are given by:

Q = diag(0, 0, q3, q4) R = r (38)

Here, the weighting coefficients are selected with respect to
similar influence of lateral deviation at look-ahead point and
heading error as q3 = 1, q4 = 1 and r = 0.1. The resulted
automated steering control law is in the form of

� = KC
y

x
a

= k1x1 + k2x2 + k3x3 + k4x4 (39)

In this study, full state feedback controller gain K is repeatedly
designed for each values of v

x

and l
s

without changing the
performance weighting coefficients. Vehicle speed values are
varied between 30 and 150km/h at 5km/h intervals and l

s

values are varied between 0 and 8m at 0.5m intervals. The
resultant variations of each controller gain in K are shown in
the Fig. (2).

As can be seen from the Fig. (2), the yaw rate gain k1 is not
affected with v

x

, on the other hand it proportionally increases
for large values of look-ahead distance. The lateral velocity
gain k2 is increased for v

x

and decreased for l
s

. Note that,
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Fig. 2. Variations in the coefficients of controller matrices

the lateral deviation error gain k3 is almost independent from
v
x

and l
s

. Finally, the heading error gain k4 has quite similar
characteristics with lateral velocity gain k2.

B. Motion Sickness Level Evaluation with Linear Analysis

The motion sickness level is analyzed by H2 norm over
various range of v

x

and l
s

. Full state feedback LQR controllers
are repeatedly designed for each value of v

x

and l
s

. H2 norm
of the augmented closed-loop system is computed as presented
in section III-D.

In order to investigate the relationship between the motion
sickness level and speed of the controller response, linear
analyses are performed for two different controller designs
with the input weighting coefficients of r = 0.1 and r = 10.
It is well-known that smaller r in LQR results more aggressive
responses. In Fig. 3, the variation of the H2 norm, plotted over
the v

x

= 30� 150km/h for l
s

= 0, 2, 4, 6, 8m by automated
steering controllers designed for r = 0.1 (top) and r = 10
(bottom) are given.

The H2 norm increases due to v
x

and decreases due to
l
s

, Fig. 3. In addition, more aggressive controller results poor
motion sickness level. It is apparently seen that look-ahead
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Fig. 3. Change of H2 norm with respect to different v
x

and l
s

(r=0.1 and
r=10)

distance, l
s

, has to be increased in order to reduce the motion
sickness level. Less agile controllers with slow responses also
helps to reduce the motion sickness level. Due to the analytical
results it is revealed that, the motion sickness level can be
reduced by choosing larger l

s

, however the practical limits of
l
s

and its influence on the automated lane change performance
should be considered.

C. Automated Lane Change Maneuver Simulations with Non-
linear Vehicle Model

The effect of l
s

on both motion sickness level and automated
lane change performance needs to be analyzed. The effect of
l
s

on the automated lane change maneuver is given in Fig.
4. The lateral displacement and vestibular lateral acceleration
responses are shown for l

s

= 0� 24m with v
x

= 120km/h.
It is obvious that increasing l

s

improves the motion sickness
level. However,performance of the lane change is adversely
affected. Choosing larger l

s

is likely to be problematic in case
of emergency maneuvers such as obstacle avoidance or rapid
lane change.
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V. CONCLUDING REMARKS

In this study, the effect of the look-ahead distance, l
s

on
the motion sickness level is analyzed. An augmented model
is presented to analytically evaluate the motion sickness level.
The augmented model is obtained by integrating the dynamics
of the otolith organ of the human vestibular system into
the standard linearized vehicle model. An H2 norm based
motion sickness level using the augmented model is introduced
by defining the motion sickness dose value as proposed in
ISO2631-1. The H2 norm based motion sickness measure is
analyzed for different l

s

and v
x

values. Then, the automated
lane change maneuver simulations are performed to validate
the implications obtained by the H2 norm based analytical
results. A 3 DOF nonlinear vehicle model is used for the
simulation studies. The results of analytical and simulation
studies revealed that the l

s

and the MSDV are inversely related.
However, as l

s

increases the settling time in lane change also
increases. The results clearly demonstrates that choosing l

s

is
of crucial importance.
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Modeling and Autopilot Design for an Autonomous 
Catamaran Sailboat Based on Feedback 

Linearization

Abstract: —This paper presents feedback linearization and 
decoupling algorithm for control heading and speed of an 
autonomous catamaran sailboat using proportional and 
derivative controller. A nonlinear four degrees of freedom 
dynamic model of the sailboat was derived, including roll and 
sway motion. It is nonlinear, multivariable and strongly 
coupled. The developed autopilot was tested with the designed 
model for purpose of tracking reference trajectory in order to 
keep the sailboat on a predefined heading and ensure a suitable 
sail position.  Some simulation results are presented to illustrate 
the behavior of the control design. 

Keywords—autonomous catamaran sailboat; autopilot; 
feedback linearization control.  

I. INTRODUCTION

A sailboat can not sail directly against the wind direction 
Fig.1 shows the path that the sailboat has to make to be able 
to sail upwind. 

Fig. 1. zig-zag course 

Steering sailboats requires thus some basic sailing skills such 
as good adjustment of the sail opening angle and the choice 
of an appropriate heading, it depends on the target position 
and the wind direction especially while tacking manoeuver. 

As said Jimmy Dean : 
“I can’t change the direction of the wind, buti can adjust my 

sails to always reach my destination.” 

Tack means that the sailboat heading changes through the 
wind direction.  Therefore, in this case the wind changes from 
one side to the other. 
By transforming the sailor’s knowledge into automatic 
control system, sailing becomes easier and autonomous 
sailboats become useful in long operations such as 
monitoring of maritime area, oceanographic research (data 
acquisition for scientific use) and Microtransat challenge 
[18]. 

The most used automatic control system is the autopilot. 
It controls two actuators; rudder and sail so the sailboat 
becomes able to self-steering on a predefined course and by 
adding a guidance strategy, it can reach any target completely 
autonomously. 

Autopilot can help skippers to steer their sailboats, it 
controls heading and speed of the sailboat, until now there 
has been many studies dedicated to autopilot design for these 
wind propelled vehicles. Among them, several automatic 
control technics were used such as artificial intelligence 
scheme [2], neural networks [3] and fuzzy control theory [4]. 
In other studies, [8][9][13], a nonlinear heading controller 
was developed and tested on a sailboat dynamic model with 
three degree of freedom by excluding roll motions. However, 
the wind and the marine current cause large drift angles. To 
solve this problem a course controller for sailboat has been 
designed such as in [6] and [7]. In addition, the wind force 
applied on the sail causes heel angle and important roll 
motion. Therefore, by considering this degree of freedom in 
sailboat dynamics, several works used a model with four 
degree of freedom as it is indicated in [5] and [6]. A model 
with six degrees of freedom for a catamaran sailboat was also 
developed in [10] then a robust controller for the considered 
sailing boat named HyRaii was designed and tested. The 
dynamic model is motivated by Newton’s second law of 
motion. 

Fig. 2. 3D printing catamaran sailboat  

In this paper, due to the high nonlinearity of the designed 
dynamic model of the catamaran sailboat the feedback 
linearization technics was used in order to control heading 
and sail angle. Such a feedback is called linearizing feedback 
because it transforms the nonlinear system into a linear one. 
The system obtained in this way can be stabilized by standard 
linear techniques. This method was used by Jaulin [14] with 
a 3-DoF sailboat dynamic model. One of the main 
contribution of this paper is the use of the feedback 
linearization method with a 4-DoF sailboat dynamic model. 
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Firstly, a dynamic model of the catamaran sailing vessel 
is developed using previous works and based on Newton’s 
second law and kinematic relations. After, a feedback 
linearization method is applied for controlling the sailing 
vessel heading and sail angle. Finally, some simulation 
results were carried out to illustrate and to evaluate the 
studied approach. 

II. SYSTEM DYNAMICS 

The sailboat to be modelled has two actuators; a rudder 
for controlling its heading and a sail to generate the propeller 
force, it is described in Fig.2 and Fig.3. All variables are 
presented in Table 1. 
 Firstly, a nonlinear 4-DoF dynamic model for the catamaran 
sailing vessel is presented. This model is inspired from [10] 
and [8]. It is based on Newton’s second law. 

The mathematical dynamic model of the catamaran 
sailboat was designed under the following assumptions: 

• The boat is assumed to be rigid with 4-DoF: surge, 
sway, roll and yaw motions. 

• The mainsail and the foresail (Fig.1) are combined 
into one effective sail. 

• The environmental disturbances are ignored and 
waves are not modeled. 

• Added mass coefficients , , ,  are modeled 
as constants. 

• The sail and the rudder are modeled as (rigid) foils. 
• Frictional forces are seen as linear damping 

elements in the dynamic model of the catamaran 
sailboat. 

• Coriolis force caused by the rotation of earth has not 
effects on the boat motion. 

• Relative water velocity is parallel to the boat 
heading near to the rudder actuator.   

The catamaran sailing boat to be modeled is presented in 
Fig. 3 and Fig. 4. 
Let the coordinate system ( , , ) be the inertial reference 
frame  and let the , ,  be the body fixed 
frame . 
The latter is a rotating reference frame attached to the boat 
with angular velocity 	 	  relative to the (n-frame). 
The origin of the is chosen to coincide with the 
sailboat’s center of gravity G. 
The sailboat linear velocity in  is 
	 	 . 

The catamaran sailboat is assumed to be rigid and  4-DoF 
are considered, we exclude both heave and pitch motions; 

 (see Fig. 2). 
Vector  	 	 	  is the velocity vector in the 

 and 	 	 	 	 is a vector describing 
respectively, the position of the sailboat in the  
and its attitude (roll and yaw). 

 
Fig. 3. Top view of the modelled catamaran sailboat  

 

Fig. 4. Rear view of the modelled catamaran sailboat  

Vector  is then derived through a coordinate transformation 
[17], giving the following differential equations: 

 
 

 
 

Where 
( , ) is the marine current data (speed and direction) 
described in . All other variables are described 
in TABLE 1. 
In what follows the indices s and r refer respectively to the 
sail and the rudder. 
 
 
 
 
 
 

(1) 
(2) 
(3) 
(4) 
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TABLE 1.  VARIABLE DESCRIPTION 

Notation Description 
TW, AW 

TWS, TWA 
AWS, AWA 

,  
 

     CoE 
, ,  
, ,  

 
 
	
 

,  
,  
,  

 
 

,  
 

 
,  

 
,  

 
 

 
 
 

,  
 
 

, , ,  

-true /apparent vector of the wind. 
-true wind speed and direction . 
-apparent wind speed and direction. 
-marine current data (speed and direction). 
-center of gravity. 
-center of effort of the sail/rudder. 
-coordinate of the CoE of the sail in (b-frame). 
-coordinates of the sailboat’s center of gravity in   the 
(n-frame). 
-heading in the (n-frame) , .   
-roll angle in the (n-frame) , . 
-sail opening angle in the (b-frame).   
-rudder angle in the (b-frame). 
-surge and sway velocity in the (b-frame).   
-yaw and roll velocity in the (b-frame).   
-aerodynamic force of the wind applied on the sail in 
the (b-frame).   
-hydrodynamic forces of the water applied on the left 
and right rudder in the (b-frame).    

-gravity constant. 
-water friction coefficient. 
-water angular friction coefficient. 
-lift coefficient of the sail/rudder. 
-distance between the mast and the CoE of the sail. 
-distance between the boat’s center of gravity and the 
mast.  
-distance between G and the rudder.  
-total mass of the boat. 
-moment of inertia around Z-axis/ X-axis. 
-roll friction coefficient. 
-length of the equivalent pendulum in roll motion. 
-added masses. 

 
In sailing due to the apparent wind force the sailboat 

advances. 
The true wind vector in  is given by:  

	  

It becomes in : 

	 	  
With 

 

 

The apparent wind vector expressed in  is given 
by: 

	 =	 	 	 	                         

	
	
	
	

 

	
	

 

In what follow we will consider only the vectorial 
representation of the apparent wind in the ,  plane. 
Then we get: 

,  

											 	  

	 	  
  										  

According to the projection of the applied forces described in 
(Fig.3) the vectorial representation of the aerodynamic force 
vector  into the ,  plane is: 

 

With . 
Using trigonometry and the definitions of Fig.3, the angle of 
attack on the sail is determined by the direction of the 
apparent wind vector  and the sail angle. It is equal to 

 [19]. 
The aerodynamic force 		applied on the CoE of the sail is 
hence equal to:  

 

The vectorial representation of the hydrodynamic forces  
and in ,  plane is 

		 ,  

With  and  
The angle of attack on the rudders is determined by the 
relative water velocity and the rudder angle. It is equal to 

	and [19] because it is assumed that the relative 
water velocity is parallel to the boat heading near to the 
rudders. The water generates hence a hydrodynamic force on 
each rudder which is equal to: 

 

With                               

By supposing that the hydrodynamic force is created by a 
single rudder situated in  we get: 

	  

For simplicity reasons, we will assume that the friction forces 
applied to the catamaran sailboat in  are equal 
to	  ,  and  . These force frictions could also be seen 
as linear damping elements in the model. 
According to Newton’s second law of motion applied in the 

, we have: 

 
		   

 
With 

 
 

(17) 
(18) 
(19) 

(20) 

(5) 

(6) 

(10) 

(8) 

(12) 

(14) 

(15) 

(16) 

(7) 

(9) 

(21) 

(11) 

(13) 
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Where  
 (respectively	 ) denotes the distance between the center 

of gravity of the sailboat and the axis of the aerodynamic 
force (respectively hydrodynamic force) passing through 
CoE of the sail (respectively the rudder). 
So equation (19) becomes: 

 

For modelling roll motion in sailing, two approaches were 
developed in previous works. The first one which is based on 
restoring forces was given by Fossen (see [17], page 62), and 
the second one where the roll motion is supposed to be 
pendulum [16] is used in this paper.   

 

Therefore the differential equation system which is composed 
of equations (1),(2),(3),(4),(17),(18),(22),(23) is highly 
nonlinear, it has the following form; 

, , , , ,  
With: 

	 	 	 	 	 	 	 	  the state vector. 

 the input vector. 

Now we will rewrite differential equation system in the form: 

, , , ,  

So, we proceed as follows; 
Let's perform a change of variable by taking as new state 
vector: 

 

In another way, an integrator has been added before of each 
input which means that the inputs  and  of the system are 
the differentials of the angles  and . 
The dynamic model of the catamaran sailboat becomes 
hence: 

 

The ten differential equations represent the system state 
dynamic model of the sailboat, it has the new following form;  

, , , , ,
 

With: 

 the state vector. 

 the input vector. 

In the next section an autopilot is developed using feedback 
linearization for controlling the sailboat heading and speed. 

III. AUTOPILOT DESIGN  

The proposed autopilot scheme is as given in the 
following figure.  

 
Fig. 5. Proposed control scheme 

The mathematical model presented by equation (26) is 
strongly nonlinear. The state vector is of dimension ten. 
In order to apply a feedback linearization scheme [11][12] we 
firstly need to differentiate the output vector 

, [14] as many times as the relative degree requires it, 
in other words three times for  and once for . 
we obtain: 

 

With: 

	  

 

 

The time derivative of equations (12) and (16) is: 

 

With 

 

	 	  

 

(22) 

(23) 

(24) 

(25) 

(27) 

(28) 

(29) 

(26) 
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By replacing equation (29) in equation (28) we get: 

 

With 
 
 

In order to set  to a certain setpoint , we must 

take: 

 

The system looped in this manner is governed by the 
differential equations: 

 

which are linear and decoupled. The linearized system is of 
order 4 instead of 10. We have thus lost control over six 
variables which happen to be	 , , , , , 	. The loss of 
control over  and  was predictable (we want the sailboat to 
move ahead and therefore it is only natural that this 
corresponds to an instability for these two variables  and ). 
As for the loss of control over  and , this is without effect 
since the associated dynamics are stable. How it would be 
possible to create a boat that could be able to keep a fixed 
heading and sail angle. 

By computing the determinant of matrix , we can show 
that we have a singularity when this quantity is equal to zero, 
in other words:  

 
 

Then  or  Since 	 		 		
,  . 

This configuration corresponds to a singularity that should be 
avoided. Therefore, the maximum rudder angle will be set to 

 . 

The singularity corresponding to  is relatively simple: 
when the sailboat is not advancing, we can no longer control 
it. 
Previously we proposed a feedback linearization loop for our 
boat. We still have to stabilize correctly the obtained linear 
system (32). 
The first subsystem	  is of order one, it can be 
correctly stabilized with a proportional controller. 

                                                 
1 The polar diagram of a sailboat is the set of all pairs ( , u) 
that can be reached by the sailboat when it navigates 

The second subsystem  is of order 3, it can be 
stabilized with a proportional derivative (PDD2) controller. 
These two controllers have the following expressions 

 

Where 
	represents the sail opening angle error. 
 is the heading error. 

, , , 	 are positive design constant. 
	 	  is the setpoint vector. 

The looped linear system is hence written as: 

 

The characteristic polynomial of each equation (35) are: 

 

 

The time constant  of the first order system is chosen equal 

to 	 econd it means that . 
By choosing the second characteristic polynomial as follow  

 
  
Where  is the damping ratio. It is chosen equal to 1.  
is the natural frequency of the system and  is its time 
constant. 
Therefore we get 	  ,   
The state equations of the state feedback controller for our 
nonlinear system are hence given by: 

 

With 
 

 

IV. SIMULATION AND RESULTS 

During the simulation, the true wind data is set 
at	 , 	 . The used coefficients 
(given in Appendix A) was borrowed from previous 
works[1]. Based on the boat speed polar1 shown in Fig. 6 the 
used desired sail opening angle is given by the following 
function [14]. 

	  

The sailboat will try firstly to keep a steady heading angle 
 and at   the desired heading angle is 

(33) 

(40) 

(30) 

(31) 

(32) 

(34) 

(39) 

(38) 

(35) 

(36) 

(37) 
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switched to  . These two desired headings are not 
situated on the no go zone shown in the boat speed polar. 

 
Fig. 6. Boat speed polar 

The simulation started with initial values: 
	 	 	 	 	 	 	 		 	  

 
Fig. 7. Path followed by the sailboat 

Fig. 7 displays the path followed by the catamaran sailboat 
during the simulation. 

 
Fig. 8. Time evolution of the sailboat heading  and desired heading  

Fig. 8 shows that 	  eventually converges to the desired 
heading  with an error    0°. 

Fig. 9. Time evolution of the sail opening angle  and desired sail angle 
 

Fig. 9 shows also that 	  converges to the desired sail 
opening angle given in equation (40) with an error  

  0°. 

V. CONCLUSION 

In this paper, a mathematical model describing the 
dynamic motion of a catamaran sailboat was derived under 
several approximations. The system is underactuated; it has 
four degrees of freedom 4-DoF but only two actuators. 

A control law based on Feedback Linearization combined 
with PDD2 techniques was used for controlling the sailboat 
heading and sail angle. The simulation results show that the 
used control technique gives good results in terms of 
regulation. Future work in this area is to validate the proposed 
control law through experimental test. 
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Appendix A : Boat parameters 

Coefficient Value Coefficient Value
10 Kg.s/m  40Kg.m2/rad.s

400 Kg.s/m 	  0.2 m
125 Kg.m2/rad.s 	  1 m

30  12.5 Kg.m2
50  9.8 m/s2

0.5 m  -20 Kg
0.5 m  -200 Kg
1.5 m  -50 Kg.m2

 200 Kg  -12 Kg.m2
50 Kg.m2 	 	  0

 

(41) 

Wind 
direction 
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Abstract— Traffic signs play an important role to regulate 
daily traffic by providing necessary information to the drivers. 
For unmanned driving systems, real time and robust detection 
and recognition of traffic signs is one of the main concerns. 
Therefore, a traffic sign detection and recognition system for 
autonomous radio controlled cars is proposed. In this work, 
traditional image processing methods and deep neural networks 
techniques are combined.  First, the online video is streamed 
from the car camera and the input frame region of interest is 
detected. Secondly, a convolutional neural network is used to 
recognize these candidate images. Experimental results show 
that the proposed system works efficiently up to %87.36 of 
images. However, calibration is needed for image processing 
techniques for various environments.  

Keywords—traffic sign detection; recognition; deep learning; 
autonomous; image recognition 

I. INTRODUCTION

Traffic sign recognition may be considered as one of the 
most critical features of self-driving cars. Intelligent vehicle 
systems cannot be considered as safe until it is not proved that 
they detect traffic signs efficiently and obey the rules [1-2]. In 
this paper a combination of traditional and popular methods 
[3] is used to create such system. Standard computer vision
methods used for classification of the images require
considerable amount of manual work and success of the
method is highly dependent on the preprocessing. Using deep
neural networks instead of computer vision techniques
provides more efficient results and requires less preliminary
work. The main reasons of this success are the increasing
compute capability of the graphic processing units (GPUs) and 
the large amount of available data compared to the last decays
[4].

Earlier convolutional neural networks (CNN) become 
popular, for traffic sign classification, numerous object 
detection techniques are reshaped before, for instance based 
on Support Vector Machine’s [5]. Latterly, CNN approaches 
have been proven that they outperform such simple classifiers 
based on German Traffic Signs Recognition Benchmark 
(GTSRB) benchmark tests which has 900 full images 
containing 1206 traffic signs [6]. In regional convolutional 
neural networks (RCNNs), the image is searched through the 
windows of different sizes and for each size adjacent pixels, it 
tries to be grouped by texture, color, or intensity to identify 
objects [7]. 

In this work, a traffic sign detection and recognition system 
for autonomous radio controlled cars is proposed. In Section 
2 and 3, detection and recognition processes steps will be 
covered respectively. Recognition process is completed 
firstly. Using GTSRB data set, a CNN is trained [8]. The 

images taken from the RC Car’s test drive environments and 
artificially created images created from original GTSRB 
data set are also added to the training data set to create more 
accurate results. Detection process may be considered as 
more traditional then the recognition process because of the 
standard computer vision methods. Section 4, consists the 
details about the implementation of the system on the RC 
Car. 

II. DETECTION

All traffic signs are designed to be easily recognized by 
humans. Main colors having a high contrast ratio is used for 
the signs such as red, yellow, blue, etc. are used to obtain this 
feature. For the initial prototype, only red signs are considered 
by our application. Traditional image processing methods 
have been employed like color filtering, edge detection for 
region of interest (ROI) detection process. From the RC Car's 
camera, real time video is streamed and using color filtering, 
edge detection and contour finding methods possible sign 
including traffic sign is extracted from the whole frame, as 
illustrated in Fig. 1. 

A. Color Filtering
For detecting red in an image, two methods are proposed

in the study of Andrey [5]. Both methods compare the red, 
green and blue values of a pixel in the RGB color space.  

• First method detects a red pixel if ( , ) and 
( , , ) and ( , , ) 

• Second method uses the following formula to detect red 
pixels:

	 , , , , ,
   (1)

	 , 	 ,     (2)

	 , ,      (3)

	 , , (4) 

These two methods are compared in different conditions. 
Each method has its own advantages and disadvantages. 
First method provides better results in good lighting 
conditions. Even though second method’s results are more 
accurate in bad lighting conditions, its disadvantage is too 
much sensibility. Therefore, first method is picked for 
color filtering because test drive environment conditions 
of the RC Car need stable results 
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Fig. 1. Detection methodology steps 

B. Edge Detection and Contour Detection 
Edge detection is an image processing technique based on 

discontinuities in the brightness of an image. The result of the 
techniques provides boundaries of the objects. The input 
image is color filtered before edge detection because the 
technique mainly searches for the borders of different colors. 
As illustrated in Fig. 2.c, edge filtered image consists only 
borders of the red objects.  

 A number of image processing algorithms and libraries 
use boundaries as a synonym for contours in the literature. 
Contours are obtained from connected edges. Result of the 
contour detection technique contains, red object images 
cropped from the input image. 

C. More Filters 
The result of the traditional techniques is not sufficient as 

illustrated in Fig. 2.d. The following filtering techniques also 
applied to eliminate unrelated red object images: 

• Small Object Elimination: In the first prototype of the 
application, it is acceptable to detect traffic signs when 
RC Car is 1.5 m away from the sign. Very small object 
images, having smaller size than 32x32 pixels, can be 
eliminated from the candidate pool.  

• White Pixel Elimination: All traffic signs have white 
pixels. Images having white rate smaller than 5% are 
also discarded. 

• Irregular Shape Elimination: If a proposed image has 
rectangular shape, it also eliminated. It is assumed that 
traffic signs do not overlap with a red background. 

These additional filters increase the probability of 
remaining candidate images consist of a traffic sign.  

III. RECOGNITION 
ImageNet Challenge (2010) was an important milestone 

for deep learning applications. Results of this competition 
proves that Deep Learning models provides much more better 
results than the traditional image processing algorithms for 
image recognition. Thus, a deep learning model is employed 
in this work for recognition of the traffic signs. 

 

  

Fig. 2. Detection steps a) input image b) color filtered image c) edge 
detection d) candidate (ROIs) 

AlexNet was the winner of 2012 ImageNet Challenge and 
it is still one of the most popular deep learning models [6]. The 
overall architecture of our model is a convolutional neural 
network, having a similar structure as AlexNet. 

A. Data Set Exploration 
GTSRB data set is used for training. Approximately 1000 

training images are added for each class with different angels 
and different sizes, that are taken from our RC Car test drive 
environment as illustrated in Fig. 3. 

Since 20% of the training data set is reserved for validation 
process, it is beneficial to increase the size of the data set 
artificially. This method is called augmentation process. By 
choosing random images from existing images and performing 
random rotation and translations transformed images are 
added to the original data set as shown in Table 1. 

 It is necessary to check whether augmentation process 
change the class distribution. Original data set and augmented 
data set should have similar distribution. As shown in Fig. 4, 
some signs have more number of samples than others, because 
the traffic signs may not be uniformly distributed in real life 
too. The probability to see a “stop sign” is higher than to see 
an “End of no passing by vehicles over 3.5 metric tons”. So, it 
is important to check the similarity of the distributions to 
maximize accuracy of the model. 

TABLE I.  DATA SETS USED FOR TRAINING 

Data Set 
Size 

Total Training 
(80%) 

Validation 
(20%) 

GTSRB 39209 31367 7842 

RC Car Test Environment 40000 32000 8000 

Augmentation of GTSRB 100000 80000 20000 
 

 

Fig. 3. Training data a) GTSRB training data set b) RC Car Test 
Environment Training data set 
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Fig. 4. Train vs validation accuracy 

It is realized that standardizing the pixel values helps 
gradient descent converge faster. Thus, pixel values of the 
input images are standardized.  

As an alternative data preprocessing step, the integer class 
labels are converted into one-hot encoded labels because there 
is no integer like relationship between labels. For example, 
stop sign is label 1, yield sign is label 2 and speed sign 30 is 
label 3. A neural network classifier assumes that there is more 
similarity between label 1- label 2 than label 1- label 3, even 
though there is no such relationship. To eliminate this 
assumption, labels are encoded. 

B. Training and Model Performance 
Stochastic Gradient Descent is used as the optimizer of the 

model. Since this work focus is not the optimizer itself, other 
optimizers may be considered as future works to increase the 
performance. Batch size tuning is another important 
performance indicator because small batch sizes cause slow 
convergence on the other hand large batch sizes may results in 
memory problems. A middle batch size is selected not to have 
one of these problems.  

From the Fig. 5. a, train vs. validation accuracy, we can see 
the validation accuracy is only slightly below the training 
accuracy throughout the training process and model’s 
accuracy increases in each iteration.  

The loss decreases on the other hand as shown in Fig.5. b. The 
model's accuracy on the official test set is 97.42%. 

IV. IMPLEMENTATION 
In AVL Turkey, RC Car, which is capable of autonomous 

functions, is developed with the features shown in Fig. 6. It is 
surrounded with ten ultrasonic sensors, ZED Stereo Camera, 
Rp LIDAR 2, wheel encoders and inertial measurement unit 
(IMU). All of these components are connected to Nvidia 
Jetson TX2 development kit. All these sensors and powerful 
GPU are selected to develop advanced driver-assistance 
systems (ADAS) functions such as autonomous driving 
according to traffic rules (traffic signs and light recognition), 
auto-parking, lane keeping, lane changing, collision 
avoidance, localization, emergency braking, adaptive cruise 
control, platooning.  

Presented technique is deployed on this RC Car to recognize 
traffic signs. Because of deep learning algorithms need 
powerful GPU and CPU, Jetson Nvidia TX2 is used in this 
project and the specifications are shown in Table 2 [11]. 

 

 

Fig. 5. Class distribution a) GTSRB training data set b) Augmented data set 

In this work, the traffic signs are selected as German traffic 
sign format which are shown in Fig. 5.a and used in test track 
as Fig. 7.  

After the training phase, the model is deployed to RC Car’s 
Jetson TX2. Then it runs on test environment with different 
type of traffic signs. In Fig. 8, the experimental results for 
traffic sign detection on test track are depicted. Proposed 
method’s performance can be seen in Table 3. In 552 seconds 
of stream, the presented method is worked with %87.36 
success rate.  

 

TABLE II.  JETSON TX2 SPECIFICATIONS[11] 

Jetson TX2 

GPU NVIDIA Pascal™, 256 CUDA 
Cores 

CPU HMP Dual Denver 2/2 MB L2 
+ Quad ARM® A57/2 MB L2 

Video 
4K x 2K 60 Hz Encode (HVEC) 
4K x 2K 60 Hz Decode (12-Bit 
Support) 

Memory 8 GB 128 bit LPDDR4 59.7 
GB/s 

Display 2x DSI, 2x DP 1.2/HDMI 
2.0/eDP 1.4 

CSI Up to 6 Cameras (2 Lane) CSI2 
D-PHY 1.2 (2.5 Gbps/Lane) 

PCIE Gen 2 | 1x4+1x1 OR 2x1+1x2 

Data Storage 32 GB Emmc, SDIO, SATA 
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Fig. 6. AVL TR RC Car first prototype 

V. CONCLUSION 
In this paper, a traffic sign detection and recognition system 
is proposed. The system includes two main phases: detection 
and recognition. From the real time video stream, first sign is 
detected and using a CNN model, detected sign is classified. 
Even though model’s accuracy is 97.42% on the test set, when 
online video stream of the RC Car is used as input to the 
model, the success rate decreases to 87.36%. The main reason 
of this decrease is that the color filtering method is too 
sensible to the lightning and other objects in the test 
environment. Results lead us to eliminate standard image 
processing methods and to use recurrent neural networks for 
both detection and recognition phases. Hence, the result 
consist of each object in the whole picture. By this feature, 
the decrease in the model’s performance can be eliminated. 

TABLE III.  PROPOSED METHOD’S PERFORMANCE 

Data Set 
Size 

Total 
Frame Total Signs Success 

(87.36%) 
RC Car Test 
Environment 17664 4897 4278 

 
 
 

 

Fig. 7. Test track of RC Car 

 

 

Fig. 8. Test environment, a) Stop Sign b) Cross Road Ahead Sign c) Speed 
Sign 50 
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Abstract—In this study, effect of look ahead distance on

autonomous vehicle control is investigated. A simple output

feedback control law with feedback of lateral and heading error

at preview distance, is employed to analyze closed loop behavior

against various look ahead distance, l
s

values. Firstly, analysis are

performed with linearized vehicle model in complex domain with

closed-loop pole properties such as settling time and damping

ratio. Then, automated lane change performance is investigated

in time domain. Throughout the simulation studies, a nonlinear

vehicle model with 3 degrees-of-freedom yaw plane dynamics

having nonlinear magic formula tire model is used. Allowable

range of look ahead distance l
s

is investigated in terms of stability,

safety/comfort and lane change performance. Stability analysis

are performed with closed loop pole locations in complex plane

for ls values in the range of 0�25 [m]. Safety/comfort analysis are

performed with automated lane change maneuver by comparing

peak values of lateral acceleration and side slip angle for ls values

in the range of 2�25 [m]. Lane change performance is analyzed

with the peak values of lateral distance overshoot and steering

command magnitudes for ls values in the range of 2� 25 [m].
Index Terms—look-ahead distance, automated steering, para-

metric study, autonomous vehicles

I. INTRODUCTION

Fully autonomous (i.e., self-driving) vehicles envisioned
for the future of ground transportation [1] have drawn great
attention both from industry and academia in recent years
[2]. Steering a car by a driver requires visual feedback from
the road. The extensive attention on automated steering has
sharpened the interest in what features from the changing
road pattern might be used by a driver. Land and Lee have
made simultaneous measurement of steering wheel angle and
driver’s gaze direction with three different drivers [3]. It is
reported that all three drivers gaze on lane tangential point
and tend to minimize error at the look-ahead point. Hence,
with the increasing speeds of modern microprocessors, look-
ahead approach employs computer vision systems has been
extensively used to design automated steering controllers [4],
[5]. In the look ahead control systems, cameras are used for
lane following by measuring lateral deviation from the lane
centerline at a look-ahead distance from the vehicle.

The control problem using a look-ahead measurement has
been studied by Ozguner et al [6]. In their study, a constant
controller computes the steering angle proportional to lateral
deviation error has been proposed. The ratio between the
lateral deviation error and steering angle is updated by vehicle

longitudinal velocity. A nested PID controller is designed
without knowledge of lateral acceleration or vehicle longi-
tudinal velocity by Marino et al. [7]. Nguyen et al. have
presented linear matrix inequalities based designs of static
output feedback H2 controller and gain scheduled fuzzy H1
controller [8], [9].

All the papers discussed above add some significant con-
tributions on the automated steering control literature. Us-
ing look-ahead measurement for automated steering control
has been extensively studied and several control algorithms
successfully designed [6], [7], [9] and experimentally vali-
dated [5], [8] in numerous papers. To the best of authors’
knowledge, effect of look-ahead distance on automated steer-
ing performance has not been investigated in depth. This is
the motivation to investigate allowable range of look ahead
distance with min-max allowable values in terms of stability,
safety/comfort and automated lane change performance. By
assuming that a simple output feedback automated steering
controller is implemented, vehicle responses are analyzed by
changing vehicle velocity and look ahead distances in very
wide range.

II. VEHICLE MODEL

A three degrees of freedom nonlinear bicycle model repre-
senting yaw, lateral and longitudinal motions is presented in
this section. Then, a linear model is derived to perform closed
loop analysis.

A. Nonlinear Vehicle Model

The vehicle model is shown in Fig (1). Here, v
x

denotes the
longitudinal velocity w.r.t body fixed frame, v

y

represents the
lateral velocity w.r.t body fixed frame and r stands for the yaw
motion. l

f

and l
r

are the distances between c.g and front, rear
axles, respectively. � = tan�1(v

y

/v
x

) is the side slip angle.
� is the steering wheel angle.

Dynamics of r, v
x

and v
y

are described by

ṙ =
l
f

F̂
yf

� l
r

F̂
yr

I
z

(1)

v̇
x

� v
y

r =
F̂
xf

+ F̂
xr

m
(2)

v̇
y

+ v
x

r =
F̂
yf

+ F̂
yr

m
(3)
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Fig. 1. Maximum real part and minimum damping ratio of closed loop poles
with the L

s

in range of 0 to 25

where F̂
xf

, F̂
xr

, F̂
yf

and F̂
yr

are described by

F̂
xf

= F
xf

cos(�)� F
yf

sin(�) F̂
xr

= F
xr

(4)

F̂
yf

= F
yf

cos(�) + F
xf

sin(�) F̂
yr

= F
yr

. (5)

Here, F
xf

,F
xr

,F
yf

and F
yr

are longitudinal/lateral tire forces
generated by front and rear tires, respectively. The nonlinear
tire forces are generated by the well-known Magic Formula
[10].

B. Linearized Vehicle Model

The linearized model is derived to analyze closed-loop
performance with closed-loop pole locations and properties.
It is assumed that longitudinal velocity is constant and tire
forces are linear functions of tire slip angles. The front and
rear tire slip angles are given by:

↵
f

= � � v
y

+ l
f

r

v
x

;↵
r

= �v
y

� l
r

r

v
x

(6)

Then, the lateral tire forces are in the form of

F
yf

= 2K
yf

↵
f

F
yr

= 2K
yr

↵
r

. (7)

Here, K
yf

and K
yr

are cornering stiffnesses. By substituting
(6-7) into (1) and (3), the linearized vehicle model is obtained
as follows.

ẋ1 = a11x1 + a12x2 + b1u (8)

ẋ2 = a21x1 + a22x2 + b2u (9)

Here, x1 = r and x2 = v
y

are state variables and u = � is the
control input. The coefficients are given by

a11 = �
2K

yf

l2
f

+ 2K
yr

l2
r

I
z

v
x

(10)

a12 =
2K

yr

l
r

� 2K
yf

l
f

I
z

v
x

b1 = 2lfKyf

Iz
(11)

a21 =
2K

yf

l
f

+ 2K
yr

l
r

mv
x

� v
x

(12)

a22 = �2K
yf

+ 2K
yr

mv
x

b2 = 2Kyf

m

(13)

C. Road-Vehicle Model

Positioning on the lane must be formulated to perform
autonomous vehicle control. Lateral position of the vehicle
w.r.t. lane is easier to be measured at a location ahead of the
vehicle with visual feedback [11]. The lateral look ahead error
y
L

is defined as the deviation from the lane centerline at the
distance l

s

.  
L

is the heading error between lane tangential
line and orientation of vehicle.

Dynamics of the look ahead errors can be formulated as

ẏ
L

= v
y

+ l
s

r + v
x

 
L

(14)

 ̇
L

= r � ⇢v
x

(15)

where ⇢ = 1/R is the road curvature with R is the road
curvature radius. The dynamics of y

L

and  
L

have been
extensively used in autonomous vehicle control [7], [8], [9].
The integrated vehicle-road model is written as follows:

2

664

ẋ1

ẋ2

ẋ3

ẋ4

3

775 =

2

664

a11 a12 0 0
a21 a22 0 0
l
s

1 0 v
x

1 0 0 0

3

775

2

664

x1

x2

x3

x4

3

775

+

2

664

b1
b2
0
0

3

775u+

2

664

0
0
0

�v
x

3

775 ⇢ (16)

Here, x3 = y
L

and x4 =  
L

.

III. ANALYSIS AND DISCUSSION

In this section, effect of look ahead distance,l
s

, is investi-
gated by analyzing closed-loop pole properties and simulating
automated lane change maneuver.

A. Effect of Look Ahead Distance on Closed-Loop Pole Loca-
tions

Closed-loop analysis are performed by employing a simple
output feedback control law in the form of

u = �k
y

x3 � k
h

x4 (17)

is applied. For simplicity, the controller gains are chosen to be
k
y

= 1 and k
h

= 1. Vehicle parameters used throughout the
linear analysis are listed in Table (I). By varying the l

s

from

TABLE I
VEHICLE PARAMETERS

Parameter Value Unit Parameter Value Unit

m 1150 [kg] I
z

1850 [kgm2]

l
f

1.065 [m] l
r

1.596 [m]

K
yf

55487 [N ] K
yr

44264 [N ]

0 to 25, closed-loop pole locations for longitudinal velocities
of 80 km/h, 100 km/h and 120 km/h are shown in Fig.

510

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Fig. 2. Closed-loop pole locations with v
x

= 80[km/h],v
x

=
100[km/h],v

x

= 120[km/h] for the L
s

in range of 0 to 25

(2). The black colored markers denote the poles with v
x

=
80[km/h]; the blue colored markers stand for the poles with
v
x

= 100[km/h]; the red colored markers shows the poles
with v

x

= 120[km/h].
It is apparently seen that stability of the closed loop system

is not ensured for whole range of l
s

. Damping ratios of the
closed-loop poles are drastically changed for the particular
range of l

s

. There are mainly two group of complex conjugate
pole pairs.
For three different v

x

, first group located in complex plane as
follows.

• For the value of v
x

= 80 [km/h], first conjugate pole
pair begins at �0.2 ± 10j for l

s

= 0[m] and reachs up
to �3.3± 10j for increasing l

s

. Then, the first conjugate
pole pair ends up with underdamped poles at �3.9±40j
for l

s

= 25[m].
• For the value of v

x

= 100 [km/h], first conjugate pole
pair begins from the right half plane at 0.4 ± 10j for
l
s

= 0[m] and reachs up to �2.5 ± 10j at the left half
plane. Then, the first conjugate pole pair ends up with
underdamped poles at �3.1± 40j for l

s

= 25[m].
• For the value of v

x

= 120 [km/h], first conjugate pole
pair begins from the right half plane at 0.9 ± 10j for
l
s

= 0[m] and reachs up to �1.7 ± 10j at the left half
plane. Then, the first conjugate pole pair ends up with
underdamped poles at �2.6± 40j for l

s

= 25[m].

For three different v
x

, second group located in complex plane
as follows.

• For the value of v
x

= 80 [km/h], the conjugate pole
pair begins at �7.8 ± 9j for l

s

= 0[m] and reachs up
to �4.8 ± 8.8j for increasing l

s

. Then, the conjugate
pole pair turned into a real pole pair with overdamped
characteristics by reaching the real axis at �4.3. When
l
s

converges to 25[m], the real poles located at �7.7 and
�1.

Fig. 3. Maximum and minimum values of closed-loop pole damping ratios
with the L

s

in range of 0 to 25

• For the value of v
x

= 100 [km/h], the conjugate pole
pair begins at �6.9 ± 9.3j for l

s

= 0[m] and reachs
up to �3.6± 8.7j for increasing l

s

. Then, the conjugate
pole pair turned into a real pole pair with overdamped
characteristics by reaching the real axis at �3.4. When
l
s

converges to 25[m], the real poles located at �5.7 and
�1.2.

• For the value of v
x

= 120 [km/h], the conjugate pole
pair begins at �6.3 ± 9.5j for l

s

= 0[m] and reachs
up to �3 ± 8.9j for increasing l

s

. Then, the conjugate
pole pair turned into a real pole pair with overdamped
characteristics by reaching the real axis at �2.9. When
l
s

converges to 25[m], the real poles located at �4 and
�1.8.

In order to get much clear understanding on closed-loop
response, damping and settling time properties of closed-loop
poles must be analyzed. In Fig. (3), maximum and minimum
real parts and damping ratios of the closed-loop system for
longitudinal velocities of 80 km/h, 100 km/h and 120 km/h
are shown.
Maximum real parts of the closed-loop pole locations indicate

that closed-loop stability can be lost for l
s

under 0.3 m with
v
x

= 100 km/h and v
x

= 120 km/h. It is apparently seen
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that settling time of the dominant pole is decreased when look
ahead distance, l

s

, is increased up to a 1.5m. However, settling
time is not affected by look ahead distance, l

s

above 1.5 m
unless the critical value is exceeded. When the critical value
of look ahead distance, l

s

, is exceeded, settling time is slowed
down. The critical values of look ahead distance, l

s

, are 8 m
for 80 km/h, 14 m for 100 km/h and 21 m for 120 km/h,
respectively.
The leftmost closed-loop poles have faster response below
the l

s

= 0.3 m. Speed of response is kept constant up to
critical values. Despite the fact that dominant poles are slowed
down above critical values of l

s

, the leftmost poles has faster
response when compared with the response obtained below
critical values. By varying the l

s

from 0 to 25, maximum
and minimum damping ratios of the closed-loop system for
longitudinal velocities of 80 km/h, 100 km/h and 120 km/h
are shown in Fig. (3).
Minimum damping ratios of the closed-loop poles reveal that
closed-loop stability can be lost for l

s

under 0.3 m with
v
x

= 100 km/h and v
x

= 120 km/h. The minimum
damping ratios are linearly increased up to 0.8 m. Thereafter,
minimums of damping ratios are exponential decreased while
approximately converging to ⇣ = 0.1. Despite the fact that
settling time is not affected by l

s

from 1.5[m] to the critical
value, the damping ratio gradually increases.
Maximum values of the damping ratios are reaching critically
damped/over damped characteristics when the critical values
of look ahead distance, l

s

, is exceeded. As The critical values
of look ahead distance, l

s

, are 8 m for 80 km/h, 14 m for
100 km/h and 21 [m] for 120 [km/h], respectively.
The linear analysis conducted with closed loop pole properties
revealed that look ahead distance must be selected above some
certain value to ensure closed-loop stability. Increasing the
look ahead distance, l

s

, has positive effect on both damping
and settling time unless the critical values exceeded.

B. Effect of Look Ahead Distance on Automated Lane Change
Performance

In this section, we provide some simulation results to
demonstrate the effect of look-ahead distance on autonomous
vehicle control. Numerical validation is carried out with non-
linear model under automated lane change scenario.

1) Reference Lane Change Profile Generation: One of the
most common methods for path following is using quintic
functions. Let us consider Eq. (18) as a candidate function
to generate reference lane change profile [12].

r
y

(t) = a5t
5 + a4t

4 + a3t
3 + a2t

2 + a1t+ a0 (18)

The boundary conditions are determined as follows:

r
y

(t)|
t1 = 0; ṙ

y

(t)|
t1 = 0; r̈

y

(t)|
t1 = 0 (19)

r
y

(t)|
t2 = 3.5; ṙ

y

(t)|
t2 = 0; r̈

y

(t)|
t2 = 0. (20)

Here, t1 is the initial time and t2 is the final time which
corresponds to the end of lane change maneuver. The initial
lateral position is assumed to be zero. The lateral position at

the end of maneuver is equal to the distance between lane
centers. Boundary conditions (19,20) can be substituted into
Eq. (18) as follows:
2

6666664

t51 t41 t31 t21 t1 1
5t41 4t31 3t21 2t1 1 0
20t31 12t21 6t1 2 0 0
t52 t42 t32 t22 t2 1
5t42 4t32 3t22 2t2 1 0
20t32 12t22 6t2 2 0 0

3

7777775

2

6666664

a5
a4
a3
a2
a1
a0

3

7777775
=

2

666666664

0
0
0
3.5
0
0
0

3

777777775

(21)
The reference lane change profile can be easily calculated by
solving above matrix equation. In this study, initial and final
time instants are chosen as t1 = 0 and t2 = 2.

2) Road Curvature Calculation: In this section, the road
curvature signal representing the reference lane change profile
is systematically derived with step by step procedure. Desired
yaw angle of the lane is described by

 
des

= tan�1 ṙy
ṙ
x

⇡ ṙ
y

v
x

. (22)

Road curvature can be computed by

⇢ =
 ̇
des

v
x

. (23)

Under assumption of purely angular motion, the desired yaw
rate is defined by

 ̇
des

=
r̈
y

v
x

� ṙ
y

v̇
x

v2
x

(24)

Finally, the road curvature is obtained by substituting Eq. (24)
into Eq. (23).

3) Simulation Studies: In Fig. (4) lateral displacement in
global coordinates,Y

g

, and steering command,� responses are
given for look ahead distance l

s

= 5[m] with different
longitudinal velocities v

x

= 80[km/h],v
x

= 100[km/h] and
v
x

= 120[km/h].
As it can be seen from Fig. (4), automated lane change

maneuver is achieved with small overshoots in all three
velocity cases. Note that, in previous section Fig. (3) shows
that linearized model has damping ratio in the range of
0.55�0.83 at l

s

= 5[m] for v
x

= 80[km/h],v
x

= 100[km/h]
and v

x

= 120[km/h]. Hence, the nonlinear simulations are
fairly compatible with linear closed-loop analysis. Steering
command applied by the controller (17) is practically applica-
ble. In Fig. (5) lateral displacement in global coordinates,Y

g

,
and steering command,� responses are given for look ahead
distance l

s

= 15[m] with different longitudinal velocities
v
x

= 80[km/h],v
x

= 100[km/h] and v
x

= 120[km/h].
In previous section, Fig (3) shows that linearized model has

a damping ratio of 0.87 for v
x

= 80[km/h] and damping ratios
of 1for ,v

x

= 100[km/h] and v
x

= 120[km/h] at l
s

= 15[m]
. When Fig. (4) and Fig. (5) are compared, automated lane
change maneuver performed with l

s

= 15[m] is achieved with
much smaller overshoot. It is shown that results provided by
linear analysis are fairly compatible with nonlinear results. In
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Fig. 4. Y
g

and � responses for L
s

= 5[m]

addition, steering command,� responses are quite practical for
both l

s

= 5[m] and l
s

= 15[m].
The main difference between the automated lane change

performances with l
s

= 5[m] and l
s

= 15[m] is observed
on settling time. Fig. (4) and (5) reveals that larger l

s

results
slower response.

In order to analyze automated lane change performance for
whole range of l

s

, peak values of the lateral displacement
overshoot and steering command presented in Fig. (6). The
largest overshoot is obtained at l

s

= 3 [m] for 80 [km/h],
l
s

= 4 [m] for 100 [km/h] and l
s

= 6 [m] for 120 [km/h].
It is shown that no overshoot responses can be only achieved
above the critical l

s

distances. Steering command amplitudes
are monotonically decreasing by increment of l

s

.
Lateral acceleration and side slip angle responses must be

analyzed to evaluate automated lane change performance un-
der safety/comfort concerns. Peak values of lateral acceleration
and side slip angle responses are shown in Fig. (7) for the
range of l

s

between 2� 25 [m]. Both response are gradually
decreasing with larger l

s

values.
In the light of aforementioned discussions, some simple

guidelines can be specified on selecting look-ahead distance
as follows.

• l
s

must be over some lower limit to prevent unstable
behaivor or undesirably slow response. In our study, the

Fig. 5. Y
g

and � responses for L
s

= 15[m]

lower limit is observed as 1.5[m] for specific vehicle
parameters borrowed from [13].

• Above the lower limit, damping property is slightly
affected till the critical values are reached. In our study,
the critical values of look ahead distance, l

s

, are 8 m for
80 km/h, 14 m for 100 km/h and 21 m for 120 km/h,
respectively.

• Although the damping, stability and safety/comfort prop-
erties are positively affected by increase of l

s

between
lower limit, l

s

= 1.5[m] and critical values, lane changing
responses are negatively affected in terms of settling time.
Therefore it is not recommended to choose l

s

near to
critical values.

• Note that settling time property is not affected by l
s

below
critical values according to Fig. (3). However, settling
time is slowed down with increased l

s

as shown in Fig.
(4) and Fig. (5). It is not surprising since the settling time
associated with closed-loop poles actually belongs to the
lateral deviation and heading errors at look-ahead distance
rather than errors at vehicle c.g. Therefore, settling time
at the vehicle c.g is gradually increasing with l

s

, although
settling time associated with y

L

and  
L

is not affected
with l

s

.
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Fig. 6. Y
g

and � responses for L
s

= 15[m]

IV. CONCLUDING REMARKS

Simulation results reveal that choosing larger values of l
s

provides stable and safe responses unless the critical values
are exceeded. However, settling time during automated lane
change maneuver is negatively affected by increment of l

s

.
This is the main compromise in selecting look-ahead distance,
l
s

. Therefore it is recommended to use variable l
s

to meet
various requirements. When environmental conditions allow
changing lane in a slower manner, greater l

s

can be preferred
to increase stability and safety/comfort. When environmen-
tal conditions demand faster lane change maneuver, reduced
values of l

s

has to be preferred. Investigating the effect of
road curvature and tire-road friction on allowable look ahead
distance, l

s

, might be a direction for future works.

REFERENCES

[1] D. J. Fagnant and K. Kockelman, “Preparing a nation for autonomous
vehicles: opportunities, barriers and policy recommendations,” Trans-
portation Research Part A: Policy and Practice, vol. 77, pp. 167–181,
2015.

[2] R. Kala, On-road Intelligent Vehicles: Motion Planning for Intelligent
Transportation Systems. Butterworth-Heinemann, 2016.

[3] M. F. Land and D. N. Lee, “Where we look when we steer,” Nature,
vol. 369, no. 6483, p. 742, 1994.
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Abstract—The effective control of gimbal, Vertical Take-Off 
and Landing (VTOL) and Load Transporting System (LTS) in 
Unmanned Aerial Vehicles (UAV), which are widely used in 
mapping, search-and-rescue, exploration and surveillance, border 
security, real-time image transfer by tracking target and leaving 
payloads to specified targets in hazardous regions directly affect 
task performance. In this study, Model Reference Adaptive 
Control (MRAC) of LTS which has an important role to be able to 
leave payloads on UAV in real time with minimum error to 
specified targets is carried out and its effect on duty performance 
is investigated. The three payloads in the cubic structure are 
transported by LTS originally designed for real-time specified 
targets. DC gear motors are used in the LTS so that payloads can 
be left to real time specified targets. Environmental testing is 
conducted taking into account the limitations of the physical 
properties of the LTS on the autonomously moving UAV, and the 
impact on MRAC's mission performance is examined. 

Keywords—Load Transport Sytstem (LTS); Model Reference 
Adaptive Control (MRAC); UAV; real-time target determination. 

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs), which are frequently 
used in civilian and academic studies, especially in the defense 
industry, are used in many different tasks such as mapping, 
search-and-rescue, exploration and surveillance, border security 
and leaving payloads to specified targets [1-5]. UAVs are quite 
useful when these tasks are performed in hazardous and 
inaccessible environments. The UAVs to be used in these 
missions have many engineering problems in the areas of 
mechanical and control engineering [6, 7]. Both the effective and 
the shortest time fulfillment of UAVs’ designated civilian and 
military duties depends on camera gimbal, flight control, 
Vertical Take-Off and Landing (VTOL) and Load Transporting 
System (LTS) performance [8, 9]. In this study, the Model 
Reference Adaptive Control (MRAC) of LTS which is 
originally designed to be able to leave three payloads on UAV 
in real time with minimum error to specified targets is realized 
and the effect on task performance is investigated.   

 UAVs that can act autonomously are designed in different 
sizes and configurations, with various hardware such as image 

transfer module, telemetry module, Global Positioning System 
(GPS) and camera gimbal, according to the tasks to be 
performed in the military and civilian area [10]. The targets 
which are not previously given coordinate information are 
determined in real time with the help of various hardware on 
UAV. The control of the LTS on the UAV plays an important 
role in leaving the payloads on the UAV to be left with the 
minimum error to these specified targets. The control of the LTS 
mounted on the UAV is carried out classical or model-based [2, 
11]. Especially when the UAV is maneuvering and elevated, the 
absence of constraints and limitations in the classical control of 
the LTS on the UAV cause to be left the payloads with a high 
margin of error for the specified targets [12]. 

 Thanks to the balanced platform on the UAV, precise 
position measurement is performed with the camera, laser, 
Inertial Measurement Unit (IMU) sensor attached to the 
platform and the targets are determined in real time with the help 
of the data obtained from the sensors [13]. The payloads can be 
transported by the LTS on the UAV as well as transported on the 
UAV's body as hanging [2, 14]. The payloads on the UAV can 
be left with margin of error in real-time specified targets. The 
amount of error that occurs varies depending on the control 
performance of the LTS on the UAV [13]. 

In the study by Almeida and Raffo, a nonlinear control 
strategy is proposed to solve the suspended load transportation 
problem using the tilt-rotor UAV. Even in the presence of 
parametric uncertainties and measurement errors, it is intended 
that the UAV and the payload be retained in the determined 
trajectory [14]. In [15], an adaptive controller is designed for a 
quadrotor UAV transporting a mass-point payload connected by 
a flexible cable. The mass of the payload used in the study is 
uncertain and also it is aimed to transport of the payload to a 
desired position by aligning the links throughout a random initial 
state to the vertical direction. In [16], a mathematical model of 
the interconnected multi-body system is derived using Kane's 
equations, and a nonlinear tracking controller based on 
backstepping technique is developed. The designed controller 
suppresses the effects of the swinging payload and compensates 
for an unknown constant wind disturbance. To reduce the swing 
motion of the suspended load, a nominal swing-free path is 
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generated by means of open loop shaping filters. In [17], the 
cable-suspended payload lifting into three simpler discrete states 
or modes such as setup, pull, and raise. With each of these 
situations, the dynamics of the quadrotor-load system are 
represented in certain regimes during maneuvering. The hybrid 
system based on these states is defined, and also a nonlinear 
hybrid controller is designed for track the specified trajectory 
and therefore execute the lift maneuver. 

In this study, the MRAC of LTS which has an important role 
to be able to leave payloads on UAV in real time with minimum 
error to specified targets is carried out and its effect on duty 
performance is investigated. The three payloads in the cubic 
structure are both transported by the originally designed LTS 
and left with the help of LTS to real-time specified targets. DC 
gear motors are used in the LTS so that payloads can be left to 
real time specified targets. The effect of LTS which has 
controlled by MRAC on autonomously moving UAV on 
mission flight performance is investigated. 

 This article is organized as follows: the design of LTS on 
UAV is described in Section II. The MRAC of LTS on UAV is 
expressed in Section III. Simulation and experimental results are 
presented in Section IV. Conclusions are finally given in Section 
V. 

II. LOAD TRANSPORTING SYSTEM (LTS) DESIGN FOR 
UNMANNED AERIAL VEHICLE 

Load transportation and release to targets specified by UAV 
are used as an attractive application in many military and 
civilian projects. UAVs with LTS are used to provide logistical 
support, especially for search and rescue and civilian-military 
operations, with designated targets in the field of operations. 
This section of the study focuses on the original LTS design and 
the designed LTS model. In this study, six-rotor UAV is used 
and the design of the LTS is carried out in accordance with the 
six-rotor UAV.  

The LTS used in this study is designed to leave three 
payloads to real-time specified targets. Also, the UAV used in 
this study moves autonomously, and the LTS's payload 
transporting and leaving to real-time specified targets is also 
performed autonomously. The front and side view of the 
designed LTS in simulated environment are shown in Fig. 1, 
and the front view of the realized LTS on the six-rotor UAV is 
shown in Fig. 2. 

 

Fig. 1. Front and side view of designed LTS on six-rotor UAV. 

 

Fig. 2. Front view of realized LTS on UAV. 

The LTS which has mechanical structure shown in Fig. 3 is 
mounted on the bottom surface of the six-rotor UAV body so 
that the swing of payloads is reduced during payload 
transferring and leaving. The two DC geared motors specified 
in Table I are used in LTS. The mathematical model of the DC 
geared motor given the parameters in Table I is used as the 
reference model in MRAC. 

 

Fig. 3. Mechanical structure of LTS with two gear motors on UAV. 

TABLE I.  GEAR MOTOR PARAMETERS 

Gear Motor Parameters Values 
Continuous Torque (Max)  N-m 
Peak Torque (Stall)  N-m 
Motor Constant  N-m/ W 
No-Load Speed 822 rad/s 
Friction Torque  N-m 
Rotor Inertia  kg.m2 

Electrical Time Constant 0.52 ms 
Mechanical Time Constant 15.6 ms 
Viscous Damping  N-m/rad/s 
Reference Voltage 12 V 
Torque Constant  N-m/A 
Back-EMF Constant  V/rad/s 

Resistance 3.10 Ω 
Inductance 1.57 mH 
No-Load Current 0.25 A 
Peak Current (Stall) 3.88 A 
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III. MODEL REFERENCE ADAPTIVE CONTROLLER (MRAC) OF 
LOAD TRANSPORTING SYSTEM 

This section describes the control strategy design for LTS on 
six-rotor UAV. In the MRAC which has been shown block 
diagram in Fig. 4, the reference output is obtained using the 
mathematical or system identification model (reference model) 
of the system to be controlled. The obtained reference output is 
used to update the adaptation parameters required to 
approximate the system model output to the system actual output 
[18]. The MRAC system generally consists of four parts: a plant 
with unknown parameters, a reference model for determining 
the desired output of the control system, a feedback control law 
with adjustable parameters, and adjustment mechanism 
providing the adjustable parameters update [19]. 

 

Fig. 4. Block diagram of MRAC. 

The same reference input signal is applied to the reference 
model and the controlled system. The difference between the 
output signal of the reference model ( ) and the output 
signal of the plant ( ) is defined as the error signal ( ).  

	  (1) 

With the help of the optimization method called as 
Massachusetts Institute of Technology (MIT) rule, the 
coefficient that will bring the error signal to zero is produced 
[20]. Assume that we attempt to change the parameters of the 
regulator so that the error between the outputs of process and the 
reference model is driven to zero. The cost function is defined 
as:  

 (2) 

where  and  are error and adaptation parameter, respectively. 
The parameters to minimize the cost function are obtained by 
taking the partial derivative of  in the negative gradient 
direction. 

 (3) 

In (3),  denotes the adaptation ratio, and the derivative of the 
error ( ) according to the adaptation parameter ( ) is called the 
sensitivity parameter.  

The sensitivity parameter indicates how much the error is 
affected by the adaptation coefficient. It is seen that the 
mathematical model is formed by an adaptation coefficient of 

the dynamic reaction time varying system in Fig. 5. The  and 
 coefficients expressed in the Fig. 5 cause different responses 

of the actual system and the mathematical model. 

 

Fig. 5. Block structure of MRAC with adaptation parameters. 

For a linear system it is like 

 (4) 

 (5) 

 
Also, using the (4) and (5), the error is expressed as  

 (6) 

where . The error term in (6) becomes expression 
depending on the adaptation parameter . With the help of the 
optimization method called as MIT rule, the  adaptation 
coefficient update statement is as 

 (7) 

where ,  and  are error, adaptation parameter and adaptation 
constant, respectively. In this study, it is ensured that the 
tracking error is minimized for the LTS output follows the 
desired output with the minimum error. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

In this study, the gear motor model was used for MRAC 
control of the LTS on the UAV. A real-time targeting algorithm 
has been developed so that the payloads on the UAV can be left 
to the correct targets specified as shown in Fig. 6 by the laser 
markers with different colors. 

 

Fig. 6. UAV's payload transporting mission flight and leaving the payloads 
to the specified target. 
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The payload release tests of the UAV with LTS were realized 
in the environment which had 5.6 m/s wind speed. The model of 
the designed LTS on UAV was shown in Fig. 7 with the 
"Reference Model" block. The adaptation parameter was 
calculated according to the MIT rule in the "Adaptation 
Algorithm" block. In the study, two gear DC motors with the 
characteristics listed in Table I were used on the LTS. 

 

Fig. 7. Simulation of LTS on UAV with MRAC. 

 MRAC of LTS on UAV was performed for 0.0002 and 
0.0006. The response of the LTS on the UAV to release 

the payloads is shown in Fig. 8 and 9 for 0.0002 and 
0.0006, respectively. It has been observed that the LTS system 

output differs from the reference model output for the first 0.8 s 
for gamma 	 0.0002. As the adaptation algorithm in the 
MRAC starts to work,  value is adjusted adaptively and the 
plant output approaches the model output. The time dependent 
variation of  value in the adaptation process is shown in Fig. 10 
and 11 for 0.0002 and 0.0006, respectively. 

 As soon as the adaptation algorithm is executed,  is rapidly 
increasing in the first two second. Depending on the adaptation 
parameters, the plant output is approaching the model output 
after two seconds. It is observed that the adaptation coefficient 
adapts the system by reaching larger values than the first state 
with the increase of  value. It is seen that increasing the value 
of  used in the adaptation algorithm increases the value of  and 
hence the adaptation speed of the system. 

 

Fig. 8. The response of the reference model and the plant for . 

 

Fig. 9. The response of the reference model and the plant for . 

 

 

Fig. 10. The response of the reference model and the plant for . 

 

 

Fig. 11. The response of the reference model and the plant for . 

V. CONCLUSION 

The MRAC of LTS which has an important role to be able 
to leave payloads on UAV in real time with minimum error to 
specified targets is carried out and its effect on duty performance 
is investigated. The three payloads in the cubic structure are 
carried by the LTS, which is designed for real-time targets, and 
left to the targets. The control of the LTS on the autonomously 
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moving UAV is made by MRAC. The system response to 
releasing each load on the LTS on the UAV has been examined. 
It has been observed that increasing the value of  used in the 
adaptation algorithm increases the value of  and hence the 
adaptation speed of the system. This indicates that the LTS on 
the UAV reacts adaptively to the release of payloads on real time 
marked targets. 
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Abstract—The aim of this paper is to build a trajectory 
tracking system considering the attitude of the quadrotor. 
Nowadays, quadcopter is often used for taking landscape 
pictures. The roll pitch Euler angle of the quadcopter greatly 
affects the resulting pictures so that it needs to be controlled. 
As a limitation, the roll pitch Euler angle based on inertial 
reference frame is not allowed to be more than fifteen degrees. 
Two main factors that affect the Euler angle of quadcopter are 
velocity and acceleration. Therefore, the velocity and 
acceleration of the UAV is maintained. A linear regression 
method is used to determine the velocity and acceleration 
reference that affect the resulting Euler angle.  PID 
(Proportional, Integral, Derivative) controller is used as the 
controller method for the tracking control system. Finally, the 
trajectory tracking and attitude control is evaluated through 
simulation with ROS and Gazebo.  

Keywords— Trajectory tracking, attitude control, Euler 
angle, Quadcopter, ROS, Gazebo, PID 

I.  INTRODUCTION

UAV or unmanned aerial vehicle has been enormously 
developed for recent years. In the few years, UAV has 
gained many commercial potentials  [1]. Beside that, UAV 
has been aplicated in many countries. Moreover,  UAV is 
also used in many fields, for example in the surveillance 
system [2] , agriculture [3], and aerial photography [4]. As 
there are so many advantages from UAV development has 
been grown rapidly. 

Researches on the trajectory tracking of quadcopter have 
been done by many researchers. Some previous works have 
used various methods for trajectory tracking systems, such as 
that performed on [5] by using Sliding Mode Control or on 
[6] by using PID (Proportional, Integral, and Derivative)
controller. However, the trajectory tracking system created
has no attitude controllers. Then, in this research the
trajectory tracking system is also accompanied by attitude
controller by taking into account the Euler angle of the
quadcopter.

Several control methods have been adopted in literature 
to handle the attitude of a quadcopter. In [7] PID cascade 
control algorithm is used to control the attitude of a 
quadcopter. The dynamic model is simplified with 
linearization for the quadcopter’s hovering point, to design 
the cascade PID controller that is not dependent on system 
model. But there are some deficiencies in this research. In [8] 
the estimated quaternion, nonlinear proportional squared (P2) 
control, which is a method of full quaternion control, is 
applied. But the quaternion representation is less intuitive 
than the Euler angle representation to understand the attitude 

of the quadcopter. In this paper, attitude control is considered 
so that the Euler angle of the quadcopter does not exceed 
fifteen degrees. The Euler angle of the quadcopter will 
greatly affect the resulting landscape pictures taken by 
quadcopter.  

Various factors can affect the Euler angle of the 
quadcopter. But there are two main factors that determine the 
Euler angle of the quadcopter, there are velocity and 
acceleration of the vehicle itself. Therefore, this papper apply 
a linear regression by taking the velocity and acceleration as 
the independent variables and Euler angle as the dependent 
variable. For the regression function, the velocity and 
acceleration of the quadcopter can be determined so that the 
quadcopter can follow the trajectory provided with Euler 
angle doesn’t exceed fifteen degrees. Finally, the velocity 
and acceleration reference are integrated to obtain the 
position reference for the quadcopter trajectory control 
system.  

 This paper proposes trajectory tracking control by 
considering the attitude of the quadcopter. To validate the 
system, a simulation is conducted with ROS and Gazebo. In 
which, MAVROS as library based on Pixhawk autopilot is 
considered. The remaining portion of this paper is organized 
as follows: Section II describes the quadcopter dynamical 
system, section III describes the attitude control that controls 
the Euler of angle of the quadcopter, section IV describes the 
trajectory tracking control and path planning system. Section 
V shows the trajectory tracking results and attitude controller 
performance. Finally, the paper ends with the conclusions at 
Section VI. 

I. QUADCOPTER DYNAMICAL SYSTEM

In this section, quadcopter dynamical system is 
described. Quadcopter has movement in three kinds of 
translational movement and three kinds of rotational 
movement.  Translational movement is based on three axes 
of Cartesian coordinates (X,Y,Z) while rotational movement 
consists of three Euler angles (roll, pitch, yaw). The basic 
movement of quadcopter can be seen in Fig. 1. The 
movement of the quadcopter is drived by each motor 
rotation. The rotation of each motor need to be controlled, 
both in terms of speed and direction of rotation so that the 
movement of quadcopter can be directed precisely. 
Therefore, this requires a model of the quadcopter that the 
basic movements are the rotational movement around X,Y,Z 
axes and the lifting force.  

521

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 
Fig. 1. Basic movement of quadcopter (a )pitch (b) roll 

 

A. Quadcopter Mathematical Model 

In the quadcopter, there are two types of coordinate 
(frame), namely :  

a) Inertial reference frame 

b) Body-fixed reference frame  

From these two references, the inertial reference frame is 
considered to determine the quadcopter mathematical model 
as it makes the control algorithm easier. Beside that, the 
Euler angle controlled is based on inertial reference frame. 
Therefore, the body-fixed reference frame of quadcopter 
need to be converted to inertial reference frame. When using 
the body-fixed reference frame, there are several 
assumptions, including: 

• The structure of the quadcopter is considered rigid and 
symmetrical 

• The center of mass is located in the center of the 
quadcopter 

Here, the matrix for transforming the body-fixed 
reference frame to inertial reference frame as follows :  

Θ = ( , ) ( , ) ( , )  (1)
 

Θ =
c   s s c − c s c s c + s s
c s s s s + c c  c s s − s c
− s s c c c (2) 

Θ =
1   
0 −
0

 

 (3) 

Where s, c, and t represent sine, cosine, and tangent 
respectively. From that matrix, Earth Reference Frame of the 
quadcopter can be obtained by the following equation :  

[   ] = Θ [   ]    (4) 

[   ] = Θ [   ]    (5) 

Where  , ,   are the linear velocities in inertial reference 
frame of  ,  ,   respectively.  , ,   are the angular 
velocities in inertial refenrence frame of Roll, Pitch and 
Yaw respectively.  ,  ,  are the linear velocities in body-
fixed reference fraame of X, Y, Z respectively. And , ,  
are the angular velocities in body-fix reference frame of , 

 ,   respectively. 
B. State Equation 

State equation is used to determine the velocity and 
acceleration of the quadcopter based on the rotational speed 

of each motor. State equation simplifies the design of control 
algorithm. Beside that, state equation shows the correlation 
between velocity and Euler angles. 

 From (4) and (5) can be obtained the non-linear state 
equation of quadcopter as shown in (6). From (6) can be seen 
the correlation between variables in  inertial reference frame 
and body-fixed frame. Beside that, state equation can be used 
to analyze the stability of the system. 
 

= [ ( ) ( ) + ( ) ( ) ( )] − [ ( ) ( ) − ( ) ( ) ( )] + [ ( ) ( )]
= [ ( ) ( ) + ( ) ( ) ( )] − [ ( ) ( ) − ( ) ( ) ( )] + [ ( ) ( )]

= [ ( ) ( ) − [ ( ) + [ ( ) ( )]
 

II. ATTITUDE CONTROL 
Attitude control aims to control the Euler angle of the 

quadcopter so that it does not exceed fifteen degrees. Fifteen 
degree is defined based on exploration with camera mounted 
on quadcopter to recognize mobile robot on the ground. As 
described in previous section, the roll pitch Euler angle of the 
vehicle will significantly affect the performance of taking 
landscape pictures. 

In this paper, attitude control is done by setting the 
reference velocity of the quadcopter while following the 
trajectory. The reference velocity is then integrated into a 
reference position for the quadcopter. There are three 
reference velocity profile observed in this paper, which are 
constant, trapezium, and modified trapezium. The profiles 
can be seen in Fig. 2-4.  

 
Fig. 2. Constant reference velocity profile 

 
Fig. 3. Trapezium reference velocity profile 

 
Fig. 4. Modfied Trapezium reference velocity profile 

The three profiles will set the reference velocity for the 
quadcopter. In the first profile, the reference velocity is just 
constant. The second and third profile is divided into three 
periods of time, namely the period of velocity up, constant 

(6) 
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velocity, and velocity down. Begin with the periode of 
velocity up, the velocity of the quadcopter in the second 
profile will increase slowly following a ramp function. In 
contrast to the second profile, the third profile will follow a 
sigmoid function. As a result, the acceleration can be keep 
low and the stability of quadcopter can be maintained. Then 
proceed with a period of constant velocity where the 
reference acceleration of quadcopter is zero. The last is the 
period of velocity down where the velocity of quadcopter 
will decrease slowly until it stops. The velocity down in the 
second profile will follow a ramp function and the third 
profile will follow a sigmoid function. 

The roll pitch Euler angle of the quadcopter are strongly 
influenced by the velocity and acceleration of the 
quadcopter. Therefore, the duration and magnitude of 
trapezium profile need to be determined first. The resulting 
Euler angle can be estimated from the velocity and 
acceleration of the quadcopter. The estimation function is 
made by a linear regression function with velocity and 
acceleration as the independent variable. Some tests were 
conducted to see the correlation between velocity, 
acceleration and Euler angle of the quadcopter. From the 
experiments, the Euler angle can be estimated by the 
following function: 

 (7) 

The function above is used to estimate the roll pitch Euler 
angle based on the magnitude of v (velocity) and a 
(acceleration) of the quadcopter.   

III. TRAJECTORY TRACKING CONTROL 
In this section, the reference trajectories and control 

algorithm used by quadcopter is discussed. In carrying out 
the mission, the quadcopter will travel along main road track 
at Universitas Indonesia as the reference trajectories. The 
trajectories of Universitas Indonesia can be seen in Fig. 7.  

The trajectory creation is defined based on the following 
steps :  

• Determine the latitude and longitude of the way points in 
the Universitas Indonesia. The way points are defined 
based on turning or attitude’ slope change. 

• Convert the latitude and longitude into Cartesian axes (X, 
Y, Z) 

• Determine the position and orientation of the point the be 
addressed by the quadcopter 

• Determine the distance and duration required from one 
point to the next point.  
From algorithm above can be seen that quadcopter will 

get the position and orientation command and the mission 
ends when the quadcopter has reached the last trajectory. All 
of these algorithms occur within the ROS program which is 
then integrated with Pixhawk to send the command to the 
quadcopter. The commands are sent to Pixhawk through 
MAVLINK protocol provided by the MAVROS package.  

The latitude and longitude of points in Universitas 
Indonesia are obtained from Google Maps. Latitude and 
longitude of each point are then converted into Cartesian 
coordinates (X,Y,Z) by using the package contained in ROS. 
This Cartesian coordinates are used to facilitate the control 

system in controlling the quadcopter to follow the desired 
trajectories.  

A. PID Controller 
PID controller is used to control quadcopter in following 

trajectories. There are two controllers used independently in 
this system; which are position controller and orientation 
controller. PID controller consists of three parameters, 
namely proportional, integral, and derivative. PID controller 
receives input in the form of error obtained from the 
comparison between the reference value and the sensor 
value. The calculation results of these three parameters are 
summed and become input for the plant system. 

Each parameter has its own value obtained through the 
tuning process. In this research, the tuning process is done by 
trial and error. 

 In the position controller, GPS (Global Positioning 
System) is used to estimate the actual position of the 
quadcopter which is then compared with the reference 
position and the position error is obtained. This position error 
is used as the input for the PID controller to produce a 
control signal of linear velocity. This control signal will be 
the command for the quadcopter so it can follow the desired 
trajectory. The block diagram of the position control system 
is shown in Fig. 5.  

 
Fig. 5. Block diagram of the position control system 

 In the orientation controller, compass is used to estimate 
the orientation of the quadcopter which is then compared 
with the reference orientation and the orientation error is 
obtained. The purpose of the orientation controller is to make 
the heading of the quadcopter always leads to the front. Thus 
the Euler angle of the quadcopter will be more stable and 
easier to control. The orientation error will be the input for 
the PID controller to produce control signal of angular 
velocity. This control signal will be the command for the 
quadcopter so it can follow the desired orientation. The block 
diagram of the orientation control system is shown in Fig. 6. 

 
Fig. 6. Block diagram of orientation control system 

 

 

 

Euler angle (roll or pitch)  = f(v,a) 
   = 1.477 + 5.9521v + 1.7379a
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IV. SIMULATION RESULTS 
 
The simulations were done through ROS and Gazebo by 

implementing Pixhawk autopilot library. The Gazebo 
provide 3D visualization also simulate physical environment 
effect. The Gazebo visualization is shown in Fig.7. 

  

 
Fig. 7. Gazebo simulation of quadcopter simulation 

 
Each simulation used PID controller with the parameters 

were kp=2, ki=0.02, kd=0.001 for position control and 
kp=0.005, ki=0.0001 for orientation control.  When the 
orientation controller was not used, the controller 
parameters were set to zero. All simulations were conducted 
with the same velocity trajectory profile, which flying 
around the main road of Universitas Indonesia. The altitude 
is 10 meters for all the simulations and the altitude 
controller is not considered in this paper. Factors that 
distinguished each test are the usage of orientation controller 
and reference velocity profile. The effect of attitude 
controller and orientation controller will be presented. The 
path of University Indonesia can be seen in Fig. 8. 

 

 
Fig. 8.Trajectory points of Universitas Indonesia 

 
In order to validate the proposed method, the quadcopter 

is controlled with two orientation modes. The first 
orientation mode is done by keeping the orientation to the 
north side and moving quadcopter by rolling with X and Y 
axes. This mode was keeping the yaw angle stable (fix yaw). 
While the second mode was done by changing orientation 
heading trajectory path. The first mode is widely used by 
most researchers due to simple control algorithm and has 

less coupling effect on other axes. However this mode is not 
suitable for tracking object on the ground while keeping the 
moving direction on the top side of image plane. On the 
contrary, the second mode changing orientation to trajectory 
path (yaw controlled) is suitable for this purpose. 
Nevertheless, this mode may give more damping effect to 
other axes. Indeed, both modes are observed in this paper to 
evaluate the effectiveness of the control algorithm to 
quadcopter behavior. In addition to evaluate the proposed 
attitude controller with modified trapezium profile, each 
mode is compared with constant velocity and the common 
trapezium profile. At first the velocity is set constant, and 
then with trapezium profile, followed by the modified 
trapezium profile. The velocity is controlled based on the 
profile. In addition, a linear regression function (7) is used 
to decide the maximum velocity for the quadcopter.   

 

 
 

Fig. 9. Position tracking with constant velocity profile for fix orientation 
and orientation controlled 

 
Fig. 10. Roll-pitch response with constant velocity profile for fix 

orientation and orientation controlled 
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Fig. 11. Velocity-acceleration response with constant velocity profile for 

fix orientation and orientation controlled 

 
Fig. 12. Position tracking with trapezium velocity profile for fix 

orientation and orientation controlled 

 
Fig. 13. Roll-pitch response with trapezium velocity profile for fix 

orientation and orientation controlled 

 
Fig. 14. Velocity-acceleration response with trapezium velocity profile for 

fix orientation and orientation controlled 

 
Fig. 15. Position tracking with modified trapezium velocity profile for fix 

orientation and orientation controlled 

 
Fig. 16. Roll-pitch response with modified trapezium velocity profile for 

fix orientation and orientation controlled 
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Fig. 17. Velocity-acceleration response with modified trapezium velocity 

profile for fix orientation and orientation controlled 
 

In the trajectory tracking system, quadcopter can follow 
the trajectory well in all of the simulations. The steady state 
error of the response is also below 1%. Attitude controller 
maintains the Euler angle that roll and pitch angle do not 
exceed fifteen degrees. With orientation controller, the pitch 
and roll angle tend to be stable. It can be seen from the roll 
angle that tends to be about zero to five degrees. As the 
orientation of the quadcopter changes to trajectory path, this 
mode gives better performance for object tracking system. 
Different profile of reference velocity affect the attitude of 
the quadcopter. Fig. 9-11 show that constant reference 
velocity profile produce high acceleration as the sudden 
increase of velocity happens. As it can be seen from Fig. 12-
14, there is no sudden increase when using common 
trapezium profile, but the velocity reference increases not as 
smooth as the modified trapezium profile. The modified 
trapezium profile depicted in Fig. 15-17 gives the best 
performance for attitude control as the velocity reference 
increase smoothly.  As the result, the acceleration of the 
quadcopter is not really high and the Euler angle can be 
maintained. 

V. CONCLUSIONS 
In this paper, trajectory tracking and attitude control for 
quadcopter is proposed for tracking trajectories by limiting 
the roll pitch Euler angle. To provide stable camera tracking 

on further work, roll pitch Euler angle must not exceed 
fifteen degrees. The path of Universitas Indonesia is used as 
the path trajectory for quadcopter. In this paper, PID 
controller is used to control both the position and orientation 
of quadcopter. From the simulation results can be seen that 
the trajectory tracking system work really good as the 
quadcopter can follow the trajectories. Attitude control is 
done by maintaining the velocity and acceleration of the 
quadcopter. The Euler angle does not exceed fifteen 
degrees, but instead the duration becomes longer if the 
travel time command is not sufficient to provide euler angle 
constraint. Having this results make further work for 
tracking ground object with camera mounted on quadcopter 
would be possible.  
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Abstract—In this paper, we discuss a 3-Dimensional Vehicle

Routing Problem (VRP) for a fleet of multi-agents which doing a

surveillance mission above a certain terrain. The fleet must per-

forms routes to visit a set of points while respecting constraints.

Since VRP is classified as an NP-hard optimization problem, we

propose an approximation algorithm to find a best solution to

this combinatorial optimization problem. Thus, we select Genetic

Algorithm (GA) to answer this challenge. And to boost-up the

performance of GA, we decide to add Saving Algorithm (SA) in

constructing the initial population. Also, we use Netlogo as the

tool for the experiment and simulation as well. The Experimental

result shows that GA can be chosen for finding the optimal flyable

route in the 3D environment. And it’s combination with SA give

a very encouraging result in this project.

Keywords—vehicle routing problem, genetic algorithm, saving

algorithm, netlogo

I. INTRODUCTION

Nowadays, drone plays a big role in civilian purposes, and
it will getting bigger and more important in the future. Because
of its flexibility and versatility, the application of drone is more
extensive, covering surveillance, intelligent logistics, search
and rescue, scientific studies, etc.

Recently, a new trends are moving towards to manage
a fleet of drones which collaborate in order to achieve the
mission given. This issue opens many research opportunities,
and our project is made to answer the challenge, to develop a
platform for managing a fleet of drones. As being researched
in decades, Vehicle Routing Problem (VRP) is a perfect study
to answer this challenge, in order to find the best route for
each drone, with several constraints to be considered.

In decades, many researchers had extensively studied this
field of study as surveyed in [1] [2]. Dantzig and Ramser [3]
were the first to address VRP in the optimization literature
by the appearance of their paper in the journal Management
Science, concerning the routing of a fleet of gasoline delivery
truck between a bulk terminal and a number of service station
supplied by the terminal. The problem formulated in [3] was
named ’truck dispatching problem’, but several literatures on
the VRP cited their paper as the first example of this problem.

According to [1], there are many methods to solve VRP,
and could be categorized into two groups i.e. : exact and

approximation method. But, since VRP is classified as an NP-
hard optimization problem, we decided to choose an approxi-
mation method for this project. And among several approach in
approximation method, we prefer to apply Genetic Algorithm
(GA) in this project. It is an approximation method which
designed by an inspiration to the evolutionary ideas of genetic
and natural selection [4]. This algorithm relies on bio-evolution
procedures such as crossover, mutation and selection, to find
the better generation than the previous one. This algorithm is
widely used on several combinatorial optimization problem [5]
[6].

Reference [6] used GA to find the optimal flyable path
for the UAV in a 3D environment. The main obstacle of their
problem is the complex environment and coverage zones of
radars, since the UAV intended to travel all control points in
an optimal way while avoiding radar. [6] solved the Travelling
Salesman Problem (TSP) for the purpose of reaching an op-
timal path. As the implementation environment, [6] preferred
MATLAB to show the solution visually. Reference [5] used
GA to define a shortest path for a quadrotor-type UAV to
travel through target point without hitting an obstacle. Obstacle
avoidance is the major factor they put in the problem.

The rest of this paper is organized as follows. Problem
formulation is detailed in section II. Section III gives the
implementation of the method. Experimental setup and result
are conducted in section IV and V. Section VI gives the im-
plementation of combinated methods. And finally, conclusions
is depicted in section V.

II. PROBLEM FORMULATION

In this section, we will discuss the problem formulation of
this work. VRP usually defined as a complete undirected net-
work G = (N,E) with a set of points N = {0, 1, ..., n, n+ 1},
where the starting point, known as depot, denoted as point 0
and point N + 1, and a set of edge E = {(i, j)|i, j 2 N}.
Here, we also have a set of drones V = {1, 2, .., v} who will
be tasked to visit points.

The biggest concern in our VRP is determining the best
route with the minimum total distance as the best solution.
Using GA, we consistently evolve the solution by choosing
the better chromosomes, which representing the route, in every
iteration. The parameter that we use to define the better
chromosomes is a function called fitness function. Designing
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fitness function is an important aspect, since it is the one-and-
only factor to decide which chromosomes will be chosen as
the best solution. In our work, the fitness function F can be
formulated as follow:

F = min

VX

v=1

NX

i=0

N+1X

j=1

TijX
v
ij

Where Tij is the distance covered, associated with set of
edge E, when a drone travels from point-i to point-j. Tij is
a matrices of a complete graph. And X

v
ij is a binary variable

which defined for each arc (i, j), such that equal to 1 if and
only if a drone-v visit point-i and then travels directly to point-
j, and equal to 0 if otherwise.

Besides the fitness function, the following equation will be
involved in this project :

• � : length of the chromosomes.
In our program, the length of the chromosomes is the
sum of the number of points and the number of drones.

� = N + V

• Sij : saving value between two points i and j. The
value of Sij defined by :

Sij = Ti0 + T0j � Tij

We use saving value as the main parameter to generate
an initial population.

• R : the set of r routes which must start and finish at
depot. The value of R defined by :

R =
NX

j=1

X0j

The value of R should not exceed the value of V

R  V

• lv : the length of route which traveled by drone-v.

• tv : the total flight time of route which traveled by
drone v which visit points (i0, i1, ..., il), where given
by :

tv =
lv�1X

j=0

Tijij+1

The value of tv should not exceed the value of Qv ,
where Qv is the maximum time duration can be
performed by drone-v.

tv  Qv

III. IMPLEMENTATION

In this section, we explain the details of proposed method
in our work. We firstly generate several number of populations,
by a random way, which will be our initial generation. Next,
we run several procedures such as chromosomes-selection,
crossover and mutation, as the evolutionary procedure for
generating a new generation, to find the best fitness value as
the best solution in answering the optimization problem we
are facing.

Fig. 1 shows the brief diagram of the GA which we
proposed as the method we used in this work.

Fig. 1. Diagram of Genetic Algorithm

A. Generating Initial Population

This work is commenced by initializing first population, as
the initial solution of the problem, before the better generation
is obtained by each iteration. As common in GA, generating
first population is produced randomly.

B. Tournament (Selection)

Tournament selection is a method that takes a subset
from the solution set randomly then selects the best value
among them. This is a part to select 2 chromosomes among
population to be parents in the next evolution process, i.e.
crossover and mutation. In this part, we choose randomly
tournament � size-number of chromosomes from solution
set which we denote as old generation. Then, we choose two
chosen chromosomes to be processed as the parents of the new
generation.

C. Crossover

After choosing two chromosomes by tournament selection,
we combine them to produce new generation with several
procedures called crossover. It is the important phase in GA,
since it can affect the performance of the algorithm. Umbarkar
and Sheth [7] stated that the selection of crossover operator has
more impact on the performance of GA. In the other words,
selecting appropriate crossover technique is important to obtain
a better result.
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Reference [7] reviews several crossover operators proposed
and experimented by various researchers. One of them which
called Edge Recombination Crossover (ERX) is a technique
that we implement in this work. This technique is also used
by [8] in solving TSP. But since the VRP is more complicated
than TSP, we made several modification for this work.

First, we put two chosen chromosomes as the parents, as
shown in Table I. Then, we make an edge-map for each parent
and extend the table by adding the edges that are incident to
each gene/city. The first row from each parent is set as the
sequence for the next table we made, as shown in Table II. In
the next step, we unite the 2nd and 3rd row of each parent as
shown in Table III.

TABLE I. CHOSEN CHROMOSOMES AS PARENTS

P1 15 1 2 9 11 10 12 4 14 3 5 8 7 6 13

P2 5 14 1 11 9 7 10 8 3 13 12 6 15 4 2

TABLE II. SEQUENCED EGDE-MAP FOR EACH PARENT

Parent1 1 2 3 4 5 ... 11 12 13 14 15
15 1 14 12 3 ... 9 10 15 4 1
13 2 9 11 10 ... 8 7 6 13 6

Parent2 1 2 3 4 5 ... 11 12 13 14 15
14 5 8 15 14 ... 1 13 3 5 6
11 4 13 2 2 ... 9 6 12 1 4

TABLE III. FINAL EGDE-MAP

Sequence

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Chromosomes

15 1 14 12 3 7 8 5 2 11 9 10 15 4 1

2 9 5 14 8 13 6 7 11 12 10 4 6 3 13

14 5 8 15 14 12 9 10 11 7 1 13 3 5 6

11 4 13 2 2 15 10 3 7 8 9 6 12 1 4

After we have the final edge-map, we can generate a child
from it. First, we produce a random number, and we define it
as the first point in route. Next, the random number is used to
define the next tour, by use it to find the x

th column where
the first data on it will be taken as the next point.

For example, we got 1 as the random number. So, we put
1 as the first point, and remove 1 in the whole table. Then,
we go to 1st column and find (15, 2, 14, 11) in it. We choose
15 since it is the first data on it, and again, we put 15 as the
next point and remove 15 in the whole table. Then, we go to
15th column and find (13, 6, 4) in it, and we take 13 as the
next point, as shown in Table IV. And we do it continuously
until all the route is completed, as shown in the Table V.

D. Mutation

Mutation procedure is able to emerge a new chromosome
that is not come from the crossover procedure. In VRP,
mutation will result a swap or a sequence change from the
solution.

TABLE IV. GENERATING A CHILD

Sequence
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Chromosomes
14 12 3 7 8 5 2 11 9 10 4

2 9 5 14 8 6 7 11 12 10 4 6 3
14 5 8 14 12 9 10 11 7 3 5 6
11 4 2 2 10 3 7 8 9 6 12 4

The Child
1 15 13

TABLE V. THE COMPLETED TOUR

The Child
1 15 13 6 7 8 5 3 14 4 12 10 11 9 2

IV. EXPERIMENTAL SETUP

To meet the needs in experimental purpose, we’ve searched
an experimental tool that can be programmed to model a
complex system, and also simulate and observe events in 3D
environment, where user can give instructions at many agents
to operate independently and concurrently. And we chose
Netlogo.

NetLogo is the next generation of the series of multi-agent
modeling languages [9]. It was designed by Uri Wilensky in
1999, and since then, it has been developed continuously in
Northwestern’s Center for Connected Learning and Computer-
Based Modelling (CCL). NetLogo enables users to open sim-
ulations and play with them, exploring their behavior under
various conditions. NetLogo is also an authoring environment
that is simple enough to enable students and researchers to
create their own models, even if they are not professional
programmers [9]. That makes Netlogo becomes suitable in
education and research, and it is also used by many researchers
worldwide [10]

With Netlogo, we can create an interface window as the
control panel of the algorithm, which consist of interfaces to
control the parameters of experimental and simulation, buttons
to control the process, and also monitors to see the solution
visually.

To run the process, first we put the set of points in the
3D environment as shown in Fig. 2. The number of points is
defined in the control panel. And then, as noted in the previous
section, the next step is to generate the initial population.

Fig. 2. 3D View of Loading Points

After the initial generation is already setup, it is time
to run the algorithm and start the iteration in searching the
best solution by clicking it’s button. And once the process
is completed, the path will appear in the 3D environment as
shown in Fig. 3.

Next, we allocate the task, and check if there are any
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Fig. 3. 3D View of Path Planning

intersection and collinear lines among routes. If an intersection
and collinear detected in the generated path planning, a sign
will be put in the location where the intersection and collinear
located.

Fig. 4 shows an intersection detected between line of
Point3-Point15 and line of Point0-Point7. A ”target” sign is
put right in the intersection point. Fig. 8 also shows a collinear
line detected between line of Point0-Point5 and line of Point0-
Point12. A red line is put in the location of detected collinear
line.

Once an intersection or a collinear line is detected, we
have to ensure that it won’t cause a collision between drones
by calculating and predicting the time those drones pass
the intersection point or collinear location. If the calculation
detects that a collision will happen, a waiting time (wi) will be
applied in a visited point that require a drone to wait for few
moments according to a predicted collision in the next travel
to another point.

Fig. 4. An Intersection and Collinear Detected

V. EXPERIMENTAL RESULT

For finding the best tuning parameter for the algorithm,
comparing the combination of parameter is needed. Table VI
is made base on our experimental using Netlogo. The first
column is the tournament size, and the second is the number of
iterations. Column 3 gives us the fitness value of the solution,
column 4 gives the best solution, and the last column is the
relative error to the best solution known.

Table VI shows that the value of tournament size does not
give a big impact in finding the optimal solution. Even though,
we can see that, generally, the bigger tournament size, could
give the better fitness value.

TABLE VI. COMPUTATIONAL RESULT WITH POPULATION SIZE = 100,
AND MUTATION RATE = 16%

Tournament
Size

Number
of
Iterations

Fitness
Value

Best
Solution1

Relative
Errors

2

200 164.54 140.27 17.30%
400 163.94 140.27 16.87%
600 160.61 140.27 14.5%
800 154.96 140.27 10.47%
1000 155.37 140.27 10.76%
1200 141.25 140.27 0.69%
1600 140.27 140.27 0%
2000 140.27 140.27 0%

6

200 167.58 140.27 19.47%
400 165.69 140.27 18.12%
600 161.89 140.27 15.41%
800 160.72 140.27 14.58%
1000 155.22 140.27 10.66%
1200 150.79 140.27 7.5%
1600 140.27 140.27 0%
2000 140.27 140.27 0%

1Best solution is got from exact method calculation

Because of the little impact of the value of tournament
size, in the table VII, we will not compare the tournament
size, but mutation rate. The first column is the mutation rate,
and the second is the number of iterations. Column 3 gives
us the fitness value of the solution, column 4 gives the best
solution, and the last column is the relative error.

TABLE VII. COMPUTATIONAL RESULT WITH POPULATION SIZE =
250, AND TOURNAMENT SIZE = 2

Mutation
Rate

Number
of
Iterations

Fitness
Value

Best
Solution1

Relative
Errors

16%

200 160.58 140.27 14.48%
400 158.55 140.27 13.03%
600 157.32 140.27 12.15%
800 148.95 140.27 6.19%
1000 140.27 140.27 0%
1200 140.27 140.27 0%

30%

200 157.65 140.27 12.39%
400 155.63 140.27 10.95%
600 151.35 140.27 7.9%
800 145.17 140.27 3.49%
1000 140.27 140.27 0%
1200 140.27 140.27 0%

1Best solution is got from exact method calculation

From the Table VI and Table VII, we can see that if popu-
lation size and mutation rate increase, the solution are getting
better, the relative errors are decreasing, and the number of
iterations needed is also decreasing.

VI. IMPLEMENTING SAVING ALGORITHM FOR THE
INITIAL POPULATION

The previous section shows us that applying GA in our
project gave us a satisfactory result. But later, we found that
if the number of points is hugely augmented, the number
of iterations to get a satisfactory result would be increasing
extremely.
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Therefore, we applied Clarke and Wright’s Saving Algo-
rithm (SA) to generate the initial population in GA. So, it is
no longer generated randomly, as shown in fig. 5.

Pan and Li [11] also combined GA and SA in their work,
but in different way with our work. They implemented the SA
in order to generate new generation, but this work implements
SA in generating initial population like mentioned above.

Fig. 5. Diagram of Combining Genetic Algorithm and Saving Algorithm

Clarke and Wright’s [12] SA is developed to solve com-
binatorial optimization problems since it can be very difficult
to be solved by an exact method. This method is started by
calculates saving amount for every pair of points. Those saving
amounts are then ranked from the biggest to the smallest.
Starting from the biggest amount, the paired points are linked
and added to the tour, and the other points are placed on routes
into which they can be linked (otherwise a new route is started)
until a constraint is reached.

We made a comparison test between a pure GA and a GA
combined with SA. We increase the number of the points, and
compare the result. Table VIII, shows us the comparison using
16 points, with number of population = 100. As shown by fig.
6, we can see that combining GA and SA will give a better
performance in searching the optimal solution of the problem.
By using only 200 iterations with this combination, the result
still better than using 1600 iterations (8 times more) with the
pure GA.

Table IX use bigger number of points than Table VIII. And
the comparison result is more encouraging. As shown by fig.
7, the combination still give a better performance, and more
significant.

Few number of points is added in table X, and the com-
parison is getting more obvious as shown by fig. 8. With a
little number of iterations, which means also a little number
of time, the combination of GA and SA could give a better
result, as indicated with the small relative error.

TABLE VIII. GA VS GA+SA EXPERIMENT TABLE WITH NUMBER OF
POINTS = 16 AND NUMBER OF POPULATION = 100

Number
of
Iterations

Fitness
Average
of GA

Relative
Error

Fitness
Average
of
GA+SA

Relative
Error

200 471.59 20.68% 398.97 2.10%
400 451.65 15.58% 398.55 1.99%
600 417.85 6.93% 401.20 2.67%
800 416.62 6.62% 398.27 1.92%
1000 417.25 6.78% 394.44 0.94%
1200 418.97 7.22% 400.78 2.56%
1600 432.01 10.56% 392.41 0.42%

TABLE IX. GA VS GA+SA EXPERIMENT TABLE WITH NUMBER OF
POINTS = 22 AND NUMBER OF POPULATION = 100

Number
of
Iterations

Fitness
Average
of GA

Relative
Error

Fitness
Average
of
GA+SA

Relative
Error

200 648.30 43.99% 460.03 2.17%
400 603.8 34.11% 460.03 2.17%
600 585.13 29.96% 460.03 2.17%
800 573.32 27.34% 460.03 2.17%
1000 559.15 24.19% 460.03 2.17%
1200 511.72 13.65% 459.09 1.97%
1600 496.84 10.35% 450.24 0.00%

TABLE X. GA VS GA+SA EXPERIMENT TABLE WITH NUMBER OF
POINTS = 25 AND NUMBER OF POPULATION = 100

Number
of
Iterations

Fitness
Average
of GA

Relative
Error

Fitness
Average
of
GA+SA

Relative
Error

200 674.85 43.85% 475.40 1.33%
400 630.34 34.36% 473.70 0.97%
600 595.81 27% 475.97 1.45%
800 602.77 28.48% 475.12 1.27%
1000 572.42 22.01% 475.12 1.27%
1200 588.14 25.36% 475.12 1.27%
1600 574.67 22.49% 473.30 0.97%

Fig. 6. ”GA” vs ”SA+GA” with Number of Points = 16 and Number of
Population = 100
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Fig. 7. ”GA” vs ”SA+GA” with Number of Points = 22 and Number of
Population = 100

Fig. 8. ”GA” vs ”SA+GA” with Number of Points = 25 and Number of
Population = 100

VII. CONCLUSION

The previous section shows satisfactory results in applying
Genetic Algorithm (GA) for this work. But since we need to
hugely increase the number of iteration when several points
is added, we tried to combine the GA with Saving Algorithm
(SA). SA in inserted in GA to produce the initial population.
And we found that the result of this combination of GA and
SA is encouraging and also satisfying. The comparison result
in previous section also shown that this combination give more
significant result when the number of points is increasing.

Our next studies will be based on adding dynamic aspect
in 3D VRP, while considering on the failure of one or more
drone when the mission is occurred, at an unknown time and
situation.
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Abstract—Quadrotor is a rotary-wing UAV, which has a simple
structure but highly nonlinear dynamics. Controlling a hovering
quadrotor subject to external disturbances is a crucial task in
many applications. In this paper, periodic disturbances have
been tackled and novel disturbance observers (DOB) have been
developed to estimate the total disturbance acting on the vehicle.
It is especially difficult to reject periodic disturbances in low as
well as in high frequency region due to the bandwidth limitations
of the low-pass filter utilized in conventional DOB. As the cutoff
frequency of the low-pass filter is critical, increased bandwidth
reduces the robustness which degrades the disturbance rejection
performance in the presence of noise. In addition to the low-
pass filter, the new structure also consists of a bank of band-pass
filters and a high-pass filter. Since the total disturbance acting on
the vehicle is compensated by the proposed DOB, PD controllers
with feedforward terms are utilized for stabilizing both position
and attitude dynamics. Simulation results show the improved
robustness obtained by the proposed method.

Keywords—Quadrotor, hover, periodic disturbance, disturbance
observer, hierarchical control

I. INTRODUCTION

Vertical take off and landing (VTOL) vehicles, especially
quadrotors have greatly attracted researchers due to their
civilian and military applications such as precision farming [1],
city monitoring [2] and surveillance [3]. Hovering control of a
quadrotor at a desired altitude in an unconstrained environment
is a challenging task due to its highly nonlinear dynamics.
Robust hovering control of a quadrotor in an unsupervised
manner against the external disturbances has gained great
interest in the unmanned air vehicle community and many new
solutions have been proposed for various problems inherent to
the exploitation of its dynamics. Bouabdullah et al. [4] utilized
a linear model of a quadrotor and results for PID controller
were compared with LQ controller, which showed stability
issues in the presence of disturbances. Waslander and Wang
[5] used Dryden wind to model wind velocity experienced by
the quadrotor and estimated disturbance was used to improve
the positioning accuracy. Robust control of a rotary-wing
UAVs using a hierarchical structure were considered [6] -
[9]. It consists of two parts: upper level control is used for
the positional dynamics which generates virtual controls and
lower level control is used to for the attitude dynamics which
provides tracking according to desired angles computed from
virtual controls. Desired or reference angles were obtained

through analytical formulas. More recently adaptive nonlinear
hierarchical control of a tilt-wing quadrotor was developed in
[10] and [11]. Vision based approaches have also been utilized
to improve the hovering and positioning performances of UAVs
[12]. Bin et al. [13] exploited the optical flow technique for
hovering control of a nano-quadrotor where it is used in a PD
controller to obtain position and velocity feedback signals.

Periodic disturbances in a high frequency region such as
harmonics are one of the main serious issues in the motion
control. In many industrial applications, conventional distur-
bance observer (DOB) is used to reject the disturbances due
to its simple structure [14] - [15]. Estimated signal which
includes uncertainties and external disturbances is fedback as
a compensation signal to cancel the disturbance. Disturbances
can be estimated if they stay within the bandwidth of the low-
pass filter of DOB. In conventional DOB, bandwidth needs
to be large enough to suppress all the disturbances within
the frequency range. As the cutoff frequency of the low-
pass filter (Q filter) is very sensitive, periodic disturbance
suppression is difficult to achieve with the conventional DOB
structure due to noise and robustness constraints [16]. Infinite
order disturbance observer (IFDOB) has been proposed for
high frequency periodic disturbance rejection in [17], but it
is difficult to suppress the low frequency disturbances with
this structure. In response to IFDOB, Enhanced Infinite order
disturbance observer (EIFDOB) has been presented recently to
remove the disturbances in low as well as in the high frequency
region [18].

Acceleration feedback control has gained great interest in
the control community due to fast response and disturbance
rejection performance with more robustness. Jeong et al. [19]
proposed an acceleration based disturbance observer (AbDOB)
for the attitude control performance of a quadrotor where
angular acceleration signals were estimated through the dif-
ferentiation of the gyro readings. Then the disturbance was
estimated by the difference between the nominal control input
torque and the estimated control input torque computed from
angular acceleration signals. To counteract the bandwidth prob-
lem of a disturbance observer, Katsura et al. [20] presented a
position acceleration integrated disturbance observer (PAIDO)
where an acceleration sensor is implemented to improve the
control performance. Recently, novel acceleration feedback
control method for robust hovering was presented in [21]
where AbDOB was designed for positional dynamics and
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a nested position, velocity and inner acceleration feedback
control structure was developed for attitude dynamics. Hybrid
structure was presented in [22] for the quadrotor manipulation
system which consists of the acceleration/velocity based dis-
turbance observer in the inner loop. Total disturbances were
estimated through linear accelerations and angular velocity
measurements and canceled by the DOB in the inner loop.
Velocity based disturbance observer (VbDOB) has also been
utilized in [7] and [8], especially in the attitude dynamics of
a UAV due to lack of availability of reliable angular accelera-
tions. Total disturbances which include external disturbances,
nonlinear terms and parametric uncertainties are taken into
account. As the utilization of the disturbance observer results
in linear dynamics, linear model with nominal parameters was
considered and only PID type simple controllers were designed
for position and attitude control.

In this work, acceleration/velocity based disturbance ob-
servers are developed and utilized in a hierarchical control
structure to hover a quadrotor type UAV. Acceleration based
disturbance observer (AbDOB) is designed for the positional
dynamics and velocity based disturbance observer (VbDOB)
is used for the control of the attitude dynamics. The proposed
new structure of a DOB consists of a high-pass filter (HPF),
low-pass filter (LPF) and a bank of band-pass filters (BPF).
Difference of two first order low-pass filters with different
cutoff frequencies has been used to obtain a band-pass filter.
An additional low-pass filter has been added at the end of
a bank of band-pass filters in order to remove the phase
shift produced due to the combination of band-pass filters.
Since the total disturbance is estimated by the proposed
DOB and compensated in the control, simple PD controllers
with feedforward compensation are utilized in the hierarchical
control system. The proposed control method is verified by
numerical simulations performed on a high fidelity model
where measurement noise and parametric uncertainties have
also been taken into account. Results show the effectiveness
of the proposed method in terms of increased robustness.

This paper is organized as follows: Section II presents
the quadrotor dynamics. Section III explains the conventional
DOB and develops the proposed DOB. Section IV details the
controller design. Section V provide the simulation results and
related discussions. Finally Section VI concludes the paper
with some remarks and indicate possible future directions.

II. QUADROTOR DYNAMICS

Quadrotor consists of a cross structure with four propellers
connected to the motors at each edge. The crossed configura-
tion shows robustness even the mechanically linked motors are
heavier than the frame [23]. Two frames of references are used
to describe the motion of a quadrotor, one of which is fixed and
called inertial frame and the other one which is moving, called
body frame. The quadrotor positional dynamics is expressed
in the world frame (XE , YE , ZE) and attitude dynamics is
expressed in the body frame. Considering the quadrotor as
a rigid body, its dynamics can be written as

M ρ̇+ C(ρ)ρ = G + O(ρ)ω + E(ϱ)ω2 + D(ρ, ϱ) (1)

where ρ defines the linear velocities in world frame and angular
velocities in body frame as

ρ = [Ẋ, Ẏ , Ż, p, q, r]T (2)

ZE

XEYE

OE

Fig. 1: Quadrotor dynamics (Adapted from [24])

Position and attitude angles are

ϱ = [X,Y,Z,φ, θ,ψ]T (3)

Left hand side of (1) consists of the mass-inertia matrix M
and Coriolis terms C which are given as

M =

[
m[I3x3] [03x3]

[03x3] diag(Ixx, Iyy, Izz)

]
(4)

where m is the mass, Ixx, Iyy and Izz are the moment of
inertia of the quadrotor about x, y and z axis respectively.

C(ρ) =

⎡

⎢⎢⎣

[03x3] [03x3]

[03x3]
0 Izzr −Iyyq

−Izzr 0 Ixxp
Iyyq −Ixxp 0

⎤

⎥⎥⎦ (5)

Right hand side of (1) consists of gravity term G, gyroscopic
term O and moment matrix E which are given as

G = [0, 0, 0,−mg, 0, 0, 0]T (6)

O(ρ)ω =

⎡

⎢⎢⎢⎣

[03x1]
−JT qΩ
JT pΩ

0

⎤

⎥⎥⎥⎦
(7)

where JT is the total moment of inertia around the propeller
axis and Ω is given as

Ω = ω1 − ω2 − ω3 + ω4 (8)

where ω1,ω2,ω3 and ω4 are rotor speeds as shown in Fig1.

E(ϱ)ω2 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(cφsθcψ + sφsψ)U1

(cφsθsψ − sφsψ)U1

(cφcθ)U1

U2

U3

U4

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(9)

where
U1 = b(ω2

1 + ω2
2 + ω2

3 + ω2
4)

U2 = lb(−ω2
2 + ω2

4)
U3 = lb(−ω2

1 + ω2
3)

U4 = d(−ω2
1 + ω2

2 − ω2
3 + ω2

4)

(10)
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where l, b and d are length of rotor arm, thrust factor and drag
factor respectively. The following transformation matrix is
used to relate angular velocities (η) of the quadrotor in body
frame to the Euler rates (Ω) in world frame for attitude control.

E(Θ) =

⎡

⎢⎣
1 sφ.tθ cφ.tθ
0 cφ −sφ
0

sφ
cθ

cφ
cθ

⎤

⎥⎦ (11)

η = E(Θ)Γ (12)

where Θ = [φ, θ,ψ]T , Γ = [φ̇, θ̇, ψ̇]T and η = [p, q, r]T .
D(ρ, ϱ) in (1) is the periodic disturbances acting on the the
quadrotor.

D(ρ, ϱ) = [FX , FY , FZ , τφ, τθ, τψ]T (13)

III. DOB STRUCTURES FOR PERIODIC DISTURBANCES
REJECTION

The block diagram of the conventional DOB has been
shown in Fig. 2, which consists of a simple low-pass filter
(Q filter). D is the added disturbances and D̂ is the estimated
disturbances. G−1

n (s) is the inverse of the nominal plant. ξ(s)
represents the sensor noise.

Fig. 2: Conventional DOB based controller

Fig. 3: Realizable DOB loop

From Fig. 2, the transfer function from the inputs (u,D, ζ)
of the DOB loop to the output (y) can be written as

y(s) = GDyD + Guyu(s) + Gζyζ(s) (14)

where GDy, Guy and Gζy are given as

GDy =
GGn(1 − Q)

Q(G − Gn) + Gn
(15)

Guy =
GGn

Q(G − Gn) + Gn
(16)

Gζy =
PQ

Q(G − Gn) + Gn
(17)

From above transfer functions when Q ≈ 1, it follows that
GDy ≈ 0 and Guy ≈ Gn. Therefore the total disturbance
acting on the system is suppress in the low frequency region
and the system is linearized with a nominal transfer function.
But at the same time Gζy = 1 and noise will pass unattenuated.
When Q = 0, noise will be blocked, but disturbances will not
be rejected and Guy will not be equal to the nominal plant.
In order to make the disturbance observer loop realizable,
Q cannot be constant. As in motion control, disturbances
are considered as low frequency signals, therefore low-pass
filter is used for disturbance rejection with carefully adjusted
cutoff frequency. Periodic disturbances have generally higher
frequency harmonics which are difficult to remove with the
help of this structure because of limited bandwidth. Increasing
the bandwidth can cause stability issues as it decreases the
phase margin of the system.

In order to remove the periodic disturbances in the low and
high frequency region, a new structure has been presented in
this work to show more robustness. Q filter of the proposed
structure is based on the combination of a high-pass filter
(HPF), a low-pass filter (LPF) and a bank of band-pass filters
(BPF) as shown in Fig 4. Band-pass filters are created through
the difference of two first order low-pass filters. Q filter of the
modified DOB is given by

Q(s) =
g

s + g
+

s

s + g
Q1(s) (18)

where Q1(s) is given by

Q1(s) =
( n∑

i=1

gi+1

s + gi+1
− gi

s + gi

)
+

g′
s + g′ (19)

In the proposed structure, difference of two LPFs produces
some phase lag, therefore an extra low-pass filter has been
added to counteract this problem.

IV. CONTROLLER DESIGN UTILIZING
ACCELERATION/VELOCITY BASED DISTURBANCE

OBSERVERS

Hierarchical control is a useful control technique for UAVs
that allows one to design separate controllers for the position
and attitude dynamics. The control scheme consists of high
level control and low level control. High level controller is
used to get necessary desired generalized command signals.
Analytical formulas are used to get the desired reference angles
(φd, θd,ψd) for low-level attitude control. In order to get robust
hovering control, PD controllers along with the estimated
disturbance are used as high and low level controllers as shown
in closed loop control structure of Fig. 5.

A. Position Control Utilizing Acceleration Based Disturbance
Observer

In order to reject the disturbances acting on the positional
dynamics of the quadrotor, acceleration based disturbance ob-
server (AbDOB) has been utilized. AbDOB is used to estimate
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Fig. 4: Proposed DOB structure

the total disturbances which include external disturbances,
nonlinear terms and parametric uncertainties. The following
nominal plant has been used in AbDOB.

Gn(s) =

⎡

⎢⎢⎢⎢⎣

1
ms2 0 0

0
1

ms2 0

0 0
1

ms2

⎤

⎥⎥⎥⎥⎦
(20)

From the positional dynamics of quadrotor in (1)

Ẍ = (sinψ sinφ+ cosψ sin θ cosφ)
U1

m
+ FX

Ÿ = (− cosψ sinφ+ sinψ sin θ cosφ)
U1

m
+ FY

Z̈ = −g + (cos θ cosφ)
U1

m
+ FZ

(21)

where U1 is the control input, FX , FY and FZ are the periodic
disturbances. Errors are defined as

eX = Xd − X, eY = Yd − Y, eZ = Zd − Z (22)

Error dynamics can be formulated as

ėX = Ẋd − Ẋ ⇒ ëX = Ẍd − Ẍ (23)

ėY = Ẏd − Ẏ ⇒ ëY = Ÿd − Ÿ (24)

ėZ = Żd − Ż ⇒ ëZ = Z̈d − Z̈ (25)

From the positional dynamics, Ẍ can be defined as

Ẍ = µX + FX (26)

Therefore error dynamics in (23) becomes

ëX = Ẍd − µX − FX (27)

where µX is given as

µX = Ẍd + Kd,X ėX + Kp,XeX − F̂X (28)

PD is used as the feedback controller. F̂X is the estimated
disturbance which is used as feedforward term along with the
Ẍd. Similarly µY and µZ are given as

µY = Ÿd + Kd,Y ėY + Kp,Y eY − F̂Y

µZ = Z̈d + Kd,Z ėZ + Kp,ZeZ − F̂Z

(29)

U1 can be calculated from µx, µy and µz as [7]:

U1 = m
√

µ2
X + µ2

Y + (µZ + g)2 (30)

In order to calculate the desired attitude angles of the aerial
vehicle from desired the acceleration vector, yaw angle (ψ)
is assumed to be some fixed value (ψ∗). Desired angles are
calculated as:

φd = − arcsin(
µY

U1
) (31)

θd = arcsin(
µX

U1 cosφd
) (32)

B. Attitude Control Utilizing Velocity Based Disturbance Ob-
server

Translational motion of the aerial vehicle depends upon
the behavior of the roll, pitch and yaw angles, therefore
attitude control is an important part for the motion control of
the quadrotor. Note that attitude dynamics is fully actuated.
With three inputs (U2, U3, U4) to control three degrees of
freedom motion, separate controllers can be designed for each
angular motion. Since it is difficult to obtain reliable angular
acceleration, velocity based disturbance observer (VbDOB)
has been utilized to tackle the disturbances acting on the
attitude dynamics. The following nominal plant has been used
in the proposed DOB structure.

Gn(s) =

⎡

⎢⎢⎢⎢⎢⎣

1
Ixxs

0 0

0
1

Iyys
0

0 0
1

Izzs

⎤

⎥⎥⎥⎥⎥⎦
(33)

Errors are defined as

eφ = φd − φ, eθ = θd − θ, eψ = ψd − ψ (34)

Similarly error dynamics are defined as
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Fig. 5: Closed loop control system

ėφ = φ̇d − φ̇ ⇒ ëφ = φ̈d − φ̈ (35)

ėθ = θ̇d − θ̇ ⇒ ëθ = θ̈d − θ̈ (36)

ėψ = ψ̇d − ψ̇ ⇒ ëψ = ψ̈d − ψ̈ (37)

In order to develop controllers for attitude control, we first
recall the attitude dynamics of the quadrotor.

ṗ =
Iyy − Izz

Ixx
qr − JT

Ixx
+

U2

Ixx
+ τφ (38)

q̇ =
Izz − Ixx

Iyy
pr +

JT

Iyy
+

U3

Iyy
+ τθ (39)

ṙ =
Ixx − Iyy

Izz
pq +

U4

Izz
+ τψ (40)

w0here τφ, τθ and τψ are the disturbances. For controller
design, attitude dynamics can be linearized around hover
conditions i.e. φ, θ, ψ ≈ 0 and φ̇, θ̇, ψ̇ ≈ 0. Angular
accelerations in body and world frames will be approximately
equal after linearization i.e. ṗ ≈ φ̈, q̇ ≈ θ̈, ṙ ≈ ψ̈ [7]. Resulting
attitude dynamics in (38) can be expressed as

φ̈ =
U2

Ixx
+ τφ (41)

By utilizing the estimated disturbance τ̂φ, DOB based con-
troller is designed as in [7]. Therefore (41) becomes

φ̈ = φ̈d + Kd,φėφ + Kp,φeφ − τ̂φ + τφ (42)

where U2 is designed as

U2 = Ixx

(
φ̈d + Kd,φėφ + Kp,φeφ

)
(43)

Similarly, U3 and U4 are designed by utilizing the correspond-
ing estimated disturbances as

U3 = Iyy

(
θ̈d + Kd,θ ėθ + Kp,θeθ

)
(44)

U4 = Izz

(
ψ̈d + Kd,ψ ėψ + Kp,ψeψ

)
(45)

where Kp,i > 0 and Kd,i are proportional and derivative gains
respectively for i = φ, θ,ψ.

V. SIMULATION RESULTS

In this section disturbance rejection performance of the
proposed disturbance observer (DOB) structure is investigated
using acceleration based disturbance observer (AbDOB) for
positional dynamics and velocity based disturbance observer
(VbDOB) for the attitude dynamics. During the simulation,
parametric uncertainties and noise are also taken into account
to check the robustness of the proposed DOB structure. Fol-
lowing periodic disturbances have been added to the system.

DFX ,FY ,FZ =
5∑

l=1

(2sin(2πl10t)) (46)

Dτφ,τθ,τψ = sin(t) +
5∑

l=1

(2sin(2πl5t)) (47)

Plots for periodic disturbances have been shown in Fig. 6
and Fig. 7. Conventional DOB has also been investigated to
compare the results with the proposed disturbance observer.
System parameters used in simulations are provided in Table I.
Hovering performance has been studied in the presence of pe-
riodic disturbances and measurement noise. Position tracking
performances have been depicted in Fig. 8, Fig. 9 and Fig. 10.
Attitude tracking results have been shown in Fig 11, Fig. 12
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Fig. 6: Periodic disturbances acting on the positional dynamics
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Fig. 7: Periodic disturbances acting on the attitude dynamics

TABLE I: Simulation Parameters

Symbol Description Magnitude

m Mass of vehicle 1 kg
Ixx Moment of inertia along x axis 1e-01 kgm2

Iyy Moment of inertia along y axis 1e-01 kgm2

Izz Moment of inertia along z axis 15e-2 kgm2

g gravity 9.8 m/sec2

l length of the rotor arm 0.25 m
Kp,x x proportional gain 3
Kd,x x derivative gain 2.75
Kp,y y proportional gain 2.75
Kd,y y derivative gain 4.25
Kp,z z proportional gain 1.9
Kd,z z derivative gain 20
Kp,φ φ proportional gain 2.55
Kd,φ φ derivative gain 1.95
Kp,θ θ proportional gain 7.55
Kd,θ θ derivative gain 8.95
Kp,ψ ψ proportional gain 10.25
Kd,ψ ψ derivative gain 3.25

and Fig. 13. These results showed better performance in both
positioning and attitude tracking for the proposed DOB based
controller as compared to classical DOB. From the attitude
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-10
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0

5

10

X(
m
)

Fig. 8: X Cartesian position of the quadrotor vs Time (De-
sired=blue, Proposed DOB=red, DOB=green)
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Fig. 9: Y Cartesian position of the quadrotor vs Time (De-
sired=blue, Proposed DOB=red, DOB=green)
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Fig. 10: Z Cartesian position of the quadrotor vs Time (De-
sired=blue, Proposed DOB=red, DOB=green)

plots it can be deduced that proposed DOB showed smoother
results than classical DOB with less peak amplitudes and
fluctuations. Position Errors for hovering control at a certain
altitude have been depicted in Fig. 14. Table II summarizes the
hovering and attitude performance of the quadrotor in terms of
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Fig. 11: Roll angle φ (Proposed DOB=red, DOB=green)
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Fig. 12: Pitch angle θ (Proposed DOB=red, DOB=green)
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Fig. 13: Yaw angle ψ (Proposed DOB=red, DOB=green)

root mean square (RMS) and maximum values of the errors.
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Fig. 14: Position errors (Proposed DOB=red, DOB=green)

TABLE II: Hovering and Attitude Performances

Criteria DOB Proposed DOB

RMS(ex)(m) 0.4298 0.145
max(|ex|)(m) 0.7683 0.2677
RMS(ey)(m) 0.4821 0.2487
max(|ey|)(m) 0.9 0.4419
RMS(ez)(m) 0.3074 0.1865
max(|ez|)(m) 0.6220 0.6290
RMS(eφ)(deg) 3.05 1.293
max(|eφ|)(deg) 9.33 2.944
RMS(eθ)(deg) 3.21 0.64
max(|eθ|)(deg) 17.67 2.29
RMS(eψ)(deg) 0.22 0.1042
max(|eψ|)(deg) 1.89 0.97

VI. CONCLUSION

In this paper, a new structure of DOB based on acceleration
and velocity feedback has been presented to suppress the
periodic disturbances acting on a quadrotor. Proposed DOB
structure consists of a bank of band-pass filters, a low-pass
filter and a high-pass filter. Hierarchical control is used as a
closed-loop control structure. PD with feedforward compen-
sation is used as a high level controller for the positional
dynamics along with acceleration based disturbance observer
to obtain desired generalized command signals. Reference
angles for the attituede control are calculated analytically from
these generalized command signals. PD is also used as a
low level controller along with the velocity based disturbance
observer for attitude control. Periodic disturbances have been
considered to evaluate the efficiency of the proposed DOB in
the presence of noise. From simulation results it is clear that
the new DOB structure shows better hovering performance
than conventional DOB by suppressing the periodic distur-
bances more effectively.

As a future work, the proposed method will be extended
to the 2D and 3D Cartesian trajectory tracking control of a
quadrotor. Other structures of DOB for periodic disturbance
rejection will also be taken into account for more detailed
comparison. The proposed DOB structure will also be tested
on a physical system to evaluate the performance in a real
environment.
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Abstract— Quadcopters are useful for situations such as 
natural disasters, military purposes, healthcare implementations 
and intelligent systems. In order to be entirely applicable to these 
engineering areas; being portable, which means a foldable 
mechanical design for larger quadcopters, is vital. This brings up 
a new research topic, namely self-arm management. Without self-
arm management, the quadcopter needs to be closed manually 
which is a limitation to functionality and more importantly, 
autonomy. To best to our knowledge, this paper presents the first 
self-foldable and self-deployable quadcopter design, named as 
Folly. This feature makes Folly effortlessly applicable to 
autonomous systems as it is more compact and transportable. In 
the design of Folly, we utilized a crank-slider mechanism and spur 
gears that give Folly the opportunity to automatically fold and 
deploy its arms in 0.6s. Moreover, as a new approach to deal with 
vibration effects in foldable quadcopter literature, the frame 
material of Folly is made acrylic. Folly is also equipped with two 
flight modes, which are the hover flight mode, and the object-
tracking mode that enables indoor usage by preventing collision 
and increases functionality. The paper presents real-world 
experimental results to show the operational efficiency of Folly.  

Keywords— quadcopter; unmanned aerial vehicle; self-foldable; 
self-deployable; object tracking; acrylic frame; battery; hover; 

I. INTRODUCTION

Unmanned aerial vehicles (UAV) commonly known as a 
drone is an aircraft that can perform flights without a human 
onboard [1]. Many drones are commercially available as well as 
laboratory prototypes of various designs [2]. There are many 
applications of small drones for search and rescue and 
information gathering however, small quadcopters are not 
reliable due to reduced endurance, low durability to disturbances 
and not fully compatible with object managing controllers [3], 
[4]. Solution to this problem lies beneath foldable and 
deployable designs for larger drones. These designs are the only 
alternative for increasing portability and reducing volume [5]. 
Related works on arm management are concentrated only in the 
self-deployable models. Without self-foldability quadcopters are 
not applicable to autonomous ground systems for non-human 
missions. Thus, self-arm management increases the usefulness 
of ground systems and increases the suitability for intelligent 
systems. This makes the design a suitable candidate for 
situational awareness and information gathering from a safe 

distance. Also, a foldable arm mechanism adds a shape link, 
emergency protection for motors by acting as a mechanical lock. 

The first approach when foldability is the case involves the 
use of multi-joint structures as an analogy to a human arm that 
increases the degree of freedom, resulting in an easier folding 
process [6]. Another solution consists of smart materials which 
are more applicable to small quadcopters such as introduced in 
[5], [7]. Selection between these two alternatives is made 
according to the rigidity of the arm management system, flight 
performance and being lightweight. Design criteria of a 
quadcopter consist of three sections which are maximizing 
payload, flight time and target thrust/weight ratio β [8].  

Fig 1. Illustration of Folly 

In this paper, to best to our knowledge indicates, we will 
present the first self-foldable and self-deployable autonomous 
quadcopter, named as Folly which is shown in Fig.1. Firstly we 
will present the hardware and fundamental specifications of 
Folly in detail. The mechanical design process will be clarified 
as well as self-folding and self-deployment features. The 
mechanic components of the arm management system such as 
spur gears and crank–slider mechanism will be covered and 
explained in depth. Moreover, the frame material of Folly will 
be compared with widely used materials in UAV design with 
respect to material selection criteria. After that the dynamical 
model of Folly at hover flight will be derived. We will also 
present the developed the hover and object tracking flight 
control modes of Folly will be presented.. Finally, real-world 
experimental results will be present to show the efficiencies of 
its battery consumption, hover flight, object tracking and self-
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foldability & self-deployment. The self-folding and self-
deployment experiment will clearly show the success of the 
designed mechanical structure mechanism. Battery voltage and 
hover flight experiments will indicate no decrease in overall 
efficiency and success of the design made. Object tracking mode 
testing will clearly show successfully control application for 
Folly, a self-foldable and deployable acrylic frame quadcopter. 

The paper organized as follows. Section II will present Folly. 
Section III will provide control structure of Folly flight modes 
while experiments & results will be given in Section IV. Finally, 
conclusion & future works will be presented in Section V. 

II. MEET FOLLY 
In this section, we will firstly present the hardware and 

mechanical design specifications of Folly in detail. We will also 
explain the self-folding and self-deployment mechanism 
explained and then derive the dynamic model of Folly. 

A. Hardware Specifications and Features of Folly 
Folly is designed to be easily fixable, sturdy and 

mechanically long-lasting. Both materials and hardware such as 
motors, propellers and frame are selected to provide such 
characteristics. Geometry of each component played a key role 
in the determination of the hardware. The total height of Folly 
left as a free design parameter and reduction in volume is kept 
as the main norm. The volume of Folly presented in Fig 2 while 
the main specifications of Folly are given in the Table I. 

(𝑎) (𝑏) 

154 mm x 154 mm x 100 mm 252 mm x 252 mm x 100 mm 
Fig 2. Folly’s deployed and folded states (a) Deployed configuration of Folly 
(b) Folded configuration of Folly  

TABLE I.  MAIN SPECIFICATIONS AND FEATURES OF FOLLY 

Range (km) 10.5 
Weight (g) 950 
Hover Flight Time (minutes) 18 
Maximum Acceleration (m s2⁄ ) 20 
Maximum Velocity (m s⁄ ) 10 
Arm Length (cm) 9. 2 
Propeller Diameter (cm) 15.24 
Object Detection Front, Back, Left, Right 
Object Detection Range(cm) 150 

The upper layer of the frame is the part has the lowest 
possibility to get direct hit due to the low leveled center of mass. 
The whole frame of Folly is designed to be a solid support to the 
motor arms rather than a flat surface that motors rest on. Four 
brass structural beam fixes upper and lower frames together. 
This allows arms to be pressured down to the lower frame in 

order to prevent deflection. Material of frame and motor arms 
are acrylic which is a form of plastic. 

During flight, the arms and body of the quadcopter have to 
be rigid in order to end up with a dynamic model of the 
quadcopter thus material used for the frame and arms has to be 
selected thoughtfully. In the Table II, the properties of widely 
used frame materials for UAVs are tabulated [9-15]. These 
commonly used frame materials differ from each other 
characteristically; ABS has the lowest density, carbon fiber is 
more rigid than others, glass fiber is as rigid as carbon fiber but 
denser, while Delrin has a more balanced property. On the other 
hand, Acrylic is more flexible, sturdy [16] and vibration 
absorbing due to its ductile nature, lower on density and cheaper. 
We have used an acrylic frame for Folly as it has superior 
properties when compared to the other listed ones.  

TABLE II.  FRAME MATERIAL COMPARISON  

Material 

Properties 

Young 
Modulus 

[Gpa] 

Tensile 
Strength 
[Mpa] 

Density 
[g/cm3] 

Poisson 
Ratio 

Price  
($/𝐾𝑔 ) 

Acrylic 2.76 64.8 1.18 0.370 2-3.8 
Carbon 
Fiber 125-181 4340-

4470 1.40 0.20 550-600 

ABS 2.13 40 1.04 0.35 80-175 
Delrin 2.8 69 1.41 0.35 3.5-8.5 
Glass 
Fiber 76 3100-

3800 2.62 0.21 8.5-9 

Furthermore, as tabulated in Table III, Folly is equipped with 
various electronic components such as Global Positioning 
System (GPS), radio receiver, video transmitter, power 
distribution board that are crucial in autonomous flights.  

TABLE III.   HARDWARE OF FOLLY 

ACTUATORS 
BLDC Motors 
Four Multistar Elite 2204 – 2300KV Brushless DC Motors 3s-4s 
Thrust at %50: 224g  
Electronic Speed Controllers (ESC) 
FVT LittleBee 20A ESC BLHeli OPTO 
Battery 
ForceUp 4300 mAh 3S-11.1 V Li-PO 
SENSORS 
Four Sharp GP2Y0A60SZLF Analog Distance Sensor 10-150 cm 
QMC5883L Magnetometer 
Ublox NEO-M8 Global Positioning System 
MPU6000 6 Axis SPI Gyrometer + Accelerometer 
BMP280 Barometer 
MCU 
Arduino Pro Mini 328 – 3.3V/16Mhz 
OMNIBUS F3 AIO V1.1 Flight Controller  
COMMUNICATION 
FrSky X4R-SB 2.4G 16CH Accst Telemetry Receiver 
Eachine TX05 VTX 5.8 Ghz 
POWER 
MATEK V5 PDB 
D-SUN 3A Regulator 

B. Folding and Deploying Mechanism of Folly 
Among many features of Folly being able to self-foldable 

and self-deployable stands out since complete autonomy and 
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portability for intelligent systems are crucial. In Table IV, the 
volume comparison of folded and deployed Folly is given and 
illustrated in Fig.2. 

TABLE IV.  FOLDED AND DEPLOYED COMPARISON 

 The height of Folly can be altered for different 
configurations. Self-arm management mechanism involves four 
crank-slider sub-systems and one main spur gear couple. The 
foldable arms are actuated with a servo motor through a gear 
couple and crank-slider mechanism for each of the arms. Four 
revolute joints guide arms to rotate about their own axis while 
main gear which is fixed to the center axis of the quadcopter, 
rotates slider arms. The gear system is used to increase motor 
moment and crank-slider mechanism that is used for movement 
by stroke is shown in the Fig. 3. Note that, due to its symmetrical 
design, the force is evenly distributed on the frame of Folly. 

(𝑎) 

(𝑏) 

(𝑐) 

(𝑑) 

 

Fig. 3. Folding and deploying mechanism of Folly (a) Pinion (b) Gear (c) Crank 
(d) Slider  

In the first designs of the folding mechanism, cylindrical 
gears were employed since they have variable speed 
characteristics. However, the resulting accessibility and 
reliability were not satisfying on an aerial vehicle, and thus spur 
gears are used. In Fig. 4, the internal mechanism of Folly is 
given. The positioning of pinion gear and output gear is adjusted 
specially to maximize volume reduction and servo torque. Top 
surfaces of gears are not coincident to compensate vibration and 
slight assembly eccentricity. Crank-slider mechanism reaches 
upper limit position after 135° optimum angle to intercept motor 
overloading. 

 
Fig. 4. Folding and deployment mechanism illustrated with servo motor 

C. Dynamic Model of Folly 
The dynamic model of Folly is derived under the assumption 

of hovering mode which means no roll, pitch and yaw 
(�̇� = 0, �̇� = 0, �̇� = 0) change. In Fig.1, Folly’s body 
frame(𝑄) and the inertial frame (𝐼) are defined. Here UAV’s 
speed 𝑣𝐼 = [�̇�, �̇�, �̇�]𝑇 and angular velocities 𝑤𝐼 = [�̇�, �̇�, �̇�]𝑇 
(roll, pitch, and yaw, respectively) are defined according to the 
inertial frame. The relation between the frames 𝑄 and  𝐼  is as:  

{ 𝑣𝐼 = 𝑅 𝑣𝑄

𝑤𝐼 = 𝑇 𝑤𝑄  ����

where R is the Euler Z-Y-X rotation matrix and T is the 
transformation matrix that are defined as: [17], [18].  

𝑅 = [
𝑐𝜓𝑐𝜃 𝑐𝜓𝑠𝜃𝑠𝜙 − 𝑠𝜓𝑐𝜙 𝑐𝜓𝑠𝜃𝑐𝜙 + 𝑠𝜓𝑠𝜙
𝑠𝜓𝑐𝜃 𝑠𝜓𝑠𝜙𝑠𝜃 + 𝑐𝜓𝑐𝜙 𝑠𝜓𝑠𝜃𝑐𝜙 − 𝑐𝜓𝑠𝜙
−𝑠𝜃 𝑐𝜃𝑠𝜙 𝑐𝜃𝑐𝜙

] ����

𝑇 =  [
1 𝑠𝜙𝑡𝜃 𝑐𝜙𝑡𝜃
0 𝑐𝜙 −𝑠𝜙

0 𝑠𝜙/𝑐𝜃 𝑐𝜙/𝑐𝜃

] ����

Here {𝑠𝑥, 𝑐𝑥, 𝑡𝑥} stands for {sin(𝑥) , cos(𝑥), tan(𝑥)} 
respectively. According to Newton’s Second Law, we can 
define: 

𝑚�̇� = 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝐹𝑡ℎ𝑟𝑢𝑠𝑡 − 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 − 𝐹𝑑𝑟𝑎𝑔 ����

where the  gravity force comes from 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 = [0 0 𝑚𝑔]𝑇, 
thrust generated from the motors 𝐹𝑡ℎ𝑟𝑢𝑠𝑡

Q = [0 0 𝑘 ∑ w𝑖
24

1   ]𝑇 
and drag force 𝐹𝑑𝑟𝑎𝑔 = [Kx�̇� 𝐾𝑦�̇� 𝐾𝑧�̇�  ]𝑇. Here, 𝑤𝑖  is 
angular velocity of ith rotor, k is the lift constant and 𝐾𝑥,𝐾𝑦 and 
𝐾𝑧 are drag force coefficients. It is possible to define thrust in 
inertial frame by using rotation matrix 𝐹𝑡ℎ𝑟𝑢𝑠𝑡

𝐼 = 𝑅 𝑄
0 𝐹𝑡ℎ𝑟𝑢𝑠𝑡

𝑄 . 
Then, we define the following equation for linear motion: 

[
�̈�
�̈�
�̈�
] =

𝑘
𝑚

∑ w𝑖
2

4

1

[
𝑐𝜙 𝑠𝜃 𝑐𝜓 + 𝑠𝜙 𝑠𝜓
𝑐𝜙 𝑠𝜃 𝑠𝜓 − 𝑠𝜙 𝑐𝜃

𝑐𝜙 𝑐𝜃
] − [

0
0
𝑔
] − 𝑚 [

𝐾𝑥�̇�
𝐾𝑦�̇�
𝐾𝑧�̇�

] ����

while rotational motions are defined as [17]: 

𝐼𝑄 �̇�𝑄 = −𝑤𝑄 × (𝐼𝑄 𝑤) + 𝜏𝑄 ����

In order to define moment applied to Folly, we neglect inertia of 
rotors and define: 

𝜏𝑄 = [
𝜏𝑥

𝑄

𝜏𝑥
𝑄

𝜏𝑧
𝑄
] = [

𝐿𝑘(𝑤3
2 − 𝑤4

2)
𝐿𝑘(𝑤1

2 − 𝑤2
2)

𝑏(𝑤1
2 + 𝑤2

2 − 𝑤3
2 − 𝑤4

2)
] ����

where b is the drag constant of rotor and L is the distance 
between the rotor and the center of mass of the quadcopter. For 
simplicity in notation, angular velocities of quadcopter defined 
as 𝑤𝑄 = [𝑝 𝑞 𝑟]𝑇 is used. As discussed before, quadcopter 
design is based on the symmetrical design (𝐼𝑥𝑦 = 𝐼𝑥𝑧 = 𝐼𝑦𝑧 =
0) neglected. Finally, we get rotational motion equations as: 

Status 
Features 

Size (mm x mm x mm) Volume (cm3) Volume (%) 

Deployed 252 x 252 x 100 6350,4 100 

Folded 154 x 154 x 100 2371,6 37,35 
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�̇�𝑄 =

[
 
 
 
 
 
 𝑟𝑞(𝐼𝑧𝑧 − 𝐼𝑦𝑦) + 𝐿𝑘(𝑤3

2 − 𝑤4
2)

𝐼𝑥𝑥
𝑝𝑟(𝐼𝑥𝑥 − 𝐼𝑧𝑧) + 𝐿𝑘(𝑤1

2 − 𝑤2
2)

𝐼𝑦𝑦

𝑝𝑞(𝐼𝑦𝑦 − 𝐼𝑥𝑥) + 𝑏(𝑤1
2 + 𝑤2

2 − 𝑤3
2 − 𝑤4

2)
𝐼𝑧𝑧 ]

 
 
 
 
 
 

 ����

In the hovering mode, we define the control inputs 𝑈1, 𝑈2, 𝑈3, 𝑈4 
to control the thrust, roll, pitch and yaw of Folly as follows:  

[

𝑈1
𝑈2
𝑈3
𝑈4

] =

[
 
 
 
 𝑘(𝑤1

2 + 𝑤2
2 + 𝑤3

2 + 𝑤4
2)

𝑘(𝑤3
2 − 𝑤4

2)
𝑘(𝑤1

2 − 𝑤2
2)

𝑏(𝑤1
2 + 𝑤2

2 − 𝑤3
2 − 𝑤4

2)]
 
 
 
 
 ����

These control inputs are then employed to the onboard flight 
controller to generate the required input signals to each motor. 
From gyroscope, the rotation achieved is ported to the flight 
board for controller intercept. Note that, the imbalances and 
nonlinearities will be compensated with the deployment with a 
control structure.  

III. THE CONTROL STRUCTURE OF FOLLY 
As shown in Fig. 5, the control structure of Folly consist two 

controllers one is a low-level which is a stability augmentation 
controller and other one is an object tracking control structure 
which involves PID structure. Without the obstacle avoidance 
system, the 25-byte S-BUS signal generated by the transmitter 
gets broadcasted directly to the flight board rather than 
additional MCU. Flight board generates control signals 
according to the 25-byte S-BUS signal and directs control 
signals to the ESC of each motor. With the addition of obstacle 
avoidance controller, the signal to flight board is interrupted if it 
is necessary according to the sharp sensors onboard. 

A. Hover Flight Mode 
In this mode user only controls three-dimensional position 

and yaw angle, roll and pitch angles are held at zero by the hover 
mode controller. The data from the gyroscope and accelerometer 
are fed back to the flight board to be directed to the attitude PID 
controllers which are used at low-level. To design these roll, 
pitch and yaw controllers, firstly, the linearized mathematical 

model is used then controller parameters fine-tuned 
experimentally. Feedback data is passed through a low-pass 
filter and fed back to flight control unit. 

B. Object Tracking Mode 
In this mode, Folly can track a certain object by keeping the 

distance constant between the object and itself or prevent any 
collision with obstacles in an environment. In this mode, the 
incoming roll and pitch references from remote control are 
blocked and the object tracking controller outputs are employed 
to low-level controllers. To accomplish such a goal, the distance 
measuring sensor characteristic is obtained via a sensor 
identification. Though, the low-cost distance sensor suffer from 
noise. To overcome the effects of noise, an exponential filter is 
deployed that provides a filtered output (𝑦[𝑘]) as follows:  

𝑦[𝑘] = 𝑎𝑦[𝑘 − 1] + (1 − 𝑎)𝑥[𝑘] �����

where 𝑥[𝑘] is the distance measured and 𝑎 is the smoothing 
constant. The physical meaning of filter term 𝑎 could be 
expressed as an exponential function: 𝑎 = 𝑒−𝑇/𝜏 where 𝜏 is the 
filter time constant and T is the sampling time. Also, the moving 
average filter is a special case of the regular FIR filter which is 
used for filtering the distance data from sharp sensors to create 
more reliable input for object tracking controller by taking 
previous measurements into consideration. This is possible due 
to low transmission intervals which are three times slower than 
distance sensor single measurement. 

𝑦[𝑘] =
𝑥[𝑘] + 𝑥[𝑘 − 1] + ⋯+ 𝑥[𝑘 − 𝑁]

𝑁 + 1
 �����

The design parameters of object tracking controller and filter 
are tuned experimentally after series of tracking and collision 
scenarios are investigated. 

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 
Various experiments are conducted in order to prove the 

convenient design. Firstly, self-deploying and self-folding 
experiments are done to compute elapsed time during deploying 
and folding process. Secondly, hover mode and battery duration 
experiments are conducted as a proof of design efficiency. 
Lastly, collision avoidance experiments realized in order to 
prove the feasibility for general control purposes. 

𝜙𝑟 , 𝜃𝑟 , 𝜓𝑟 , 𝑇ℎ𝑟𝑢𝑠𝑡𝑟 , 𝑀𝑜𝑑𝑒 

Filter

Desired Ref

Mode 
Selection

Attitude 
Controllers

Sensor 
Fusion

𝑈1, 𝑈2, 𝑈3, 𝑈4 𝜙𝑟 , 𝜃𝑟 , 𝜓𝑟 , 𝑇ℎ𝑟𝑢𝑠𝑡𝑟  

PID

𝜙, 𝜃, 𝜓 

+_
𝜙𝑟 , 𝜃𝑟  

𝑥𝑑𝑖𝑠𝑡  

 
Fig. 5. Illustration of the control structure of Folly 
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A. Self-Foldable and Self-Deployable Design Experiment 
In this experiment total time spent while changing between 

states are considered as the issue. . In Fig. 6, the self-folding and 
self-deployment features of Folly is illustrated. The results show 
that Folly has the capability to change from the deployed to 
folded state (or vice versa) in 600ms which shows the efficiency 
of the mechanism. In addition, the durability and rigidity of the 
folding and deployment mechanism are efficient in operation. 

 
Fig. 6. The self-folding and self-deployment features of Folly 

B. In Flight Battery Test Experiment 
The flight time is a great indicator to a good mechanical 

design and properly selected hardware. If the expected battery 
life is compatible with real-life data than it can be said that there 
are no excess loses due to inefficiencies. As it can be seen from 
Fig. 7, there is no drastic change in battery consumption, and 
thus Folly can accomplish a stable flight for almost 18 minutes.  

 
Fig. 7. Battery voltage versus time during hover flight  

C. Object Tracking Mode Experiment 
Previously established obstacle avoidance controller is tested 

in an indoor environment. The test is carried out is at hover flight 
with a steadily approaching obstacle. In the given Fig. 8, the 

results of tests can be seen. Folly is stably held its distance from 
the obstacle at the required distance which is 60cms. 

 

Fig. 8. Distance from sharp sensor to obstacle  

In this experiment, for two minutes Folly is teased with an object 
from only left-hand side as seen in Fig. 9. It has been observed 
that the desired distance is held even if the object is pushed 
towards Folly. Note that, when an object suddenly introduced to 
Folly while object tracking mode is active, Folly keeps the 
distance from the object as the reference previously set. 

 
Fig. 9. Object tracking testing set-up  

D. Hover Flight Experiment 
It is expected that there will be no high amplitude vibrations 

that intercept flight control signals significantly and the drift will 
be low in terms of balance. The experiment is performed in a 
outdoor environment but inside cage to eliminate the effect of 
any disturbance in order to analyze the vibrations during the 
flight. The experimental results, given in Fig. 10, show that are 
minimal radial vibrations at flight board according to the 
Cartesian body frame of Folly. It is also worth to mention that 
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the oscillations are between ±0.06g which is far lower compared 
to expected disturbances that can impose threat to flight control. 

 
Fig. 10. Vibration of flight board during hover 

V. CONCLUSION AND FUTURE WORKS 
In this study, we have presented Folly which is a self-

foldable and self-deployable quadcopter. Folly has various 
features from being autonomous to be transportable. Folly is 
capable to automatically fold and deploy its arms in 0.6s. 
Moreover, as a new approach to deal with vibration effects in 
foldable quadcopter literature, the main material of Folly is 
selected to be acrylic. Folly is also equipped with two flight 
modes, which are the hover flight mode, and the object tracking 
mode that enables indoor usage by preventing collision and 
increases functionality for the motivations described. The real-
world experimental results have clearly shown that the operation 
of Folly in real-time is highly efficient.  

For the future work, we plan to enhance the control structure 
with vision based feedback signals and implement more 
sophisticated control structures to enhance its autonomous 
capability in dynamics and challenging environments. 

ACKNOWLEDGMENT 
This work was supported by the Scientific and 

Technological Research Council of Turkey (TUBITAK), Grant 
No: 2209-B. 

 

 

REFERENCES 
[1] "ICAO's circular 328 AN/190 : Unmanned Aircraft Systems," 2011. 

[Online].Available: 
https://www.icao.int/Meetings/UAS/Documents/Circular%20328_en.pdf
. [Accessed: Apr. 5, 2018]. 

[2] S. Norouzi Ghazbi, Y. Aghli, M. Alimohammadi, and A. A. Akbari, 
“Quadrotors unmanned aerial vehicles: A review,” Int. J. Smart Sens. 
Intell. Syst., 2016.  

[3] D.  Floreano  and  R.  J.  Wood,  “Science,  technology  and  the  future  
of  small  autonomous  drones,”  Nature,  vol.  521,  no.  7553,  pp.  460–
466,  2015. 

[4] T. Mori and S. Scherer, “First results in detecting and avoiding frontal 
obstacles from a monocular camera for micro unmanned aerial vehicles,” 
in Proceedings - IEEE International Conference on Robotics and 
Automation, 2013. 

[5] L. Dufour, K. Owen, S. Mintchev, and D. Floreano, “A drone with insect-
inspired folding wings,” in IEEE International Conference on Intelligent 
Robots and Systems, 2016. 

[6] Z. You and S. Pellegrino, “Cable-Stiffened Pantographic Deployable 
Structues Part 2: Mesh Reflector,” AIAA J., 1997. 

[7] S. Mintchev, L. Daler, G. L’Eplattenier, L. Saint-Raymond, and D. 
Floreano, “Foldable and self-deployable pocket sized quadrotor,” in 
Proceedings - IEEE International Conference on Robotics and 
Automation, 2015. 

[8] S. Bouabdallah, “Design and Control of Quadrotors With Application To 
Autonomous Flying,” École Polytech. Fédérale Lausanne, À La Fac. Des 
Sci. Tech. L’Ingénieur, 2007.  

[9]  “Delrin® Design Guide- Module III,” 2018. [Online]. Available: 
http://www.dupont.com/content/dam/dupont/products-and 
services/plastics-polymers-and 
resins/thermoplastics/documents/Delrin/Delrin%20Design%20Guide%2
0Mod%203.pdf.  [Accessed: May. 15, 2018]. 

[10] “E-Glass Fibre[94],” 2001. [Online]. Available: 
https://www.azom.com/article.aspx?ArticleID=764.  [Accessed: May. 15, 
2018]. 

[11] “ASM Handbook, Vol. 21: Composites (#06781G) Glass Fibers,” 2001. 
[Online]. Available: 
https://www.asminternational.org/documents/10192/1849770/06781G_p
27-34.pdf. [Accessed: May. 15, 2018]. 

[12] “Properties of Delrin 150,” 2016. [Online]. Available: 
https://www.hpceurope.com/docFichesTechniques/DelrinPlastic.pdf. 
[Accessed: May. 12, 2018]. 

[13] “ABS Material,” 2009. [Online]. Available: 
http://xahax.com/subory/Spec_ABS.pdf.  [Accessed: May. 12, 2018]. 

[14] “ACRYLIC” (PDF), IPS. Retrived 10 May 2018. 
[15] T. Langston, “The Tensile Behavior of High-Strength Carbon 

Fibers,” Microscopy and Microanalysis, vol. 22, no. 4, pp. 841–844, 
2016.  

[16] M. Orsag, C. Korpela, and P. Oh, “Modeling and control of MM-UAV: 
Mobile manipulating unmanned aerial vehicle,” J. Intell. Robot. Syst. 
Theory Appl., 2013.  

[17]  F. Candan, A. Beke, T. Kumbasar “Design and Deployment of Fuzzy PID 
Controllers to the nano quadcopter Crazyflie 2.0,” in 2018 IEEE INISTA, 
2018. 

[18] M. Orsag, C. Korpela, and P. Oh, “Modeling and control of MM-UAV: 
Mobile manipulating unmanned aerial vehicle,” J. Intell. Robot. Syst. 
Theory Appl., 2013.  

 

546

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey

http://graphemica.com/%C2%B1


INDUSTRIAL 
ELECTRONICS 

547

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



978-1-5386-7641-7/18/$31.00 ©2018 IEEE

Analysis of MPPT Methods: P & O, INC and Fuzzy 

Logic (CLF) for a PV System 

Aicha Djalab(1) 

(1) Applied Automation and Industrial Diagnostics
Laboratory, Djelfa University, Algeria. 

a.djalab@univ-djelfa.dz

Ali Teta(1) 

(1) Applied Automation and Industrial Diagnostics
Laboratory, Djelfa University, Algeria. 

a.teta@univ-djelfa.dz

Mohamed Mounir Rezaoui (1)

(1) Applied Automation and Industrial Diagnostics
Laboratory, Djelfa University, Algeria. 

mm.rezaoui@univ-djelfa.dz

Mohamed Boudiaf(1) 

(1) Applied Automation and Industrial Diagnostics
Laboratory, Djelfa University, Algeria. 

m.boudiaf@univ-djelfa.dz

Abstract—The MPPT (Maximum Power Point Tracking) 
control unit is an essential part for the photovoltaic system 
optimal operation. In addition to the protection function, this 
command ensures the continuation of the maximum power point 
(MPPT) and allows the PV generator to deliver its maximum 
power regardless of the variation in climatic conditions (sunshine 
and) temperature).  This work intends to provide a comparative 
study of different techniques to track the maximum power point 
(MPP) from the photovoltaic array. Disturbs and observes P&O, 
incremental conductance INC and fuzzy logic based FLC 
strategies are analyzed and their simulation under unsteady state 
conditions has been performed using MATLAB SIMULINK for 
the purpose of showing the advantages of each of them 

Keywords—photovoltaic system, control MPPT, point to 

maximum power, disrupt and observe, Increment of the 

Conductance, fuzzy logic. 

I. INTRODUCTION

Today, electric energy demand has a significant growth 
worldwide.  There are many sources to produce, but there are 
also constraints related to its production, such as the effect of 
pollution and global warming... etc. These constraints lead 
research towards the development of renewable and non-
polluting energy sources; the use of renewable energy such as 
solar energy has shown that they could contribute on a large 
scale to find a solution to the above-mentioned problems [1].  
Renewable energy means that the energy of the Sun, wind, 
Earth, water or biomass heat is regarded as a clean alternative 
energy source. Among the different types of renewable 
energy, solar energy has been exploited to produce calories, 
thermal energy and lastly the electricity which is the main 
subject of this article. However, the characteristics of the 
outputs of PV systems are not linear and change according to 
the temperature and irradiation, so a MPPT controller is 
needed to extract the maximum power to the terminals of 
PVG. Therefore, the MPPT techniques are used to maintain 
the PV works at its MPPT [6]. Several MPPT techniques have 
been proposed in the literature; For example, Perturb and 
Observe (P & O) method [2], [3] incremental conductance 

(INC) method and fuzzy logic based methods [4], etc. In this 
article a comparative study between three of the most popular 
algorithms of the MPPT technology (Perturb and observe (P & 
O), the incremental conductance (Inc.) and fuzzy logic based 
method have been provided, in addition, contrary to the above-
mentioned researches an extensive simulation under various 
environmental conditions have been performed using Matlab-
Simulink, the simulation results are presented and discussed to 
evaluate the efficiency of these algorithms. Finally, we end up 
with a conclusion. 

II. THE PHOTOVOLTAIC SYSTEM
Photovoltaic system consists of four blocks as shown in 

figure 1. The first block is the source of energy (solar panel), 
the second block is a static converter DC - DC, the third block 
represents the load and the fourth block represents the control 
system. The main role of the static converter is to an 
impedance matching so that the Panel delivers maximum 
energy.       

Fig.1. Photovoltaic system. 

III. MODELING OF THE PHOTOVOLTAIC SYSTEM

To obtain a desired output such as the power, the output 
current and output voltage [5] [6], the photovoltaic system 
(SPV) which consists of a set of basic photovoltaic cells can 
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be connected in series and/or parallel, where the Photovoltaic 
cells are the main components of the module. 

A. Model of a Photovoltaic Cell 
The simplest circuit of the photovoltaic cell model is 

represented by a current source in parallel with an ideal diode, 
which will be adopted in this study [7]. 
The equivalent circuit of a solar cell is given in Figure 2. This 
equivalent circuit is composed of a current source controlled 
models which the photovoltaic effect (the generated current is 
controlled by the Sun's rays). The led represents the effect of 
the junction semiconductor of the cell (model use two diodes 
in parallel for more precision). Two resistors (Rs, Rp) 
represent the mass and the effect of resistivity in the cell 
respectively [5]. 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Equivalent circuit of a solar cell. 
 
 
The equivalent circuit gives the following relationship: 

                                   
ph d pI I I I= + +                              (1) 

The current in the diode Id is given by [8]: 
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The current in the RP resistance is given by: 
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From equation (1), we obtain the expression of current I: 

                        
ph d pI I I I= − −

                                        
 (4) 

Replacing (4) in the equations (2) and (3), the characteristic 
equation becomes: 

0 exp 1
. .

s s
ph

t S p

V R I V R II I I
V N A R

§ ·ª º§ ·+ += − − − ¨ ¸« »¨ ¸ ¨ ¸© ¹¬ ¼ © ¹
      (5) 

Where: 
V: The cell voltage 
Rs: The resistance series cell [Ω]  
Rp: is the parallel resistance 
I0: Saturation current (A) 
Vt:  the thermal voltage of the module: Vt=Ns kT/q, with     
Ns the number of cells connected in series 

T: The temperature of the cell [°K]  
q: electron's charge e = 1.6 *10-19 C  
K: The Boltzmann constant (1.3854*10-23 J°K-1)  
A: is a constant called the ideality factor it can be classified by 
the PV technology according to table 1 [9]. 

TABLE I.  IDEALITY FACTOR (A)   

Technology Ideality factor 

Si-mono  
Si-poly  
a-Si-H  
a-Si-H tandem  
a-Si-H triple  
cdTe  
CTs  
AsGa  

1.2 
1.3 
1.8 
3.3 
5 
1.5 
1.5 
1.3 

 
    Figure 3 shows a nonlinear characteristic of the 
photovoltaic cell. This characteristic varies with the change in 
metrological terms. As the optimal power point varies broadly 
according to weather conditions, a power converter switch 
should be controlled by a specific algorithm to track the 
maximum power point [10].  

 
Fig. 3.  I-V and P-V characteristics of a photovoltaic cell 

 

B. PV Array Characteristics  
The characteristics of the PV array used in this paper are 
presented in Table II: 
 
 

TABLE II. ELECTRICAL CHARACTERISTICS OF THE SPR -305-WHT PV 
MODULE 

 
Voltage in open circuit (Vco) 64.2 V 
Optimal operation voltage (Vmp) 54.7V 
Short circuit current (Isc) 5.96 A 
Optimal operating current (Imp) 5.58 A 
Maximum power on STC (Pmax) 305 Wp 
Operating temperature De - 40 C° à +85 C° 
Power tolerance +/- 5% 
 
 

Iph 

G 
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IV. MAXIMUM POWER POINT TRAKING CONTRELLERS 
The photovoltaic system to work at maximum power 

points of their characteristics, there are specific laws that meet 
this need. This command is named in the "Maximum Power 
Point Tracking" (MPPT) literature. The principle of these 
commands is to seek the maximum power point (MPP) by 
keeping a good adaptation between the generator and the load 
to ensure the transfer of maximum power. The technique of 
control so to act on the duty cycle in an automatic way to 
bring the point of operation of the generator at its optimum 
value whatever weather instabilities or brutal changes in load 
[2]. For such reason, three MPPT control techniques will be 
discussed. 

 

A. P&O Controller 

The perturbation and observation (P&O) algorithm is 
probably the most frequently used in practice, mainly due to 
its easy implementation [2].  
 As the name suggests it is based on the perturbation of system 
by the increase or decrease in Vref where acting directly on 
the duty cycle of the converter DC-DC, then observation of 
the effect on the output power of the panel. If the current value 
of the power P(k) panel is greater than the previous value P(k-
1) is then retains the same direction of previous disturbance or 
we reverse disruption of the previous cycle. The figure 4 
shows the flowchart of this algorithm.  
 

Start

Sense V(k),I(k)

P(k)-P(k-1)>0

V(k)-V(k-1)>0

Decrease Vref Increase Vref

Yes

No

YesNoV(k)-V(k-1)>0

Decrease Vref Increase Vref

Yes

No

P(k)-P(k-1)=0

Return

Yes

No

 
Fig. 4. Flowchart Perturb and Observe Algorithm 

B. Incremental Conductance (INC) Controller 
Figure 5 illustrates the flowchart of INC algorithm. The 

position of the operating point compared to the maximum 
power point can be obtained according to conductance (I/V) 
and incremental conductance (dI/dV). Consequently, the MPP 
can be tracked by comparing the instantaneous conductance 
(I/V) to the incremental conductance (dI/dV). If instantaneous 
conductance is greater than the opposite of incremental 
conductance, the duty cycle will be increased (d). Otherwise 
the duty cycle will be decreased [10]. 

Start

Sense V(k),I(k)
ΔV=V(k)-V(k-1)
ΔI=I(k)-I(k-1)

I+ΔI/ΔV  V>0

Decrease Vref Increase Vref

No

Decrease Vref Increase Vref

I+ΔI/ΔV  V= 0

Return

Yes
ΔI=0

ΔI=0

ΔV=0

Yes

No

Yes

Yes

Yes

No

No

 
Fig. 5. FlowChart of INC Algorithm 

C. Fuzzy logic controller  
Fuzzy logic allows to define control laws of any process 

starting from linguistic description of the control strategy to be 
adopted. Fuzzy logic using controller is a rule-based 
controller; it consists of an input, processing, and output stages 
[12]. The structure of a process controlled via a fuzzy 
controller is shown in Figure 6, which emphasizes the basic 
components of a fuzzy controller: a fuzzification interface, a 
knowledge base, a data base, inference procedure, and a 
defuzzification interface. 

DefuzzificaztionInference

Knowledge Base

FuzzificaztionE
CE

D
 

Fig. 6. Basic structure of fuzzy logic control 
 
The fuzzification allows conversion of physical variables of 
entry into fuzzy sets. In our case, we have two inputs the error 
E and the variation in the error E defined as follows: 

                      
( ) ( 1)( )
( ) ( 1)

P n p nE n
V n V n

− −=
− −

                                   (6) 

                    ( ) ( ) ( 1)E n E n E n∆ = − −                              (7) 
 
We assign to these variables linguistic variables: NB 
(Negative Big), NS (Negative Small), Z (Zero), PS (Positive 
Small), PB (Positive Big): 
These two input variables and the output duty cycle D used in 
this controller are illustrated in Fig.7. 
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Fig. 7.  Membership function of FLC 

 
  In the step of inference, we make decisions. Indeed, it 
establishes logical relationships between the inputs and the 
output setting membership rules. Subsequently, it paints the 
picture of inference rules (table 1). Finally, in defuzzification, 
converting the fuzzy subassemblies of output to a numeric 
value. 
 

TABLE I: FUZZY TABLE RULES 
    CE    
E 

NB NS ZE PS PB 

NB ZE ZE PB PB PB 
NS ZE ZE PS PS PS 
ZE PS ZE ZE ZE NS 

PS NS NS NS ZE ZE 

PB NB NB NB ZE ZE 
 

After the text edit has been completed, the paper is ready 
for the template. Duplicate the template file by using the Save 
As command, and use the naming convention prescribed by 
your conference for the name of your paper. In this newly 
created file, highlight all of the contents and import your 
prepared text file. You are now ready to style your paper; use 
the scroll down window on the left of the MS Word 
Formatting toolbar. 

 

V. RESULTS AND SIMULATION 
In this section, we begin by assessing the photovoltaic 

system by simulation with MATLAB/Simulink simulation 
tool. Then, three further MPPT methods are studied: the 
method (P & O), the method (INC) and the fuzzy controller. 
The three systems are simulated under standard environmental 
conditions and many changes of weather conditions. 

 

A. Operation under standard test conditions 
In this test the irradiance and temperature are held 

constant. It takes the values of the standard conditions: the 
temperature T = 25 ° C and irradiance = 1000W/m2. The 
purpose of these simulations is to view the offset of the point 
of operation compared to the MPP point. 

Figures 8 and 9 shows the results of the output power and 
voltage under standard conditions: 
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Fig. 8. PV power by P&O, INC and FLC Controller in standard conditions 
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Fig .9.  PV voltage by P&O, INC and FLC Controller in standard conditions 

 
 
It is clearly obvious that the FLC is faster than the P&O 
tracker while the INC controller creates oscillations before 
achieve the MPP. 
 
B. The system behavior under unsteady irradiance and 

temperature 

In order to evaluate the response time of the three MPP 
trackers, they will be tested under the following tests: first a 
constant temperature and unsteady irradiance. Then a fixed 
value (1000W/m2) of the irradiance and variable temperature. 
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The unsteady irradiance is shown in fig.10, while Figures 11 
and 12 illustrate the evolution of the power and the voltage at 
the terminals of the PV Panel using the three controllers. 
It is clearly noticed that the MPP keep tracked by the adopted 
controllers  
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Fig. 10. Unsteady irradiance 
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Fig. 11. PV power by P&O, INC and FLC Controller in unsteady conditions 
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Fig. 12.  PV voltage by P&O, INC and FLC Controller in unsteady conditions 

 

In the next part of simulation, the PV array is under rapid 
variation of temperature (increasing the temperature of 25 °C 
to 45 °C in 0.5 s), (Fig. 13). 
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Fig. 13.  Unsteady temperature 
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Fig. 14.  PV power by P&O, INC and FLC Controller in unsteady temperature 
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Fig. 15. PV voltage by P&O, INC and FLC Controller in unsteady 
temperature 

Figure 14 and Figure 15 show that the output pv power and 
voltage are decreased with the augmentation of the 
temperature from 0.5S to 1S, however, all the three trackers 
keep tracking the MPP. 

The simulations presented in this section evidence the 
effectiveness of the three studied strategies under standard test 
conditions. Although the advantage of the P&O simple but it 
causes an oscillation around the MPP and has a quite low 
response under sudden change in irradiance. The INC method 
is performing better then P&O under unsteady conditions, 
though, this algorithm is complex. Finally, it is obvious 
through the simulation that the fuzzy logic based tracker gives 
better results compared to the P&O and INC trackers under 
changing irradiance and temperature. 

VI. CONCLUSION 
To ensure the optimal operation of a photovoltaic system, 

the MPPT controllers are often used. These controllers are 
designed to pursue the MPP and minimize the error between 
the operation power and the maximum power. In this article, 
we have described the main elements of the PV system. Then, 
we illustrated the principle of a three MPPT techniques 
namely P&O, INC. and FLC. Finally, we finished by a 
simulation of the different techniques. 
Simulations conducted of the techniques P&O, Inc. and fuzzy 
logic under different weather conditions allowed to say that 
the results show the fuzzy logic based algorithm gives results 
better than the P&O and INC. On the other hand, among all 
these algorithms, the P&O is widely used but deduce that the 
controller based on fuzzy logic is faster and shows good 
behavior and better performance compared to the other 
methods. 
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Abstract —In this paper, an efficient and fast MPPT power 
control of photovoltaic systems based on backstepping approach 
is presented. The proposed control scheme consists of two 
cascade loops; in the first loop, the auto-scaling variable step-size 
perturb and observe MPPT technique estimates the reference 
voltage of all electrical load values. For removing steady state 
oscillations, the robust backstepping controller has been adopted 
in the second loop. Further, the performance of proposed control 
system has been analyzed through dSPACE DS-1104 
experimental validation with Isofoton photovoltaic module under 
real climatic conditions at Biskra (Algeria) region. The results 
obtained through the used approach averred a good 
improvement. 

Index Terms—Photovoltaic system, dSPACE DS-1104, Auto 
scaling variable step-size P&O MPPT, Backstepping Control. 

Nomenclature 

PV: Photovoltaic 
DC: Direct current 
P&O: Perturb and observe 
MPPT: Maximum power point tracking 
MPP:  Maximum power point 

PVV : Panel voltage 

oV : Output voltage 

PVI : Panel current 

LI : Inductor current 
∆d: Change in duty cycle 
∆VPV : Change in PV voltage 
∆IPV : Change in PV current 
∆PPV :Change in PV power 
C1 :Input capacitor 
L :Inductor 
C2 :Output Capacitor 
d :Duty cycle 
PWM :Pulse width modulation 

I. INTRODUCTION

Free fuel consumption, environmentally friendliness, 
pollution-free, infinite availability, and low maintenance cost 
are the most significant characteristics of the solar 
photovoltaic systems (PV). Moreover, the conversion process 
of the photovoltaic energy into electricity requires only solar 
panels and no moving parts are needed. Accordingly, it is the 
promising solution of electrical production and supplies the 
rural areas far away from the national grid. However, due to 
unforeseen weather and load change, the PV output power 
characteristic is nonlinear. Thus, the maximum power point 
tracking (MPPT) control is unavoidable in the photovoltaic 
systems to maximize the generated energy. 

Perturbation and observation P&O techniques are widely 
used due to its low cost and ease of implementation. With its 
conventional algorithms using fixed step-size, it is difficult to 
satisfy both performance requirements of fast dynamic 
response and good accuracy during the steady state. This is 
because, for big perturbation step-size, the maximum power 
point is reached quickly, but, the power loss caused by 
oscillations in the steady-state will be increased. Meanwhile, a 
smaller perturbation step-size can reduce the power loss in the 
steady state, but, the tracking speed can be slow down [1]. 

Removing some disadvantages of the conventional P&O 
algorithm, several methodologies have been proposed in 
literature; changed P&O with adaptive duty cycle step size [2, 
3], adaptive P&O method with variable step-size [4-6], 
predictive & adaptive method [7], fuzzy logic controller [8, 9], 
a modified particle swarm optimization in [10], and in [11] an 
artificial neural network has been investigated. 

For robust control MPPT, a first order sliding mode 
controller is widely used, between them, in [12-14], which 
guarantees the robust stability and fast response of the system, 
but, the undesirable chattering phenomenon increases the 
voltage ripple. As a solution, in order to eliminate the 
chattering phenomenon of the first order, based on the super 
twisting algorithm, the second order sliding mode controller is 
largely introduced on MPPT domain [15], the hybrid fuzzy-
sliding mode is presented in [16, 17], based on parameter 
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estimation, the authors in [18] proposes an improved double 
integral sliding mode MPPT.  

On the other hand, due to its simple implementation and 
natural robustness, a considerable number of studies interested 
on backstepping MPPT schemes have been proposed. 
Recently, several authors [19-23] have proposed various 
schemes, where the desired voltage is synthesized online, in 
the first loop using: an extremum-seeking algorithm in [19] a 
regression plane in [20], an incremental conductance 
algorithm in [21], and by fixed step-size P&O technique in 
[22]. In addition, in [23] the MPOP is achieved through the 
use of an incremental conductance algorithm that generates 
the desired current. In this way, the contribution of this paper 
is the implementation of auto-scaling variable step-size P&O 
technique [5] for generating the reference voltage, which is 
combined with a backstepping controller. The proposed 
controller performance has been examined under simulation 
and experimental implementation by MATLAB/Simulink with 
a real-time interface based on dSPACE 1104. 

II. PHOTOVOLTAIC SYSTEM MODELING 
A block diagram of the proposed control system is 

illustrated in fig.1. A DC/DC boost converter is used to 
interface PV output power to the load (resistive load in this 
study) to track the maximum power of the PV array. The 
MPPT controller keeps adjusting the duty cycle of the power 
converter to reach the MPP of the solar panel. 

A.  DC-DC boost converter model 

The DC-DC converter is a necessary stage in the PV 
systems, which is used as a power interface between the PV 
panel and the load, to operate at maximum power when the 
MPPT algorithm adjusts the duty cycle. The regulation is 
achieved by PWM and the switching device MOSFET or 
IGBT.  

Since, the duty cycle (d) is between 0 and 1, according to 
( )dVV PVo −= 1 which defines that the output voltage 0V  is 

higher than the input voltage 
PVV   

Based on the method of State-Space Averaging, the 
dynamic model of the boost converter can be illustrated by 
differential equations (1) [19, 22], 

oPVL

LPVPV

VdVIL

IIVC

⋅′−=⋅

−=⋅
&

&
1                       (1) 

For reducing the number of sensors, the conductance current 
( LI ) is calculated online using the following formulae 

dtdvCII pvPVL 1−= . 

B. Conventional and Variable step-size P&O MPPT 
Modeling 

Perturbation and observation P&O techniques are 
commonly used due to its low cost and simplicity of 
implementation. With its conventional algorithms using fixed 
step-size (C), the mathematic model of fixed step-size P&O 
MPPT can be shown by (2), 

( ) ( ) CkVkV refref ±−= 1                                   (2) 

Where, C: is the fixed step-size perturbation. 
The oscillating output power around the maximum power 

point is the main issue of the perturb and observe process. As 
a solution, Variable step-size algorithms are developed to 
achieve a compromise between the speed and the accuracy of 
the tracking. Table I summarizes the most common 
expressions used for variable step-size methods. In addition, a 
modified dual scaled adaptive technique is presented in the 
reference [31], which offers also the protection from the 
overshoot or undershoot of PV voltage. In this paper, the auto-
scaling variable step-size proposed in [5] is used to generate 
online the reference voltage, which is given by (4), 

( ) ( ) ( ) refrefref VAkVkV ∆−±−= 11                (4) 
Where, 
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( )kVref  and ( )1−kVref are the reference voltage at the (k) 
instant, and at the previous  ( 1−k ) instant, respectively.  

 

 
Fig.1. Block diagram of the proposed control scheme for PV systems. 
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TABLE I: VARIABLE STEP-SIZE EXPRESSIONS 
References Variable step-size expressions 

[24] ( ) ( ) ( ) ( )dPdPNkdkd ∆∆⋅±−= 1  

[25] ( ) ( ) ( )( )11 −∆±−= kdPMkdkd  

[26] ( ) ( ) VPNkVkV refref ∆∆⋅±−= 1  

[27], [28] ( ) ( ) IPNkVkV refref ∆∆⋅±−= 1  

[29] ( ) ( ) ( )IVPNkVkV refref ∆−∆∆⋅±−= 1  

[30] ( ) ( ) dPNkVkV refref ∆∆⋅±−= 1  

 
( ) ( ) ( ) refrefref VAkVkV ∆−±−= 11                (4) 

Where, 
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( )kVref  and ( )1−kVref are the reference voltage at the (k) 

instant, and at the previous ( 1−k ) instant, respectively.  

III. BACKSTEPPING CONTROL DESIGN 
In order to generate the suitable duty cycle of the boost 

converter, based on feedback control law, Lyapunov theorem 
and recursive methodology, the backstepping controller is 
designed through two steps as follows: 

A. Step 1:  

In this control scheme, the difference between PV and 
reference voltage is considered as a first error 

refPV VVe −=1 . Where, the reference voltage is produced 

by P&O variable step-size MPPT. By deriving 1e  , the error 
dynamic is given by (5), 

ref

V

LPV
refpv V
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I

C

I
VVe

pv
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43421

&&&

&

−−=−=
11

1                    (5) 

Where, refV& is the time derivative of refV . 
The first Lyapunov function candidate is chosen as 

2
11 5.0 eV ⋅= , and its time derivative is illustrated by (6), 
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The choice of 111 eke −=&   leads to  02
111 <−= ekV&  and 

consequently the first subsystem is asymptotically stable for 
1k >0. By using (6), we find that, 
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                  (7) 

According to the backstepping methodology, from (7), LI  
behaves as a virtual control input. For asymptotically

refL II = , we can obtain the following stabilization function: 

refpvref VCICekI &⋅−+⋅⋅= 1111                       (8) 

refI  : is the reference signal of current inner loop. 

B. Step 2 

The second error is defined by (9) witch presents the 
difference between the virtual control signal and inductance 
current, 

refL IIe −=2                                         (9) 

Now, According to the recursive of backstepping 
methodology, inserting (9) into (5), and then, the dynamic of 
current error is given by (10), 
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e
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The derivative of reference current is 

refPVref VCIeCkI &&&&&
1111 −+⋅⋅= . Based on the derivation of (9), 

the dynamic of the current error is given by (11), 
The second proposed Lyapunov candidate function is 

2
12 2

5.0 eVV ⋅+=  and its time derivative is 

2212 eeVV &&& +=  . Substituting (10) and (11) into 2V& right side, 
we obtain that, (see equ. 12) 
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Finally, in order to guarantee the stability of global system, we 
consider that 212 eke −=&  , and thus, the backstepping control 
of DC-DC boost converter for maximum exploitation power is 
given by the following expression, 
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After the replacement of the synthesis control signal into (12), 
the derivative of a Lyapunov function is always negative (

02
22

2
111 <−−= ekekV& ). Consequently, since 1k and 2k  are 

positives, the system is globally asymptotically stable.  

IV. EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental implementation has been achieved on 

the test bench shown in figure 2, and its main components are 
listed in Table II. Table III shows the I-75/12 Isofoton 
photovoltaic module characteristics and boost converter 
parameters. The experimental tests are carried out to check the 
effectiveness of proposed backstepping controller illustrated in 
Fig. 1.  

The resistive load is supplied by photovoltaic module 
through DC-DC boost converter composed of an inductor (L) 
and one Semikron static IGBT which is controlled by 
dSPACE DS1104 board with 20 kHz switching frequency of 
PWM waveform. The fixed step-size sampling time is fixed to 
0.2 ms. The dSPACE board acquires the PV voltage and PV 
current, at each sampling time. Utilizing the gating signals, the 
auto-scaling variable step size P&O generates the reference 
voltage, and then the backstepping controller calculates the 
required signal to guarantee full exploitation of available PV 
power.  

The experiment was carried out on a clear day, on the 15th 
of October 2017, where the solar radiation changes very 
slowly. The figures below show the PV systems performances 

under real climatic conditions at Biskra (Algeria) using the 
proposed backstepping based MPPT, where the PV power, PV 
voltage, and PV current curves are shown. 

A. Test 1, tracking the optimum operating point 

Firstly, from zero to 2.5 s, the resistive load was kept 
disconnected from the system. Consequently, the PV current 
remains equal to zero and PV voltage equal to Voc. At instant 
t = 2.5 s, the load is connected, as can be displayed by Fig. 3(b) 
and Fig. 3(d) that the PV operation point (current, voltage) 
moves rapidly to the optimum zone without oscillations.  

The results show that the suggested technique provides a 
significant performance in both the dynamic (see figures 3 (a), 
and 3 (c)) and steady state (see Fig. 3 (b) and 3(d)). 

B. Test 2, operation under increasing in the resistive load 

Fig. 4 shows the PV system performance under variable 
resistive load. The profile of manually increasing resistive 
load (12, 16, 20 and 25Ω) is shown in Fig. 4(a). Fig. 4(b), and 
Fig. 4(c) illustrate Vref with VPV and PPV curves, respectively. 

TABLE II: MAIN COMPONENTS USED IN EXPERIMENTATION TESTS 

Number Component 
1 Isofoton Photovoltaic Module 
2 Input capacitor, C1 
3 Inductor, L 
4 Semikron IGBT & diode 
5 Output Capacitor, C2 
6 resistive load 
7 dSPACE DS1104 board 
8 computer 
9 DC voltage Supply,15 V 

 
 

 
Fig.2. Structure of Experimental test bench. 
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TABLE III: ISOFOTON PHOTOVOLTAIC MODULE I-75/12 AND 

BOOST CONVERTER PARAMETERS  

Parameter Value 
Isofoton Photovoltaic module I-75/12 

Standard irradiation 1000 W/m2 
Standard temperature 25 °C 
Short-circuit current 4.67 A 
Open circuit voltage 21.6 V 

Maximum power voltage 17.3 V 
Maximum power current 4.34 A 

Number of the cell 36 
Boost Converter Parameters 
L 10 mH 

C1 330 µF 
C2 1100 µF 

Switching frequency 20 kHz 

By analysing these curves, since the PV power is 
controlled constant as shown in Fig. 4(d) where the maximum 

power is 40W at 500W/m2, the PV current is decreased with 
each increasing of load as displayed in Fig. 4(b). It is clear 
from the graphs in the figures 4(c) and 4(d) that the proposed 
control technique tracks MPP with a power of 40W. 

C. Test 3, operation under decreasing in the resistive load 

The results obtained under decreasing resistive load are 
exposed in Fig. 5. Fig. 5(a) outlines the profile of manually 
decreasing resistive load (25, 21, 17 and 12Ω). Similar to the 
Test 2, as shown in Fig. 5 (c) and 5 (d), during the all test time, 
the maximum power is reached quickly by proposed MPPT. 
From Fig. 5(b), the PV current increase under each decrease of 
load.  

These results demonstrate that the proposed auto-scaling 
variable step-size with backstepping controller method 
exhibits fast dynamic response and stable steady state output 
power, even when the load is rapidly changed. 

 
                                    (a)                                                      (b)                                                               (c)                                                              (d) 

Fig. 3. Test 1, Tracking the optimum operating point: (a) output PV power, (b) P-V curve, (c) output PV current, and (d) I-V curve. 

 

 
                                (a)                                                           (b)                                                            (c)                                                              (d) 

Fig. 4. Test 2, operation under increasing in the resistive load: (a) Resistive load profile, (b)  PV current, (c) Output PV power, and (d) P-V curve.         

 

  
                            (a)                                                          (b)                                                              (c)                                                               (d) 

Fig. 5. Test 3, operation under decreasing in the resistive load: (a) Resistive load profile, (b)  PV current, (c) Output PV power, and  (d) P-V curve. 
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V. CONCLUSION  
The contribution of this work is to improve the 

performances of the photovoltaic system under real climatic 
conditions. For this goal, the combination of the advantages of 
auto scaling variable step-size technique and backstepping 
theory is achieved. Experimental performances emphasize that 
by this simplified hybrid control method, an accurate tracking 
performance, fast response and eliminating steady state 
oscillations can be gotten for variable load. Consequently, 
when the maximum power is quickly reached with limiting 
oscillations, the efficiency of the photovoltaic generator will 
be improved. Obtained results verify clearly the improvements 
of the combined controller. 
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Abstract With the development of electric vehicle technology, 
it is necessary to use the balancing system to extend the life of the 
battery and to increase the usable capacity of the battery. Passive 
balancing is low cost and easy to implement but low in efficiency. 
For this reason, in this study a bidirectional active balancing 
method which is highly efficient and able to transfer energy 
between cells has been used. For bidirectional topology, the value 
of the energy storage unit, capacitor, has been calculated 
according to the switching frequencies of the power switches. 
After the parameter selection and calculation, the method has 
been simulated.  The simulation results show that the cell voltages 
were balanced and also as the voltage difference between the cells 
are decreased, the energy carried by the capacitor also decreased. 
This method is more suitable for maintenance of the battery 
because the balancing process takes a long time. 

Keywords EV; Lithium-Ion; bidirectional active balancing. 

I. INTRODUCTION

Recently, use of electrical vehicles (EVs) in transportation, 
increases greatly due to the depletion of fossil fuels, global 
warming and the developments in battery technology. In 
addition, on board, off board and fast chargers present the users 

time and from any power point. The volume, cost, power 
density and efficiency parameters for each charger vary 
according to the charging module [1,2]. 

Since Lithium-ion battery has high energy density, high 
output voltage and the feature of rapid charging, it is used 
commonly in EV [3, 4]. Battery packs often have many battery 
cells connected in series or parallel to obtain high power 
output. Over time, irregularities occur in the capacity and 
internal resistance parameters of the battery cell forming the 
battery pack. This considerably reduces the usable capacity of 
the battery cell [5-7]. Irregularities in the battery pack may 
result from battery capacity, State of Charge (SOC), or voltage. 
The capacity among these irregularities is the most important 
factor in aging the battery pack. This causes different cell 
aging. The aging speed for a single cell is determined by charge 
and discharge current, discharge depth and ambient 
temperature [8, 9]. From each cell connected in series in a 
battery pack flows the same charge and discharge current. The 
temperature difference and the discharge depth are the main 

reasons for capacity imbalance [10-12]. SOC irregularity 
results from differences in charge efficiency and self-discharge 
rates of cells. These differences are insignificant in one cycle, 
but after many cycles of charging and discharging, irregularity 
increases gradually if there is no intervention [13-14]. Unlike 
capacity imbalance, SOC imbalance can be eliminated by 
active and passive balancing systems. Finally, voltage 
irregularity results from changes in other battery parameters 
variations except capacity. This voltage irregularity cannot be 
handled when the terminal voltage is used as a balancing 
criterion. When the voltage is not homogeneous, SOC or 
another balancing criterion is used. 

There are two types of balancing methods: passive balancing 
and active balancing. In the passive balancing method, the 
energy in the high-charged cells is discharged on a resistance 
until it reaches level of the lowest charged cell. On the other 
hand, in the active balancing method, firstly, the balancing 
point of the cells is found. Then energy is transferred from the 
high-charge cells to the low-charge cells to balance the energy 
level of each cell. Passive balancing is widely used in industrial 
applications because it is simple, reliable and less costly 
[15,16]. However, this method has low energy efficiency. The 
active balancing method is more energy efficient than the 
passive balancing method [17]. Although the energy efficiency 
of the active balancing method is higher than the passive 
balancing method the active balancing has a more complex 
structure because it involves different power electronic 
topologies and control methods for these topologies. 
Furthermore, in the active balancing method, as the potential 
difference between the cells decreases, the amount of energy 
transferred decreases. Because of this, active balancing takes 
longer than passive balancing. 

After introducing battery balancing system in Section II, the 
implementation of the balancing system has been addressed in 
Section III. The simulation and results are presented in Section 
IV. Finally, the conclusions are discussed in Section V.

II. BATTERY BALANCING SYSTEMS

The balancing system is used for battery maintenance and 
charging and discharging of the battery [18, 19]. In balancing 
systems, the terminal voltage and SOC of the cells are taken 
into account for the balancing criterion. The balancing time in 
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maintenance is long and not vital, while in the case of charging 
and discharging it is limited and critical. In particular, when 
batteries are charged using fast chargers, the balancing time 
must be added in the total charge time of cells. 
A. Balancing Criterion  

Terminal voltage is widely used as a balancing criterion in 
charge or discharge of battery cells [20]. The terminal voltage 
difference may not accurately reflect the SOC difference due 
to voltage imbalance. For this reason, if the balancing system 
is operated during charging and discharging, SOC criteria 
should be used to better reflect the battery imbalance [21]. 
However, each active balancing circuit cannot use the SOC as 
a balancing criterion, due to the structure of the balancing 
components. The SOC estimation of the battery is challenging 
due to the balancing current. 

 

 
Fig. 1.  Battery balancing systems. 

 
B. Passive Balancing Systems  

The passive balancing is one of the most common methods 
used to balance the voltage levels of cells. The lowest charge 
level is considered as the threshold value from the charge 
levels determined by the measurement device and is called the 
usable capacity. The charge level of the other cells is burned 
on parallel connected resistors until it is reduced to the 
threshold. The energy of the cells turns into heat and 
disappears. In this method, called as the parallel resistance 
method, the terminal voltage balancing criterion is generally 
used. The passive equalization is usually applied at the end of 
the charging process to reduce the voltage level of overvoltage 
cells. However, sometimes, while the battery is discharging, 
the first cell reaching the discharge depth can also be used for 
discharging in order not to discharge more and to shorten the 
battery life. This method is preferred due to simple, reliable 
and less costly, but has low energy efficiency. The connection 
diagram of the passive balancing system is shown in Fig.1. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Passive battery balancing systems. 

In this application, excess voltage in the battery cells is 
burned on parallel resistance until the cell voltages are 
balanced. As the cell voltage decreases during balancing, the 
balancing current decreases and the balancing time increases. 
The constant current discharge method of balancing is used to 
shorten the balancing time. 

  
C. Active Balancing Systems  

In the active balancing technique, energy is transferred by 
means of an intermediate energy storage element such as a 
capacitor or an inductor. Energy is transferred from the cells 
with high capacity to the other cells or to the whole battery 
pack with the aid of the storage element. Firstly, the excess 
energy in the high voltage cells is transferred to the 
capacity/inductor, and then the energy stored in the 
capacitor/inductor is transferred to the low voltage cell. This 
process continues until the cell voltages are balanced. The time 
of equilibration and the rate of equilibration depend on the 
voltage difference between the two cells to be balanced. The 
efficiency may be slightly reduced as some of the energy to be 
transferred will be wasted on capacity/inductor and other 
elements [22]. 

 
  (1) 

 
  (2) 

 

 
Fig. 3.  The capacitor-based balancing method 

 
Herein, Vav is the average voltage of the cells connected in 

series (balanced voltage), n is the cell index, N is the number 
of cells connected in series, Vbv is the voltage difference to be 
balanced. 

 
 

Fig. 4.  The inductor-based balancing method 
 

The most commonly used methods in the active balancing 
system are the capacitor-based balancing in Fig.3 and the 
inductor-based active balancing in Fig.4. In both balancing 

R1 

Cell - 1 Cell - 2 Cell - 3 Cell - 4 

R2 R3 R4

Balancing Control   

Battery Voltage 
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methods, Mosfet was used as a switching element. Half bridge 
Mosfet structure with capacitive based active balancing offers 
the possibility to balance in two different loops. 

 
III. IMPLEMENTATION OF BALANCING SYSTEM 

A. Lithium-Ion Cell 
In this study, capacitor-based active balancing method for 

the lithium-ion cells is used. Compared with other battery types 
(NiCd, NiMH, Lead- -ion batteries have high 
energy density, lifecycle and charge-discharge rate. Because of 
these features, they are often used in mobile applications, 
electric vehicles, military and aerospace applications.  

 

 
Fig. 5.  Discharge curve of the Lithium-Ion cell. 

 
Fig. 5 shows the discharge curve of lithium-ion cell. This 

curve can also be interpreted as a charge curve. In the first 
region of the curve, the cell voltage changes exponentially. The 
midpoint of the curve in the second region is called the nominal 
cell voltage. At the end of the second region cell reaches its 
end of life. So, discharge process must be stopped for battery 
life and safety. 

 
B. Topology of Used Balancer 

In the capacitor-based balancing method, there are switched 
capacitor, double layer switching capacitor, single switching 
capacitor and modular switching capacitor topologies [23-27]. 
In this study, active balancing topology [28], previously used 
for balancing lead acid batteries, has been used for balancing 
lithium ion cells. Bidirectional modular switched capacitor 
topology has been preferred because of its high efficiency for 
bidirectional energy transfer between a single capacitor and a 
series of connected battery cells [28]. 

 

 
Fig. 6.  Active balancing systems. 

Fig. 6 shows the topology of balancing cell voltages of a 
battery consisting of three cells connected in series. In loop I. 
the energy of the capacitor charged from the battery, 
transferring to Bat-1 cell. Charging of the capacitor from the 
Bat-2 and Bat-3 cells, respectively, occurs in loop II and III. 

 
C. Control Strategy 

According to the topology used, two Mosfets and two 
freewheeling diodes must be ON state during charging and 
discharging of the capacitor. For instance, S2_2, S2_3, 
freewheeling diodes of the S2_1 and S2_4 are in the ON state 
when the capacitor is charged in Loop-2. In case of discharge 
(Loop-1), S1_1, S1_4, freewheeling diodes of the S1_2 and 
S1_3 are in ON state. The pulse width modulated gate signals 
needed to create the scenario mentioned above are shown in 
Fig. 7. In the charge region, capacitor is charged from Bat-2 
cell. Charge flow occurs from capacitor to Bat-1 cell in the 
discharge region. This charge-discharge cycle continues until 
balancing process is completed. 

 

 
 

Fig. 7.  Gate Signals for Loop-1, Loop-2 and current of the capacitor. 
 

The duty ratio of the switching signals can be variable. In 
particular, when the voltage difference between the cells is 
large, the duty ratio can be adjusted to control the current. 
However, since the voltage difference between the lithium-ion 
cells is small before the balancing process, there is no need for 
current control and variable duty ration. For this reason, gate 
signals with fixed duty ratio are used for the balancing 
operation. 

The frequency and the duty ration of the gate signals must 
be compatible with the value of the capacitor. The full charge 
or discharge time of the capacitor is approximately, 

 
                            (3) 

 
TC,D and  are the charge-discharge time and electrical time 
constant, respectively. In this case, half of the switching period 
should be about 5  as shown in Fig. 7.  
 

(4)
 

                                    (5) 
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The minimum capacity value according to the switching 
frequency can be determined by the equation (5). 

 
IV. SIMULATION AND RESULTS 

It has been accepted that Bat-1 and Bat-2 shown in Fig.3 
have %75 SOC and %95 SOC, respectively. In this case, in the 
simulation model given in Fig. 8, the capacity is discharged via 
Bat-1 and charged via Bat-2. 

 
 

 
 

Fig. 8.  Simulation model of the active balancing system 
 
The switching frequency of the gate signals has been 

selected 1kHz which has %50 duty ratio. The minimum 
capacity value according to the switching frequency has been 
calculated and 470uF valued capacitor was employed. The 
parameters used in the simulation is given in Table-I 

TABLE I. PARAMETERS USED IN SIMULATION MODEL 

Parameters Value 
Nominal Cell Voltage 3.7V 
Maximum Cell Voltage 4.2V 
Cut-Off Cell Voltage 2.7V 
Capacity of Cell 2.6Ah 
Standard/Fast Charge Current 0.52A/1.3A 
Standard/Fast Discharge Current 0.52A/1.53A 
RDS  0.  
RFwd of the Freewheeling Diodes  
Energy Storage Capacitor 470uF 
Gate Signal Frequency 1kHz 
 
The simulation has been performed for 10h. The voltage 

values and SOC of each cell and current of the capacitor have 
been observed. These values are shown in Fig.9 - Fig. 12. 

It is seen that Bat-1 charging voltage has been increased as 
in the second region of the charge-discharge curve. Besides 
that, Bat-2 has been discharged as in the exponential region. 
As a result, the Bat-2 discharging voltage decreases rapidly 
while Bat-1 voltage increases slowly. The voltage of the Bat-2 
cell was 4.024V at the beginning and it was decreased to 
4.013V at the end of the simulation. The voltage of the Bat-1 

has increased to 4.003V from 4.004V. Since the difference 
between the initial voltages of the cells is very small, the 
charge-discharge current of the capacitor is very small. In 
addition, the simulation has been carried out by choosing a 
little too much initial imbalance between the cells. So, the 
stabilization period of the cells took a long time. The results 
obtained show that; the topology and control method used are 
more convenient to balancing for maintenance purposes. 
 

 
Fig. 9. Bat-1 charging voltage 

 
 

 
Fig. 10.  Bat-2 discharging voltage 

 

 
(a) 
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(b) 

 
Fig. 11.  SOC s of the a) Bat-1 b) Bat-2 

 
 

 
 

Fig. 12.  Voltage and current of the capacitor. 

 
V. CONCLUSION 

Active balancing system for batteries used in electric 
vehicles has been examined. Balancing process has been done 
by bidirectional topology. A capacitor has been used to carry 
energy between cells. The value of the capacitor has also been 
determined according to the switching frequency. The 
structure, operation and control strategy of the balancer have 
been given. The simulation was carried out with a 
predetermined scenario. As a result of the simulation, it has 
been seen that balancing process was realized. However, since 
balancing process takes a long time, this method is more 
suitable to balance the batteries for maintenance purposes. 
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Abstract—In this paper, a sliding mode observer has been
designed to estimate the floating capacitor voltages of the three
cell converter. Due to its hybrid behavior, a new concept recently
introduced based on geometrical condition is applied to analyze
the observability along of a hybrid time trajectory, which leads
to a necessary and sufficient condition in term of switching
control sequence, under which the capacitor voltages can be
reconstructed. The convergence of the observed floating voltages
to their references is related to the existence of a solution to a
linear matrix inequality. Finally, simulation results are given to
illustrate the efficiency of the designed observer.

Index Terms—Sliding mode observer, Observability of switched
systems, Hybrid systems, Multi cellular converter.

I. INTRODUCTION

Many applications in industry require more and more the
use of the multi level voltages converter for performances
improvement on one hand and costs reducing on the other
hand. The multi level voltages converter is not a new topology,
some of them are known since 1960 [19], but they were not
used in industry until recently because of certain technical
barriers, that have disappeared mainly due to the improvement
of the control theory of switching systems and the intensive
computer use in the control of process [5]. One of these multi
level voltages converter, the flying capacitor also reported as
the imbricated cell or multi cellular converter, it have been
introduced early 1990s for energy conversion. It consists of
a series of elementary cells of semi conductor devices that
operate in commutation mode, makes it possible to share the
constraint in tension and also improves the harmonics contents
of the wave forms [9], [12]. All these advantages make to this
new topology very attractive in many industrial applications,
for instance in machine control and in electric locomotives as
an input power supply.

All these benefits are acquired when the converter works in
optimal conditions, i.e., it is necessary to ensure a particular
distribution of the voltage for every cell of the converter [17].
To achieve this optimal operating performances, a suitable con-
trol sequence for switches must be applied. Several researches
have been elaborated for the control purpose [16], [6], [7],
[18], [3]. However, these properties are lost if the capacitors
voltages are deviated from their references. For this purposes,
it is appropriate to measure these voltages. An option for a
such objective is to implement an observer, allowing us to
have the capacitor voltages at any moment. Several observers
were designed to estimate capacitor voltages for the 3-cell
converter [5], [9], [8], [11], [4], [14], [17].

The observability is an important property that should be
studied before designing observers for any system. For the
hybrid three cell converter, the observability matrix is never
full rank for each operating mode, but it does not imply the
unobservability of the system. Indeed, new concepts have been
recently introduced to analyze the observability of the states
for hybrid systems. First, the Z{T

N

} observability which
is introduced in [13] for switched hybrid systems gives the
condition under which there exists hybrid time trajectory that
makes the system observable [15]. The second method, based
on geometrical condition is more recently introduced in [10]
and it is based on determining the unobservable sub space
along the hybrid time trajectory.

In this paper, we propose to design a sliding mode observer
to estimate the capacitor voltages of the 3-cell converter.
Initially, this observer was introduced in [2] for a class of
nonlinear systems, where it is shown that the convergence of
the estimation error depends on the solution of the algebraic
Riccati equation. The work is organized as follow. In next
section, we recall the dynamical model of the 3-cell converter.
Then, we study the observability of the capacitor voltages
by using the geometrical approach. In section IV , we give
the theoretical form of the sliding mode observer. In section978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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V , we design the proposed observer for the 3-cell converter
after putting the model of the converter under a special form.
The reconstruction of the floating voltages is presented in
section V I . Finally, simulation results are given in section V II
to illustrate the effectiveness of the proposed sliding mode
observer. Concluding remarks are presented in section V III .

II. 3-CELL CONVERTER MODEL

The three cells converter connects in series 3 elementary
cells and a passive load R and L as illustrated in figure 1.
Each switching cell is controlled by a binary input signal S

k

for k = 1, 2, 3.

Fig. 1. A three-cell converter

The signal S
k

= 1 means that the upper switch of the j-th
cell is conducting and the lower switch of the same cell is not
conducting, while S

k

= 0 means that the upper switch is non
conducting and the lower switch is conducting. The 3-cells
converter can be represented by the following model;

⌃ :

8
><

>:

dv
c1

dt = 1
C1

u1il
dv

c2
dt = 1

C2
u2il

di
l

dt = �R
L il � 1

Lu1vc1 � 1
Lu2vc2 + E

Lu3

y = il

(1)

Where v
c1 and v

c2 represent respectively the voltage of
capacitors C1 and C2. i

l

is the load current which is available
to measurement. E is the source voltage. The control inputs,
u
k

, k = 1, 2, 3 are determined as follow:
⇢

u
k

= S
k+1 � S

k

, for k = 1, 2
u3 = S3

(2)

For the 3-cells converter, the reference of the voltages v
c

j

must be fixed to v
c

j

ref

= jE/3, j = 1, 2. To obtain this
situation, a suitable control of switches, S

i

, should be applied
correctly. We can distinguish eight different operating modes
given by Q = {q1, q2, q3, q4, q5, q6, q7, q8}. Each mode is
defined according to the value of the switching function, S

k

.
Table I summarizes the possible modes under normal operating
conditions.

The model of the 3-cell converter can be put in the switched
form

⇢
ẋ = A

q

i

(u)x+B
q

i

(u)
y = C

q

i

x
(3)

with

TABLE I
MODES OF THE THREE CELLS CONVERTER

qi S3 S2 S1 u1 u2 u3

q1 0 0 0 0 0 0
q2 0 0 1 �1 0 0
q3 0 1 0 1 �1 0
q4 0 1 1 0 �1 0
q5 1 0 0 0 1 1
q6 1 0 1 �1 1 1
q7 1 1 0 1 0 1
q8 1 1 1 0 0 1

A
q

i

=

2

4
0 0 � u1

C1

0 0 � u2
C2�1

L

u1
�1
L

u2 �R

L

3

5 , B
q

i

=

2

4
0
0

E

L

u3

3

5 ,

C
q

i

=
⇥
0 0 1

⇤
, for i = 1, ..., 8.

III. GEOMETRICAL APPROACH FOR THE OBSERVABILITY
ANALYSIS OF THE 3-CELL CONVERTER

This section is devoted to the observability analysis of the
floating voltages v

c1 and v
c2 of the 3-cell converter using a

new approach which is introduced recently by [10] based on
geometrical characterizations of the system. We suppose that
switching commutation sequence is well known.
The rank of the observability matrix for each mode of the 3-
cell converter model (3) is equal at most 2, i.e., two variables
at most are observable. Table II summarizes the evolution of
v
c1 and v

c2 and the observable states of the converter in each
mode. But it does not imply that the system is unobservable.

TABLE II
CAPACITOR VOLTAGES EVOLUTION AND OBSERVABLE STATES FOR EACH

MODE.

qi [u1 u2 u3] Evolution of V
c1 Evolution of V

c2 Observable states

q1 [0 0 0] ! ! il
q2 [�1 0 0] ! % il, vc1
q3 [1 � 1 0] % & il, (vc1 � vc2 )
q4 [0 � 1 0] % ! il, vc2
q5 [0 1 1] & ! il, vc2
q6 [�1 1 1] & % il, (vc2 � vc1 )
q7 [1 0 1] ! & il, vc1
q8 [0 0 1] ! ! il

!: indicates constant value. &: decreasing value and % increasing value.

A very important characterization for the observability of
switching systems, based on the geometrical approach, was
introduced by Tanwani et al [10]. It consists in finding
the unobservable subspace along the hybrid time trajectory.
Let Nm

1 denotes the unobservability subspace over the time
interval [t0, tm) that includes switching at t0, t1, ..., tm. And
let N i

i

denotes the unobservable subspace on the time interval
[t
i�1, ti), it is given by:

N i

i

= ker{O
q

i

}, i = 1, ..., 8. (4)

where O
q

i

represents the observability matrix of mode q
i

.
It is given by
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O
q

i

= Col[C
q

i

, C
q

i

A
q

i

, ..., C
q

i

An�1
q

i

], (5)

over the time interval [t
i�1, tm), if more informations can

be obtained about the states, then the unobservable subspace
along the hybrid time trajectory Nm

i

gets smaller as the
difference m� i increases. The unobservable subspace can be
computed using a recursive algorithm given in [10] as follows:

⇢
Nm

m

= ker{O
m

}
Nm

i

= ker{O
i

} \ e�A

q

i

⌧

q

iNm

i+1,
(6)

where ⌧
q

i

= t
q

i

� t
q

i

�1. In [10], it is proved that a linear
hybrid system is [t0, tm)�observable if, and only if,

Nm

1 = {0}, (7)

where Nm

1 represents the unobservable subspace for
[t0, tm) at t0.

Application to a 3-cell converter: The parameters of the
3-cell converter model are C1 = C2 = 40µF , R = 10⌦,
L = 0.0005mH and E = 30volts. The dwell time is taken
⌧
q

i

= 0.2069second for all i = 1, ..., 8. Each mode is an LTI
system, then the unobservable subspace for each mode N i

i

is:

N1
1 = ker{O

q1} = span{(�1 0 0)T , (0 �1 0)T }
N2

2 = ker{O
q2} = span{(0 1 0)T }

N3
3 = ker{O

q3} = span{(
p
2
2

p
2
2 0)T }

N4
4 = ker{O

q4} = span{(1 0 0)T }
N5

5 = ker{O
q5} = span{(1 0 0)T }

N6
6 = ker{O

q6} = span{(�
p
2
2 �

p
2
2 0)T }

N7
7 = ker{O

q7} = span{(0 �1 0)T }
N8

8 = ker{O
q8} = span{(�1 0 0)T , (0 �1 0)T }

We know that the observability analysis of the 3-cell
converter depends on the control sequence. For this end, we
apply the approach for two different switching sequences.

Example 1: Let the control sequence be
q7, q5, q6, q2, q4, q3. Before analyzing the observability
by the proposed approach, and according to table 2, one
can note that after one commutation from mode q7 to mode
q5, we observe all state variables. Since, from mode q7, we
observe v

c1 , and from mode q5 we can observe v
c2 . Knowing

that v
c1 remains constant during the mode q7. Then after one

commutation we observe v
c1 and v

c2 . From this result, we
can deduce that the unobservability subspace Nq5

q7
is restricted

to zero after one commutation. Now, using the proposed
approach to obtain the same result. We have

Nq5
q7

= ker{O
q7} \ e�A7⌧7Nq5

q5

we obtain

Nq5
q7

= span{(0 �1 0)T } \ e�A7⌧7Nq5
q5

= {0}

Then the system becomes observable after one
commutation.

Example 2: Now, the control sequence is
q2, q8, q7, q5, q4, q3. According to table 2 and by analyzing
each mode alone, we can observe all states after 3
commutations. From mode q2, we observe v

c1 only.
After the first commutation, the system commute to mode
q8, where v

c1 and v
c2 are not observable. From mode q7, we

observe for a second time v
c1 . The third commutation, the

system is brought to mode q5, where v
c2 is observable. Then

we can observe v
c1 and v

c2 after 3 commutations. Using now
the geometric approach, we have after the first commutation,
the unobservable subspace is

Nq8
q2

= ker{O
q2} \ e�A2⌧2Nq8

q8

then we obtain

Nq8
q2

= span{(0 1 0)T } \ e�A2⌧2Nq8
q8

Nq8
q2

= span{(0 1 0)T } 6= {0}
Nq8

q2
is not equal to {0}. Then the system is not observable.

The commutation from q8 to q7 gives

Nq7
q2

= ker{O
q2} \ e�A2⌧2Nq7

q8

where
Nq7

q8
= ker{O

q8} \ e�A8⌧8Nq7
q7

We have then

Nq7
q2

= ker{O
q2} \ e�A2⌧2(ker{O

q8} \ e�A8⌧8Nq7
q7
)

we obtain
Nq7

q2
= span{(0 1 0)T } \ span{(0 � 1 0)T }

Nq7
q2

= span{(0 1 0)T } 6= {0}
Nq7

q2
6= {0}, then the system is not observable. After the

third commutation from mode q7 to q5 we have:

Nq5
q2

= ker{O
q2} \ e�A2⌧2Nq5

q8

where
Nq5

q8
= ker{O

q8} \ e�A8⌧8Nq5
q7

and where

Nq5
q7

= ker{O
q7} \ e�A7⌧7Nq5

q5

then
Nq5

q2
= ker{O

q2} \ e�A2⌧2{ker{O
q8}\

e�A8⌧8(ker{O
q7} \ e�A7⌧7Nq5

q5
)})

we obtain then

Nq5
q7

= span{(0 � 1 0)T } \ span{(1 0 0)T } = {0}
Nq5

q8
= span{(�1 0 0)T , (0 � 1 0)T } \ span{0} = {0}

Nq5
q2

= span{(0 1 0)T } \ span{0} = {0}
the unobservable subspace Nq5

q2
becomes zero after three

commutations. Consequently, the system is observable.
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IV. SLIDING MODE OBSERVER DESIGN

Consider the non linear switched system described by the
following equations

⇢
⇠̇(t) = A⇠(t) + f

�

(y(t), u(t), t) +B
�

u(t)
y(t) = C⇠(t)

(8)

where ⇠(t) 2 Rn is the state vector, u(t) 2 Rm is
the control input vector, y(t) 2 Rp is the output vector,
� : R+ �! I = {1, 2, ..., N} is the switching signal.
f
�

(y(t), u(t), t) is a non linear function of the output and
input vectors over the time t. A, B and C are matrices of
appropriate dimensions. Consider the sliding mode observer
for the system (8) described by the following equations:

8
><

>:

˙̂⇠(t) = A⇠̂(t) + f
�

(y(t), u(t), t) +B
�

u(t)
+ L(y(t)� C ⇠̂(t)) + S(⇠̂(t), y(t))

ŷ(t) = C ⇠̂(t)

(9)

where ⇠̂(t) 2 Rn is the estimated of the state vector
⇠(t), ŷ(t) 2 Rp is the estimated of the output vector y(t),
L is the observer gain matrix of appropriate dimension and
S(⇠̂(t), y(t)) is a sliding surface given by

S(⇠̂, y) =

8
><

>:

P

�1
C

T

C

kCe(t)k e(t) if kCe(t)k > "

P

�1
C

T

C

"

e(t) if kCe(t)k  "

(10)

where e(t) is the estimation error, " > 0 is a real, P is a
symetric positive definite matrix and kCe(t)k is the euclidian
norm of Ce(t). More about this sliding surface can be found
in ( [1], [2]). The aim of the design is to determine the
observer gain matrix L and the matrix P which define the
sliding surface, that guarantee the finite time convergence of
the estimation error.

V. APPLICATION TO A 3-CELL CONVERTER

Consider again the model of the 3-cell converter described
by equations (1). The model can be put in form (8) by
considering the following change of coordinates. The time
derivative of the load current is.

di
l

dt
= �R

L
i
l

� 1

L
(u1vc1 + u2vc2) +

E

L
u3 (11)

Let
⇠1 = u1vc1 + u2vc2 (12)

and
⇠2 = i

l

(13)

The time derivative of ⇠1 and ⇠2 allow to obtain the
following new model

8
<

:

⇠̇1(t) = ( 1
C1

u2
1 +

1
C2

u2
2)⇠2(t)

⇠̇2(t) = �R

L

⇠2(t)� 1
L

⇠1(t) +
1
L

u3E
y(t) = ⇠2(t)

(14)

This model can be put in form (8) such that ⇠ = [⇠1 ⇠2]T

is the observable state vector of the 3-cell converter. y = ⇠2 is
the output of the new model and it represent the load current
i
l

. The different matrices are then

A =


0 0

� 1
L

�R

L

�
, B

�

=


0

1
L

u3

�
, C =

⇥
0 1

⇤
,

f
�

(y(t), u(t), t) =


( 1
C1

u2
1 +

1
C2

u2
2)⇠2(t)

0

�

remark:
It is clear that the pair (A,C) is observable.

Consider now the sliding mode observer for the obtained
model of the 3-cell converter as described by equations (9).
Let e(t) = [e1(t) e2(t)]T the estimation error vector, such
that e1(t) = ⇠1(t)� ⇠̂1(t) and e2(t) = ⇠2(t)� ⇠̂2(t). Let ė(t)
the dynamic error, it is equal to:

ė(t) = (A� LC)e(t)� S(⇠̂, y) (15)

Proposition:
Consider the model of the 3-cell converter (14) and the

sliding mode observer (9) with the sliding surface (10). If there
exists observer gain matrix L and a positive definite matrix Q
that ensure the existence of a symmetric definite matrix P
solution of the following Linear Matrix Inequality

(A� LC)TP + P (A� LC)  �Q, (16)

then the estimation error converge in finite time and the
estimated floating voltages v̂

c1 and v̂
c2 can be reconstructed

respectively by:

v̂
c1 = |⇠̂1| when u2 = 0 and u1 = {1,�1} (17)

v̂
c2 = |⇠̂1| when u1 = 0 and u2 = {1,�1} (18)

The stated proposition consists of two points. First, it
gives the necessary and sufficient condition to a finite time
convergence of the estimation error. The second part of the
proposition announces how we can reconstruct the floating
voltages v̂

c1 and v̂
c2 from the observable state ⇠̂. In the

following proof, we treat the finite time convergence of the
estimation error. Whereas, the reconstruction of the voltages
will be treated in the next section.

proof of the finite time convergence: Consider the Lya-
punov candidate function V (e(t)) = e(t)TPe(t). To guarantee
the finite time convergence of the estimation error, the suffi-
cient condition to ensure is V̇  �µV , where µ > 0. The
time derivative of V is

V̇ = eT [(A�LC)TP + P (A�LC)]e� 2eTPS(x̂, y) (19)

Two cases to be considered, kCek > " and kCek  "
according to the sliding surface (10).
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1st case kCek > ": Since " > 0, the selected sliding
surface from (10) is

S(x̂, y) =
P�1CT (y � Cx̂)

kCe(t)k =
P�1CT (y � Cx̂)

kCek . (20)

by replacing the sliding surface (20) into equation (19), V̇
becomes

V̇ = eT [(A� LC)TP + P (A� LC)]e� 2kCek (21)

The last equation is obtained by taking into account
eTCTCe = (Ce)T (Ce) = kCek2. And since kCek > " > 0
and if the equation (16) holds for P > 0, we obtain

V̇ < �eTQe� 2" < �eTQe < ��
min

{Q}eT e (22)

where �
min

{Q} is the minimum eigenvalue of the symmetric
positive definite matrix Q. Also we have

V = eTPe ) V  �
max

{P}eT e ) eT e � 1

�
max

{P}V,
(23)

with �
max

{P} is the maximum eigenvalue of the symmetric
positive definite matrix P . And since �

i

{P} > 0 and �
i

{Q} >
0 (P > 0, Q > 0), then we have

V̇  �µ1V, (24)

with µ1 = �

min

{Q}
�

max

{P} > 0

2nd case kCek  ": In this case, the sliding surface is

S(x̂, y) =
P�1CT (y � Cx̂)

"
(25)

We obtain

V̇ = eT [(A� LC)TP + P (A� LC)]e� 2

"
eTCTCe, (26)

If (16) holds for P > 0, then we can write

V̇  �eTQe� 2

"
eTCTCe = eT [Q+

2

"
CTC]e, (27)

Then
V̇  ��

min

{Q+
2

"
CTC}eT e, (28)

where �
min

{Q + 2
"

CTC} is the minimum eigenvalue of the
matrix Q+ 2

"

CTC. By using equation 23, we then obtain

V̇ 
��

min

{Q+ 2
"

CTC}
�
max

{P} V (29)

Since �
min

{Q+ 2
"

CTC} > 0 and �
max

{P} > 0, then

V̇  �µ2V, (30)

with µ2 =
�

min

{Q+ 2
"

C

T

C}
�

max

{P} > 0

Consequently, the finite time convergence is demonstrated
for the two cases.

VI. RECONSTRUCTION OF VC1 AND VC2
Now, the main question is how to reconstruct v

c1 and v
c2

from ⇠̂1 and ⇠̂2? Table II summarizes the evolution of v
c1 and

v
c2 and the observable states of the converter in each mode.

We can notice from table II, that v
c1 is observable when

u2 = 0 and u1 6= 0. This situation is indicated by modes
q2 and q7. In a same way, v

c2 is observable when u1 = 0
and u2 6= 0, and it is indicated by modes q4 and q5. Now,
according to equation (12) and if ⇠1 is well estimated by the
sliding mode observer (9), then we can write:

⇠̂1 = u1v̂c1 + u2v̂c2 (31)

Knowing that ⇠̂ > 0 for (u1, u2) = (1, 0) or (u1, u2) =
(0, 1) and ⇠̂1 < 0 for (u1, u2) = (�1, 0) or (u1, u2) =
(0,�1). Then we can reconstruct the floating voltages v̂

c1 and
v̂
c2 respectively by equations (17) and (18), knowing also that

the state ⇠ is observable at any time.

VII. SIMULATION RESULTS

In this section, simulation results have been carried out in
order to highlight the performances of the proposed sliding
mode observer for a 3-cell converter model. The parameters
are kept as given in section 3. The control sequence is taken
as considered in example 1. Thus, it satisfies the observability
condition (7). Also, the control signals are phase shifted by
2⇡/3. After linearization of equation (16) by considering Y =
PL, and if we fixe Q = I2, we obtain the solution using
Matlab LMI control toolbox, we get

P =


811.3153 40.3142
40.3142 811.3153

�
) P�1 =


0.0012 �0.0001
�0.0001 0.0012

�

Y = 104


�1.2145
�8.0726

�
) L = P�1Y


�10.04
�99.0013

�

The obtained simulation results are shown in figures (2),
(3), (4) and (5). Note that " = 0.1 has an effect only in the
simulation results and not in the resolution of equation (16).

Fig. 2. Evolution of the floating voltage vc1 and its estimate v̂c1

Figures (2) and (3) show the capacitor voltages v
c1 and v

c2

and their estimated v̂
c1 and v̂

c2 . We can note the convergence
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Fig. 3. Evolution of estimation voltage errors vc2 and its estimate v̂c2

of the capacitor voltages v̂
c1 and v̂

c2 respectively to their
reference v

c1ref = 10 volts and v
c2ref = 20 volts.

Fig. 4. Evolution estimation voltage error e1 = vc1 � v̂c1

Fig. 5. Evolution of estimation voltage errors e2 = vc2 � v̂c2

Figures (4) and (5) represent the estimation voltages errors
e
v

c1 = v
c1 � v̂

c1 and e
v

c2 = v
c2 � v̂

c2 where we can observe
their convergence around zero.

VIII. CONCLUSION

In this paper, a sliding mode observer is designed to esti-
mate the capacitor voltages of a 3-cell hybrid converter. The
observability of the system is studied using a very interesting
approach based on the computation of the unobservable sub

space along the hybrid time trajectory. Using the Lyapunov
theory, the finite time convergence of the observer is proved.
The observer parameters are computed using the linear matrix
inequality. Finally, simulation results are given to illustrate the
effectiveness of the proposed sliding mode observer.
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Abstract— Due to user safety, efficient heating, easy cleaning, 
fast heating, and smart design reasons, induction heating 
technology is very popular in home appliances. The technical 
developments for the induction technology can be seen in 
magnetic design, power electronic, and control techniques. These 
technical developments focus on developing induction heating 
futures without increase total system cost. In this study, it is 
aimed to analyze the existing converters which are using for 
induction cooking and compare them in terms of losses and 
efficiency. Conventional and AC-AC converters have been 
analyzed and compared for the single load and double loads 
conditions. Efficiency, semi-conductor quantity, total system cost, 
and control flexibility are main topics for comparison. 

Keywords— AC-AC converter; multiple coil; induction cooking 
systems; resonant converters; home appliances; induction cookers; 
single ended converters; half bridge converter. 

I. INTRODUCTION

Induction heating (IH) systems are mainly used in 
industrial, domestic and medical applications due to user 
safety, efficient heating, easy cleaning and fast heating features 
[1], [2]. The main components of the induction heating systems 
are the rectifier unit which is used for AC-DC conversion, and 
resonant inverter unit [2], [3]. For domestic appliances, 
complete power transfer loop is shown in Fig. 1. 

Fig. 1. Power Transfer Loop 

Depending on the balance between cost and performance, 
which has to be evaluated in each application, different 
resonant topologies have been proposed [5]. The topologies 
commonly used in IH are half-bridge and single-switch quasi 
resonant inverters. Half-bridge topology is generally used for 
the high power demanding household applications. And also it 
has more advantages about design and control convenience 
compared with the other inverters. Despite mentioned 
advantages, it is more expensive solution than single-switch 

topology. For the low power and low cost demands, single-
switch inverter topology is better solution. 

When the latest studies on the induction technology are 
examined, direct AC-AC designs and multi-loaded solutions 
are encountered. Direct AC-AC converters are widely used in 
many applications. The main reason for using such converters 
is to reduce the number of components. [3], [5]. This leads not 
only to component and cost reduction but also to a potential 
improvement of efficiency and reliability [5]. Direct AC-AC 
resonant converters are shown in Fig. 2 and Fig. 6. 

On the other hand, a new family of induction coils have 
been developed, characterized by a multi windings topology 
[1]. Apart from the single output topologies, modern designs 
include multiple-coil systems intended to improve the heat 
distributions [6]. It is common method to use relay-like 
electromechanical switches for power transfer to groups of 
coils, which are to be energized in multi-coil designs [7]. Multi 
coil half bridge resonant converter sample is shown in Fig. 2. 

In this study, it is aimed to analyze the existing converters 
which are using for induction cooking and compare them in 
terms of losses and efficiency. Conventional and AC-AC 
converters have been analyzed and compared for the single 
load and double loads conditions. Efficiency, semi-conductor 
quantity, audible noise, total system cost and control flexibility 
are main topics for comparison. 

II. COMPARISON FOR THE INDUCTION COOKING 
CONVERTERS  

According to the number of switching devices, the inverter 
topologies commonly used in IH are the half bridge and single-
switch quasi resonant inverters. Apart from the single output 
topologies, modern designs include multiple-coil systems 
intended to improve the heat distributions [6]. 

The resonant circuit is modeled as equivalent resistance and 
inductance [5], R_Eq and L_Eq. Modulation and control 
algorithms have to accurately control the power converter to 
obtain the desired performance [6]. Depending on the total 
system efficiency, power level and audible sound criteria, it is 
determined which resonant converter will be used.  

As a result, the criteria to be taken into account for the 
determination of the resonant converter to be used in the 
induction design can be listed as follows. By evaluating the 
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system requirements described in detail below, the resonant 
converter can be selected. 

A. Power Level 

Compared to half bridge and quasi-resonant topologies, half 
bridge topology is particularly advantageous in terms of power 
that can be transferred to the load. In quasi-resonant 
techniques, the maximum power is limited due to 
semiconductor voltage stress. Furthermore, due to the 
semiconductor light load current, the minimum power cannot 
fall below a safe value. So especially for the low power level 
conditions, half bridge mode can be selected.  

B.  Audible Noise 

Almost all induction heating / cooking methods use 
variable frequency control to adjust power consumption. As a 
result, two or more inverters cause audible noise when 
energized with different switching frequencies at the same 
time. More than one coil needs to be energized, half bridge 
operation is preferred to prevent audible noise. 

C. Load Quantity and Independent Control 

When the half bridge multi coil inverter (Fig. 3) is used, all 
loads must be fed at the same time. However, according to the 
load conditions, this situation cannot be useful. On the other 
hand, all coils can be energized separately by selecting quasi-
resonant inverter (Fig. 7). 

In Section III and Section IV, half bridge and quasi 
resonant converters are analyzed. All operating conditions of 
the proposed system have been tested with the help of PSpice. 

III. HALF BRIDGE CONVERTERS FOR THE 
INDUCTION COOKING 

The half bridge topology is composed of two switching 
devices and more than one series resonant circuit. The switches 
conduct on alternate half cycle. [8] In half bridge mode, all 
loads are energized by two main switch at same resonant 
frequency. The switching frequency range used in the 
converter is limited by the audible noise, the power to be 
transferred to the load (pot) and the maximum switching 
frequencies at which the circuit element (IGBT) can energize. 
The practical range of these values is 20 kHz-100 kHz. The 
analysis of the AC-AC converter (Fig. 2) can be simplified by 
assuming a constant positive supply voltage and 
complementary results are obtained for the negative mains 
voltage when the switching frequency used in the converter is 
considered to be much higher than the input mains frequency 
(e.g. 20kHz / 20Hz) [2], [3]. 

 
(a)                                               (b) 

Fig. 1 Half-Bridge Series Resonant Inverter Topologies (a) Conventional 
Inverter (b) Direct AC-AC Converter 

 

Fig. 2. Half-Bridge Double Loaded AC-AC Converter 

 

 
Fig. 3. Positive Alternans Half Bridge Mode 

Fig. 3 represents that positive alternans half bridge 
operating modes are shown for 4 different situations. State I to 
State IV, the usual half bridge operation occurs. In state I, the 
current is transferred to the induction loads with the help of 
the S_2 semiconductors. Similarly, in Case III, the S_4 
semiconductor will enter the circuit for the inverse Resonant 
circuit current. Semiconductor elements S_1 and S_3 act as 
diodes for half bridge operation. The S_1 semiconductors acts 
as a diode for Case IV, and also the S_3 semiconductor acts as 
a diode for Case II. 

 

     
(a)             (b)  
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(c)         (d)  

     
 

 
(e) 

Fig. 4. Waveforms of the Half-Bridge Double Loaded AC-AC Converter: (a) 
Positive Alternans Gate Drive Signals, (b) Negative Alternans Gate Drive 

Signals, (c) Switch and Coil Currents for Positive Alternans, (d) Switch and 
Coil Currents for Negative Alternans, (e) Detailed Coil and Switch Current 

IV. QUASI RESONANT CONVERTERS FOR THE INDUCTION 
COOKING 

          
           (a)                          (b) 

Fig. 5. Quasi Resonant Inverter Topologies (a) Conventional Quasi Resonant 
Inverter (b) Direct AC-AC Converter 

 

Fig. 6. Single Switch Double Loaded AC-AC Converter 

Fig. 7 represents that positive alternans quasi resonant 
operating modes are shown for 4 different situations. For 
positive alternans quasi resonant mode operation, S_2 switch 
energizes the Coil_1 (L_Eq_1). From state I to state IV, S_1 
must be kept in continuous conduction in all operation cycles. 
This situation is same for the S_4 switch. It is using to energize 
Coil_2 (L_Eq_2) and S_3 must be kept in continuous 
conduction in all operation cycles. S_1 and S_3 switches are 
used as diode for positive alternans quasi resonant operation. 

 
Fig. 7 Positive Alternans Quasi Resonant Mode 
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(a)         (b)  

     
 

 
(c)              (d)  

     
 

 
(e) 

Fig. 8. Waveforms of the Single Switch Double Loaded AC-AC Converter: 
(a) Positive Alternans Gate Drive Signals, (b) Negative Alternans Gate Drive 
Signals, (c) Switch and Coil Currents for Positive Alternans, (d) Switch and 
Coil Currents for Negative Alternans, (e) Detailed Coil and Switch Current 

V. COMPARISON OF THE POWER CONVERTERS 

A. Efficiency Analysis 

One of the most important design criteria for IH converters 
is efficiency. It not only determines the environment, but also 
the performance and reliability of the converter [5]. Losses 
can be examined in two titles: conduction losses, PON, and 
switching losses, PSW [3]. 

1) Conduction Losses: are determined by the current 
through the devices and their conduction parameters. As a 
consequence, average and rms currents as a function of the 
output power are required to compute the efficiency [5]. 
Conduction losses can be divided to IGBT and diode losses. 
Both losses can be modelled as the series connection of a 
resistance RON and a voltage source VON [9]. 

 
Where I and IRMS are the mean and rms currents of the 

semiconductor. In this study, current values of IGBT and diode 
semiconductors are used and loss values of these elements are 
calculated in order to calculate the efficiency. 

Switching Losses: Because of the ZVS conditions of the 
proposed converter, hard switching conditions can be 
mentioned in the turn-off situation. Switching losses (PSW) 
occur are produced in the IGBT turn-off [9].  

 

B. Simulation Results 

Conventional and AC-AC converters have been analyzed 
and compared for the single load and double loads conditions. 
And also the design parameters and specifications are shown in 
TABLE 1. 

TABLE 1 DESIGN PARAMETERS 

Specifications
Operation Mod Half Bridge Quasi Resonant

Main Supply Voltage V AC,RMS

Input Power, P IN 185 - 3000W 850 - 1700W
Switching Frequency, f SW 62 - 38kHz 32 - 27kHz

Induction Load L EQ

Induction Load R EQ

Resonant Cap. C R

Switching Devices
Diodes

Value

NGTG25N120
RHRG30120

230V / 50Hz

55uH
3R

330nF

 

C. Simulation Verifications 

In this section, calculated efficiency values are compared 
for the wide power ranges. Single load and double loaded 
conditions are evaluated independently and respectively. 
Advantages and disadvantages of the converters are presented 
as a result of analyses. For the accurate comparison, same 
calculation method is used for both converter designs and for 
all conditions. On the other hand, different calculation 
methods can be used for each design.  

1) Single Switch Quasi Resonant Converter: When 
conventional and AC-AC quasi resonant converters are 
compared, AC-AC quasi resonant topology has better 
power/efficiency graphics than the conventional converter 
design. Single and double loaded conditions power/efficiency 
results can be seen in Fig. 9.  

 
(a) 
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(b) 

Fig. 9. Measured efficiency of the conventional and AC-AC converter for the 
quasi resonant design (a) Single load (1.7kW) (b) Double loads (3.4kW)  

For the double loaded 3.4kW total input power conditions, 
power loss distribution is shown in Fig. 10. 

 
Fig. 10. Double loaded power loss distribution for 3.4kW input power 

(Double loaded state: 1.7kW x 2 Load)  

2) Half Bridge Converter: Single and double loaded 
conditions power/efficiency results can be seen in Fig. 11. 

There are some differences between single and double 
loaded conditions from the efficiency point of view. 

 
(a) 

 
(b) 

Fig. 11. Measured efficiency of the conventional and AC-AC converter for the 
half bridge mode (a) Single load mode (3kW) (b) Double load mode (6kW) 

 

Fig. 12. Double loaded power loss distribution for 6kW input power (Double 
loaded state: 3kW x 2 Load) 

As shown in Fig. 11, when the load number increases, AC-
AC half bridge converter has some advantages from the 
efficiency point of view. For the double loaded 3.6kW total 
input power conditions, power loss distribution is shown in 
Fig. 12.  

VI. CONCLUSIONS 
Single ended quasi resonant inverter and half bridge 

inverter have been analyzed independently. Efficiency, semi-
conductor quantity, audible noise, total system cost and control 
flexibility are main topics for comparison. The conventional 
converters have been compared with AC-AC designs. From the 
efficiency point of view, AC-AC double loaded modes have 
some advantage for both half bridge and quasi resonant 
designs. 

On the other hand, half-bridge inverter is generally used for 
the high power demanding household applications. And also it 
has more advantages about design and control convenience 
compared with the quasi resonant inverter. Despite mentioned 
advantages, it is more expensive solution than quasi resonant 
solution. For the low power and low cost demands, single-
switch inverter topology can be better solution. 
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Abstract—A nonlinear controller is presented for a single phase
inverter with an uncertain LC filter at the output. Nonlinear
load condition is also considered and the designed controller is
modified accordingly. Backstepping scheme is applied for two
loop structure of the system while uncertainties are handled
via adaptation mechanisms involved in the controller. Proposed
controller is compared with two loop PI controller by means
of numerical simulations and its advantageous response is
demonstrated.

Index Terms—nonlinear control, single phase inverter, UPS
application.

I. INTRODUCTION

The controller performance is important in single phase
inverters that are used in various application areas since an
almost perfect output voltage is a must. However there are
some challenges in controller design for such systems. Firstly,
inductance is not constant as it is generally assumed and its
value changes by current flowing through it and its behaviour
is highly nonlinear. Secondly, it is not possible to know the
load conditions exactly. In addition, the load may be changing
by time, and/or its structure may be nonlinear as well. The
nonlinear load conditions may cause a high distortion on the
output voltage [1].

In general, cascaded control structure is implemented for
the voltage tracking problem in single phase inverters with
output LC filter. There are two loops in such a control
system:The outer loop generates the reference current for
the inverter output to drive the output voltage error signal
to zero, while the inner loop determines the output voltage
of the inverter that is the input of the LC filter in such a
closed loop system. Conventional PI controllers are utilized in
general to achieve the tracking performance. However, such
an approach suffers from lack of performance due to the
nonlinear characteristics of the dynamical model. Two loop
control structures are analysed in detail for voltage-source and
current-source inverters with various different type of filters at
output [2].

In order to generate the sinusoidal voltage at the output,
single phase inverters with output LC filter are used in UPS

and 400Hz converter applications. The controller implemented
for an inverter must have a high performance to generate
the output voltage with required accuracy. A space vector
based control strategy is presented for UPS applications with
nonlinear and unbalanced loads to achieve a smooth output
voltage [3]. Output filter components are assumed uncertain
as well in the digital controller in the same work.

Various different control structures are proposed for inverter
control to cope with the uncertainties in the system model. A
robust control scheme is developed [4] in order to reduce the
distortion on the output voltage for parallel UPS applications.
Considering the uncertainty on the model parameters, a
controller is proposed in [5] for both linear and nonlinear load
conditions. A nonlinear robust controller is introduced in [6]
in which the stability analysis is based on Lyapunov stability
theory for uncertain model conditions.

Nonlinear controller design techniques are also utilized
for the control of inverters with nonlinearities in the
load. Feedback linearization [7], flatness based control [8],
backstepping [1] and supervisory fuzzy neural network control
[9] are a few to mention aimed to reduce the distortion on
the output voltage under nonlinear and uncertain conditions.
A finite set model predictive controller is proposed in [10]
for a UPS with LC filter at output to obtain acceptable
levels for the total harmonic distortion. A sliding technique
is combined with the backstepping design method to cope
with uncertainties in [11]. An output feedback nonlinear
adaptive control of half bridge UPS systems is achieved via
backstepping for unknown RL load with half bridge rectifier
in [12].

In this paper, a backstepping controller is designed for a
single phase inverter with uncertain output LC filter under
nonlinear load conditions. To deal with the uncertainties, an
adaptation mechanism is included in the controller. Analysis
of asymptotic convergence of the output error to zero is
carried out theoretically. The proposed controller is tested
through numerical simulations by demonstrating the effects of
uncertainties and nonlinearities. The results are also compared
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with a two loop design involved with PI controller that is tuned
for nominal model conditions.

II. MATHEMATICAL MODEL

Consider the single phase inverter circuit with the output
LC filter given in Figure 1. The dynamical equations from the
output of the inverter (vi) to the voltage of the capacitor (vc)
can be given as

C
dvc
dt

= iL − i (1)

L
diL
dt

= vi − vc (2)

where iL is the current flowing through inductor, i is the
current of the load, C and L are capacitance and inductance
values.

In general, the load has nonlinear characteristics, it is
uncertain and changes by time in practical applications. This
issue affects the control performance adversely, and causes
irregularities in the output voltage. Moreover, inductors also
have a nonlinear structure, and the inductance value changes
by the current flowing through inductor. Considering these
nonlinearities with possible uncertainties in the circuit such as
nominal values of capacitance and inductance, the controller
should be designed to cope with all this negative situations
for the generation of the required waveform of output voltage.
The nonlinear models of load current and inductance utilized
in this paper are given as follows

i =
1

RL

σ1(vcr )vc, (3)

L = L0σ2(i) (4)

where RL is an uncertain constant representing load resistance,
L0 is the nominal value of the inductance, vcr is a realizable
smooth output voltage reference, σ1 : R → R+ and σ2 : R →
R+ are sufficiently many times continuously differentiable
functions.

III. CONTROLLER DESIGN

In order to overcome the nonlinearities and the uncertainties
mentioned in the previous section, a nonlinear adaptive
controller is designed in this section. Since our goal is to
achieve generating an output voltage tracking desired reference
trajectory, we define the error variable as

e = vcr − vc. (5)

In addition, we consider that capacitance, load resistance and
nominal inductance values are uncertain, and define θ1 = C,
θ2 = 1/RL, θ3 = L0. Utilizing (3) and (4) with the time
derivative of (5), the dynamical model given in (1)-(2) turns
out to be

θ1
de

dt
= θ1v̇cr + θ2σ1vc − iL (6)

θ3
diL
dt

=
1

σ2
(vi − vc) . (7)

Fig. 1. Circuit of single phase inverter with the output LC filter.

In order to obtain a stabilizing control law, one can invoke
the backstepping design procedure considering iL as a virtual
control input. To proceed, model parameters in the dynamics
of error variable have to be known exactly. However, all
the constant model parameters are considered unknown in
this study. Therefore, adaptation rules are designed for these
constants for the convergence of the error variable to zero.
Adapted parameters are defined as θ̂j , j = 1, 2, 3, and
adaptation errors for the unknown parameters are given as

θ̃j = θj − θ̂j , j = 1, 2, 3. (8)

In order to apply the backstepping procedure, we define

φ = θ̂1v̇cr + θ̂2σ1vc + k1e (9)

and

z = φ− iL (10)

where k1 > 0 is a controller gain. Using these signals, the
error dynamics given in (6) can be reorganized as

θ1
de

dt
= θ̃1v̇cr + θ̃2σ1vc − k1e+ z. (11)

On the other hand, dynamics of z can be obtained utilizing
(7) and the derivative of (9) as

θ3ż = θ3
!
˙̂θ1v̇cr + θ̂1v̈cr +

˙̂θ2σ1vc + θ̂2σ̇1vc + k1ė
"

+ θ3θ̂2σ1v̇c −
1

σ2
(vi − vc). (12)

Defining θ4 = θ3/θ1 and θ5 = θ2θ3/θ1, and using (6), the
dynamics given in (11) and (12) can be rearranged

θ1ė = −k1e + θ̃1v̇cr + θ̃2σ1vc + z, (13)

θ3ż = θ3ρ− θ4
!
k1 − θ̂2σ1

"
iL

+ θ5σ1
!
k1 − θ̂2σ1

"
vc −

1

σ2
(vi − vc) (14)

where

ρ = ˙̂θ1v̇cr + θ̂1v̈cr +
˙̂θ2σ1vc + θ̂2σ̇1vc + k1v̇cr . (15)

Our aim at this point is to assign adaptation rules and
the control input driving the error signal to zero. In order
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Fig. 2. Simulation results for the system with adaptive backstepping
controller.

to achieve this, consider the following positive definite and
radially unbounded function

V =
1

2

#
θ1e

2 + θ3z
2 +

5$

i=1

1

γi
θ̃2i

%
(16)

where γi, i = 1, . . . , 5 are positive adaptation gain values.
Taking the time derivative of (16) and utilizing (13) and (14)
one can obtain

V̇ =− k1e
2 + θ̃1v̇cre+ θ̃2σ1vce−

5$

i=1

1

γi
θ̃i
˙̂θi

+ z

&
e+ θ3ρ− θ4

!
k1 − θ̂2σ1

"
iL

+ θ5σ1
!
k1 − θ̂2σ1

"
vc −

1

σ2
(vi − vc)

'
. (17)

Note that, control input (vi) appears in (17), and hence, it can
be assigned to render V̇ being at least negative semi definite.
This has to be done without using the uncertain parameters in
vi. Utilizing the adapted values of uncertain parameters instead
of their exact values, the control input can be developed as

vi = vc + σ2

(
e+ θ̂3ρ− θ̂4

!
k1 − θ̂2σ1

"
iL

+ θ̂5σ1
!
k1 − θ̂2σ1

"
vc + k2z

)
. (18)
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Fig. 3. Simulation results for the cascaded system with PI controllers.

Moreover, considering (17) with (18), adaptation laws can be
generated as

˙̂θ1 = γ1v̇cre (19)

˙̂θ2 = γ2σ1vce (20)

˙̂θ3 = γ3ρz (21)

˙̂θ4 = −γ4
!
k1 − θ̂2σ1

"
iLz (22)

˙̂θ5 = γ5
!
k1 − θ̂2σ1

"
σ1vcz (23)

providing a negative semi definite V̇ that can be given as

V̇ = −k1e
2 − k2z

2. (24)

The evaluation of this result with (16), it is clear that e, z
and θ̂i, i = 1, . . . , 5 are globally bounded. As a result of this,
all the signals in the closed-loop system including the control
input are bounded. Moreover, [e, z] → 0 as t → 0 is ensured
according to LaSalle-Yoshizawa theorem [13]. Hence, both
voltage error and the difference between inductor current and
the signal φ –that can be considered as the current reference
for inductor– converge to zero asymptotically.

IV. SIMULATION RESULTS

Numerical simulation studies has been carried out using
MATLAB to validate the performance of the proposed
controller. The reference voltage is assigned as vm sin(ωt)
where vm is the amplitude and ω is the frequency. Model
constants and simulation parameters are given in Table 1. Both
the cascaded structure with PI controllers and the developed
controller have been simulated and the responses have been
compared. In the cascaded structure, the current reference is
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TABLE I
SIMULATION RESULTS.

Controller |ei|avg |ei|rms |ev|avg |ev|rms

Cascaded PI 12.96 13.98 18.69 24.64

Proposed 2.59 3.34 6.85 8.15

generated utilizing voltage error signal in a PI controller in the
outer loop, while another PI controller is implemented to drive
the error signal to zero determined as the difference between
current reference and the actual current values.

Results for the numerical simulations are given in Figure 2
for back stepping controller and in Figure 3 for cascaded
structure with PI controllers. Voltage and current references are
tracked successfully with a good performance in the simulation
of the proposed controller although the model parameters
are not known exactly. On the other hand, the response
of the proposed controller is much better compared to the
response of PI controllers tuned for the nominal model. This
performance improvement can also be observed in Table I in
which numerical results for average of the absolute values
of voltage and current errors, and root mean square value of
voltage and current errors are presented.

V. CONCLUSION

A nonlinear controller design procedure for the output
voltage of single phase inverter with an output LC filter is
presented. The time varying uncertain error dynamics of the
system is derived, and the proposed controller with an adaptive
structure is developed. The stability of the closed-loop system
is proved utilizing Lyapunov method and LaSalle-Yoshizawa
theorem is invoked to show the convergence of the voltage
error signal to zero. Finally, comparative results of the
numerical simulations are demonstrated showing the viability
and effectiveness of the proposed controller.
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APPENDIX

TABLE II
MODEL AND SIMULATION PARAMETERS.

Symbol Description Value Unit

RL Load resistance 4.84 Ω

L0 Nominal inductance value 300 µH

C Nominal capacitance value 35 µF

Vdc DC supply voltage 200 V

ω Reference voltage frequency 314 rad/s

vm Reference voltage amplitude 311 V

Tp PWM period 100 µs

θ̂1(0) Initial value of θ1 28 µF

θ̂2(0) Initial value of θ2 0.1653 1/Ω

θ̂3(0) Initial value of θ3 240 µH

γ1 Adaptation gain 50×10−9

γ2 Adaptation gain 5×10−3

γ3 Adaptation gain 15×10−9

γ4 Adaptation gain 1

γ5 Adaptation gain 0.1
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Abstract— The reserve of fossil sources such as coal, natural 
gas, and crude oil are rapidly decreasing with increasing demand 
of electricity in the world. On the other hand, fossil fuels cause 
air pollution, global warming and similar environmental 
problems. Therefore, recent studies have become widespread 
about renewable energy sources (RESs) such as biomass, 
hydropower, geothermal, wind and solar which are the most 
popular in the worldwide. Among other RESs, solar energy is 
assumed as the best alternative to fossil sources. The photovoltaic 
(PV) systems generate electricity by using solar energy. In this 
study, a micro inverter is designed by using flyback converter on 
dc-dc side and neutral point clamped (NPC) inverter for dc-ac
conversion. The power capacity of designed micro inverter is
rated at 345 W where the input voltage is 62 V while output
voltage is converted to 220 Vrms at 50 Hz frequency. Two
different controllers are used against changing irradiation
conditions in this work. The flyback converter is controlled by a
maximum power point tracking (MPPT) while a proportional
integral (PI) controller controls the NPC inverter. The designed
micro inverter presents 0.57% total harmonic distortion (THD)
ratio of voltage and current in FFT spectrum.

Keywords—renewable energy; micro inverter; flyback 
converter; NPC inverter. 

I. INTRODUCTION 

Electricity is mostly generated by using fossil fuels such as 

coal, natural gas, oil etc. in all over the world. Recently, the 

reserves of fossil sources have been gradually decreased while 

electricity demand has been increased. The use of fossil 

sources causes environmental pollution and global climate 

change. Therefore, researches on renewable energy sources 

such as solar, wind, hydropower and biomass have been 

extensively increased. It is obvious that renewable energy 

sources (RESs) are infinite, clean, environment friendly and 

sustainable. The solar energy is one of the most important of 

renewable sources. Among all solar technologies, photovoltaic 

(PV) module that is comprised by PV cells is the most 

significant device in terms of generation electricity. The 

desired output voltage (V), current (I) and power (P) values of 

PV modules are obtained by connecting solar cells in series and 

parallel. Electricity generation with PV systems have many 

advantages such as removing the moving parts, requiring low 

maintenance cost, absence of noise pollution and so that they 

can be applied in any place where sunlight is sufficient. A PV 

system consist of PV modules, inverters and auxiliary 

electronic circuits [1, 2]. The inverters convert obtained DC 

from PV modules into AC. The inverters can be categorized as 

central inverter, string inverter and micro inverter. The central 

and string inverter are used in residential and commercial 

applications where PV modules are connected in series and 

parallel to generate higher DC voltage rates [3]. Hence, the 

entire PV system which has central or string inverter can be 

affected in partial shading condition. The central and string 

inverter systems have some disadvantages such as no 

expandability, safety problems etc. The micro inverters are 

designed to be used for individual PV modules with low power 

rates. Thus, the micro inverter has individual MPPT which is 

used to acquire maximum power from PV module and so it 

overcomes partial shading condition of PV system. The PV 

systems consist of one or more micro inverters. When a micro 

inverter in the PV system does not function, other units 

continue functions. It is predicted that the micro inverter will 

replace the central and string inverters [4]. In recent years, the 

micro inverter has been widely researched in shading 

conditions of PV system such as presented in [5]. The micro 

inverter has some advantages such as suitable residential 

applications, higher efficiency and simpler structure. However, 

the cost of micro inverter is the most expensive among other 

types. The overall cost of a micro inverter can be reduced with 

power electronic technology developments [6].  

In this paper, a micro inverter has been modelled with 

flyback converter and neutral point clamped (NPC) inverter 

topologies. The flyback converter has been used to leverage the 

input DC voltage to generate appropriate output voltage. The 

converter is controlled to obtain maximum power of PV 

module due to Incremental Conductance MPPT algorithm with 

integral regulator which tracks MPP in changing irradiation 

situations. The PI observer controls the single-phase NPC 

inverter. Although the output of micro inverter is set to 220 

Vrms at 50 Hz line voltage by PI controller, it is not connected 

to utility grid. This paper is organized as follows: 2nd section 

introduces the circuit configuration of designed micro inverter 

while the micro inverter design studies have been presented in 

3rd section. The micro inverter simulation and analysis studies 

are given in 4th section and conclusions are presented in the last 

section. 

II. CIRCUIT CONFIGURATION OF DESIGNED MICRO INVERTER

The schematic diagram of designed micro inverter which is

comprised by flyback converter, NPC inverter and LCL filter is 

shown in Fig. 1. The flyback converter includes high frequency 
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(HF) transformer which ensures galvanic isolation between the 

source and load, switch S, diode D1 and capacitor C1. The duty 

cycle of S which is MOSFET is determined by MPPT 

algorithm. The single-phase NPC inverter is comprised by 

eight MOSFETs and is controlled by PI controller. The 

switching pulses are individually generated via sinusoidal pulse 

width modulation (SPWM). LCL filter is used to eliminate 

harmonics and to obtain sinusoidal waveform at the output of 

micro inverter. 
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Figure 1. The structure of designed micro inverter 
 

In this study, the output voltage of PV module is around 62 

V DC and the output of designed micro inverter is 220 Vrms at 

50 Hz. The output maximum power capacity of micro inverter 

is set to 345 W. The Incremental Conductance MPPT 

algorithm is used to define duty cycle of switch S in dc-dc 

conversion. The output voltage of PV module is amplified up 

to 372 V DC with flyback converter. The HF transformer used 

in flyback converter has 1:3 transformation ratio. The output 

voltage of flyback converter provides input voltage of single 

phase NPC inverter where dc-ac conversion is performed. 

Table I presents the parameters of the PV module that is 

arranged according to a commercial PV module used in the 

modelled system [7]. 

TABLE I.  PV MODULE PARAMETERS 

Parameter Value 
Power 345 W 

Voc, Open circuit voltage  68.2 V 

Vmp, Maximum power voltage  57.3 V 

Isc, Short circuit current  6.39 A 

Imp, Maximum power current   6.02 A 

 

The following sections present detailed design procedures 

about flyback converter, NPC inverter and controllers which 

consist the designed micro inverter. 

III. DESIGNED MICRO INVERTER 

A. Flyback Converter 

The flyback converter isolates input and output sections by 

an HF transformer. The flyback converter has many advantages 

such as decreased components, safety, high efficiency and 

galvanic isolation. Hence, it is widely used in various 

applications including telecommunication, PV system, DC 

power supply and so on [8]. The operation principle of flyback 

converter is similar buck boost converter topology, but HF 

transformer takes place of inductor in a buck boost converter. 

The input voltage of flyback converter is increased or 

decreased depending on duty cycle and transformer conversion 

ratio [9]. Fig. 2 shows the circuit diagram of flyback converter 

that is comprised by a DC source Vi, semiconductor switch S, 

HF transformer, diode D1, capacitor C and load R. The HF 

transformer with n=N1/N2 turns ratio provides magnetizing 

inductance Lm. There are two operation modes which are 

explained as below are available according to on and off 

positions of switch S. 

     

RLm

S

CN2N1

D1

Vo

.

.
Vi

 
 Figure 2. The circuit diagram of flyback converter 

 

1) Mode I- S is on: When the switch S is turned on, the 

current flows on primary side of transformer, as seen in Fig. 3. 

The energy is stored in magnetizing inductance Lm and the 

secondary side of transformer has opposite polarity according 

to primary side. Hence the diode is reverse biased and current 

flow is not allowed on secondary side. In this mode, the load 

is supplied by the energy of capacitor [9-11]. 

RLm

S

CN2N1

D1

Vi Vo

.

.
 

Figure 3. The circuit diagram while S is on 

 

2) Mode II- S is off: When the switch is turned off, there is 

no current flow occurs on primary side, as shown in Fig. 4. 

The diode is forward biased and the energy which stored in 

magnetizing inductance Lm is transferred to load and capacitor 

[9-11]. 

RLm

S

CN2N1Vi Vo

.

.
 

Figure 4. The circuit diagram while S is off 

 

The output voltage of flyback converter is given below 

depending on n=N1/N2 and duty cycle D of switch S; 

(1 )
o i

D
V V

n D
= ⋅

⋅ −
             (1) 

The magnetizing inductance Lm of HF transformer which 

has vital role in flyback converter is defined as; 

min

2 2
(1 )

2
m

n D R
L

f

⋅ − ⋅=
⋅

             (2) 

where the f is value of flyback converter switching frequency. 

The minimum output filter capacitor is expressed below 

based on Vr voltage ripple; 
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min

o

r

D V
C

V R f

⋅=
⋅ ⋅

             (3) 

The calculated component values of the proposed flyback 

converter are given in Table II. 

TABLE II.  PARAMETERS OF MODELLED FLYBACK CONVERTER 

Parameter Value 
C, capacitor 630 µF 

Lm, magnetizing inductance 1 mH 

f, switching frequency 50 kHz 

n, HF transformer converson ratio (N1/N2) 1/3 

Vi, input voltage of flyback converter 57.3 V 

Vo, output voltage of flyback converter 372 V 

R, load 175 Ω 

B. Incremental Conductance MPPT Algorithm 

The MPPT algorithm is important to acquire maximum 

power from PV module in case of varying solar irradiation and 

module temperature. There are different types of MPPT such as 

fractional open circuit voltage (Voc), fractional short circuit 

current (Isc), perturb and observe (P&O), incremental 

conductance (IC) and so on. Since the incremental conductance 

algorithm has many advantages such as higher efficiency, 

accuracy and fast tracking of MPP, it is used as MPPT 

algorithm in this study [4]. 

The incremental conductance MPPT algorithm is depended 

on the derivation of power. The values of voltage and current 

are obtained by sensors to calculate power. The essential 

equations of this algorithm are given as in Eq. (4)-(9). When 

the derivation of power is equal to zero, MPP is reached. If the 

derivation of power is negative, tracking point is on the right 

side of MPP. On the other hand, it is on the left side of MPP in 

the opposite case [12]. 

.P V I=               (4) 

 
dP dI

I V
dV dV

= +              (5) 

0 
dP dI

I V
dV dV

= + =              (6) 

 0  
dI I dP

dV V dV
§ ·= − =¨ ¸
© ¹

 at MPP            (7) 

 0  
dI I dP

dV V dV
§ ·> − >¨ ¸
© ¹

 on the left of MPP           (8) 

 0  
dI I dP

dV V dV
§ ·< − <¨ ¸
© ¹

 on the right of MPP           (9) 

Fig. 5 is illustrated the flowchart of incremental 

conductance MPPT algorithm to obtain maximum power point. 

In this work, the duty cycle value of switch S in flyback 

converter is determined by using this algorithm. 

C. Design of NPC Inverter and Controller Algorithm 

Recently, the multilevel inverters have been widely 

researched in power electronic applications. They can be 

categorized in three fundamental topologies as cascaded H-

bridge, flying capacitor and diode clamped multilevel inverters. 

Start
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Figure 5. The flowchart of incremental conductance MPPT algorithm [4] 

Among them, NPC inverter is the most widely used one in 

PV systems since it has many advantages such as simpler, 

cheaper and less conduction losses [13]. The five-level neutral 

point clamped (5L-NPC) inverter which converts DC voltage 

to AC voltage is used in this paper, as shown in Fig. 6. It 

consists of eight switches which are MOSFETs, four diodes 

and two capacitors. The switching states of the five level NPC 

inverter are given in Table III where there are five voltage 

levels are obtained at Vdc, 0.5Vdc, 0, -0.5Vdc, -Vdc levels [14]. 

S1

S2

S3

S4

S5

S6

S7

S8

C1

C2

Vdc Vac
. ..

.

.

 

Figure 6. The structure of five level NPC inverter 

TABLE III.  SWITCHING STATES OF 5L-NPC 

Vac S1 S2 S3 S4 S5 S6 S7 S8 

Vdc 1 1 0 0 0 0 1 1 

0.5Vdc 

1 1 0 0 0 1 1 0 

0 1 1 0 0 0 1 1 

0 

1 1 0 0 1 1 0 0 

0 0 1 1 0 0 1 1 

0 1 1 0 0 1 1 0 

-0.5Vdc 

0 0 1 1 0 1 1 0 

0 1 1 0 1 1 0 0 

-Vdc 0 0 1 1 1 1 0 0 

 

There are many modulation strategies to generate pulses for 

switches. Among them, SPWM is commonly used in power 

electronic applications. In this study, the switches used in 5L-
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NPC are separately controlled by SPWM with PI controller. 

Fig. 7 shows generation of SPWM with PI controller for 

switches of 5L-NPC. There are two triangular waves which 

have different peak values and two sinusoidal reference waves 

which have 180° phase difference from each other. The peak 

value of first triangular wave is 1 while the peak value of 

second is -1. The frequency of sinusoidal reference waves 

defines frequency of output voltage inverter. Also the 

switching frequency of NPC is determined by triangular waves. 

The error signal is obtained by comparing the output and 

reference voltage of 5L-NPC for PI controller input. Then 

modulation index value is generated with PI control algorithm. 

The reference sinusoidal waves are multiplied with modulation 

index value. They are compared with triangular waves and thus 

switching pulses for 5L-NPC inverter are generated.  

PI

Vout

Vref +

-

Ve

x

S1,S3

S2,S4

x

S5,S7

S6,S8

5L-NPC Inverter
Vout

 

Figure 7. The block diagram of generation SPWM with PI controller  

D. LCL Filter 

The output voltage of inverter has switching harmonic 

components and they effect power quality of system. LCL filter 

is used to reduce THD components, as seen in Fig. 8 where Lf1 

is inductor of inverter side, Lf2 is inductor of load side, Cf is a 

capacitor, Rf is a damping resistor, V1 is output voltage of 

inverter and V2 is output voltage of system [15]. 

Cf

Lf 1

Rf

Lf 2

V2V1

 

Figure 8. The structure of LCL filter 

The LCL filter is a third order filter and has attenuation of -

60 dB/decade where frequencies are above resonant frequency. 

The cut off frequency is important parameter of LCL filter 

where the switching frequency of inverter must be at least two 

times of cut off frequency [16]. The cut off frequency of 

designed LCL filter is defined as; 

 
1 2

1 2

1

2

f f
res

f f f

L L
f

L L Cπ
+

=
⋅ ⋅

          (10) 

 
1 2

1 2

2
f f

res res
f f f

L L
f

L L C
ω π

+
= =

⋅ ⋅
          (11) 

where res is angular frequency.  

The base impedance and capacitance are calculated as; 

2

2rms
b

V
Z

P
=             (12) 

1

2
b

g b

C
f Zπ

=
⋅ ⋅ ⋅

           (13) 

where V2rms is root mean square (RMS) of V2 , P is power of 

system, fg is output frequency of system. Therefore, the Cf 

capacitor is defined as; 

0.05f bC C< ⋅             (14) 

 The value of damping resistor is given as; 

1

3
f

res f

R
Cω

=            (15) 

The inductor value of inverter side is given as; 

1

1

max
16

f
s

V
L

f I
=

⋅ ⋅∆
           (16) 

Imax is calculated as; 

max

2

2
0.1

rms

P
I

V

⋅∆ = ⋅            (17) 

The inductor value of load side is defined as [17]; 

2 1
0.8f fL L= ⋅             (18) 

The transfer function of LCL filter with Rf is defined 

below; 

( )3 2

1 2 1 2 1 2

1
( )  

( )

f f
LCL

f f f f f f f f f

C R s
H s

L C L s C L L R s L L s

+
=

+ + + +
 (19) 

 

In this study, parameters of used LCL filter are calculated 

by using Eq. (10)-(18) and are given in Table IV. 

TABLE IV.  PARAMETERS OF LCL FILTER 

Parameter Value 

Lf1, inductor of inverter side 1.13 mH 

Lf2, inductor of load side 9 mH 

Cf, capacitor 1.13 µF 

Rf, damping resistor 22.15 Ω 

fs, switching frequency of inverter 10 kHz 

fg, output frequency of system 50 Hz 

fres, cut off frequency  2.11 kHz 

V1, DC link voltage 400 V 

V2rms, output voltage of system (RMS) 220 V 
 

 The Bode plots of LCL filter is obtained with calculated 

parameters in Table IV through MATLAB software program, 

as seen in Fig. 9. It is possible to observe that the cut off 

frequency of LCL filter is at 2.11 kHz. 

IV. MICRO INVERTER SIMULATION AND ANALYSIS 

The micro inverter is modelled with Simulink as shown in Fig. 

10 which includes PV module, flyback converter, NPC 

inverter, LCL filter and controllers. The PV module is located 

on the left-hand side, and flyback converter is next to the PV 

module. The NPC inverter that is connected to the output of 

flyback converter has been switched at 10 kHz frequency. The 
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output of inverter has been interfaced with load over the 

designed LCL filter. 

 

Figure 9. The Bode plots of designed LCL filter 

 

 

Figure 10. The structure of proposed micro inverter 

 Fig. 11 shows irradiation, output voltage and current of PV 

module while the PV module temperature is constant during 

simulation. The starting irradiation value of PV module is 1000 

W/m2 and it has been decreased from on the 2nd second. At the 

3rd second, it is decreased to 880 W/m2 and again increased up 

to 1000 W/m2 at the 6th second. The output voltage of PV 

module is changed between 57 V- 62 V and also the current is 

fluctuated between 4.8 A- 5.4 A throughout changing 

irradiation conditions. The output voltage of flyback converter 

is depicted in Fig. 12. The output voltage of HF transformer 

which has 1:3 transformation ratio is obtained between 344 V- 

372 V and also the duty cycle of flyback converter switch is 

0.67 at MPP of PV module. The output voltage of flyback 

converter is applied to input of NPC inverter where DC voltage 

waveform is converted AC voltage waveform. Fig. 13 shows 

the output voltage detail of NPC inverter without LCL filter, 

where five level voltages have been formed. Since the PI 

controller is set to track 220 Vrms reference voltage, the output 

voltage of inverter is obtained constant at 220 Vrms and 50 Hz 

frequency. The PI controller determines modulation index of 

SPWM and track accurate voltage and frequency. The Kp and 

Ki values of PI controller which are respectively 0.006 and 0.5 

are determined with Ziegler-Nichols method. Fig. 14 shows the 

system output voltage and current with detail during changing 

irradiation. 

 

Figure 11. The irradiation, output voltage and current of PV module 

 

 

Figure 12. The output voltage of flyback converter (HF transformer output) 

   

 

Figure 13. The output voltage of NPC inverter 
 

 

Figure 14. The output voltage and current of modelled micro inverter 
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Fig. 15 and 16 show total harmonic distortion (THD) ratios 

of voltage and current which are 0.57% that comply with 

international standard such as IEEE-519-2014 and IEC 61000-

3-2 [18, 19]. 

 

Figure 15. THD ratio (0.57%) of output voltage 

 

Figure 16. THD ratio (0.57%) of output current 

V. CONCLUSIONS 

 There is an increasing interest on micro inverter design for 

electricity generation using solar energy. In this paper, a micro 

inverter is modelled and analyzed by using flyback converter 

and NPC inverter topologies that both are individually and 

widely researched devices. The output voltage of a PV module 

rapidly changes under various irradiation conditions and it 

causes partial shading problems decreasing the overall 

efficiency. The proposed micro inverter topology and 

controllers are designed to tackle this deficiency of PV 

inverters. The output voltage of micro inverter is stabilized at 

stable 220 Vrms owing to PI controller and load current has 

been measured as 1.257 Arms during tests. The incremental 

conductance MPPT algorithm is utilized to acquire maximum 

power from PV module. According to same input values, the 

average input power of micro inverter has been detected 

around 302.7 W that generates 276.5 W output power. The 

efficiency of designed micro inverter is around 91%. In future 

studies, the used control systems will be developed for 

increasing system efficiency. 
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Abstract—This paper proposes a Discrete-time Neural Sliding
Mode Indirect Power Control (N-SMIPC) controller for a Doubly
Fed Induction Generator (DFIG) connected to the grid. Under
unbalanced grid voltage, the DFIG control strategies should
be modified, becoming very complex. In addition, the DFIG
under short-circuit conditions alters its behavior depending to
the short-circuit type, and calculation of the equivalent circuit
model is needed to redesign the controller. By using a Recurrent
High Order Neural Network (RHONN) identifier, trained by
an Extended Kalman Filter (EKF), an adequate model for the
controlled system is obtained, which helps to propose a controller
able to reject this disturbance, ensuring stability, and improving
the Low Voltage Ride-Through (LVRT) capacity of the DFIG.
Based on such identification, the proposed controller is used to
track a desired Direct Current (DC) voltage desired value at the
DC link, to keep constant the grid power factor controlled by
the Grid Side Converter (GSC), and to control independently
the rotor currents defined from the required stator powers,
controlled by the Rotor Side Converter (RSC), under unbalanced
grid conditions and short-circuits. The proposed controller is
simulated by using SimPower toolbox of Matlab. The proposed
controller effectiveness is confirmed even in presence of non-ideal
grid conditions.

Keywords—Doubly Fed Induction Generator,Grid Disturbances,

Sliding Mode, Indirect Power Control, Neural Networks.

I. INTRODUCTION

Nowadays, wind energy presents fort penetration on the
grid power supply. Double Fed Induction Generator (DFIG)
becomes the largest generator used for large-scale Wind Tur-
bine (WT) applications. The most known electric configura-
tions of the DFIG based WT is that the stator is coupled
directly to the grid, whereas the rotor is connected to the
grid via a back-to-back converter, Fig.1. Based on this con-
figuration, different control schemes have been proposed for
the DFIG and the DC link using the Rotor Side Converter
(RSC) and the Grid Side Converter (GSC) respectively. The
most applied control strategy for DFIG applications is Field
Oriented Control (FOC) combined with Proportional-Integral
(PI), Reference Signal Tracking (RST), and Sliding Mode
(SM) controllers [2], [12], [13]. In the last decade, another
control scheme has been used for the DFIG named Direct
Power Control (DPC) where nonlinear model is used to design

the control law as input-output feedback linearization and SM
controllers [11], [15]. These approaches present disadvantages
because are based on the mathematical model and a exact value
of the DFIG parameters is necessary. In addition, in all these
publications, the control systems are tested under ideal grid
conditions.
Grid disturbances can affect considerably the system by pro-
ducing ripples in the stator powers [8] which could damage
the WT and stopping power generation. This discontinuity is
not permitted according to modern grid codes [9]. Today, big
efforts are being done to avoid grid instability effects on DFIG
based WT operation. This operational behavior of the DFIG
is well known as Low Voltage Ride-Through (LVRT) capacity
[5].
There already exist various published work for the DFIG
control under unbalance voltage. In [6] and [19] a PI and
PI resonant controllers are discussed where a decomposition
processes of current and voltage are introduced. This technique
does not guarantee system global stability [16]. In [9], a DPC
scheme based on sliding mode (SMPDC) controller is used
to control the DFIG and the grid powers; the results illustrate
capabilities of the applied control scheme in reduction of the
electromagnetic torque and the DC voltage ripples under only
asymmetric unbalanced grid voltage and do not considering the
short-circuit current fault. In [3], a SMDPC strategy for DFIG
under balance and unbalanced grid voltage using extended
active power is developed; this work ignores the DC voltage
control which presents a challenge task to keep it constant in
presence of grid disturbances.
Currently, the DFIG short circuit current is mainly calculated
using mathematical analysis. Hence, under short-circuit current
grid fault, the equivalent-circuit model of the DFIG changes
depending to type of short-circuit. Considering that, few ar-
ticles have been published in the last years as in [7], the
flux transient characteristic for the DFIG with and without
crowbar protection is analyzed, where an approximation of
the DFIG stator shorts-circuit equivalent model is proposed.
In [10], an analysis transient expression of DFIG stator and
rotor currents under three-phase symmetrical fault is derived
considering GSC control and DFIG terminal voltage phase
jump. Authors in [20] proposes an analytic method to calculate
the short-circuit current of the DFIG using the DFIG space
vector model.
In this paper, a Discrete-Time Neural Sliding Mode Indirect978-1-5386-4626-7/18/$31.00 c�2018 IEEE
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Power control (N-SMIPC) control scheme is investigated to
the DFIG grid side and rotor side converters under unbalanced
grid voltages, and short-circuits. Thanks to the proposed neural
identifier for system modeling which permits to approximate
the DFIG and the DC link models under different scenarios
of grid disturbances. It is possible to improve the robustness
of controlled system and avoids the grid disturbances effects
on the controlled system and quality of power generation.
The paper is organized as follows: In section II, mathematical
preliminaries are introduced. The mathematical models of the
controlled system are presented in section III. The DC-link and
the DFIG neural models are discussed in section IV . In section
V the proposed control strategy for the GSC and the RSC is
synthesized. In section VI, simulation results are discussed
for tracking performance under normal grid conditions, in
addition, a comparison between the proposed controller and
the Sliding Mode Indirect power controller is done in presence
of grid disturbances.
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Fig. 1. DFIG connected to the electrical grid.

II. MATHEMATICAL PRELIMINARIES

Consider a discrete-time nonlinear model [18]

xk+1 = f (xk,k)+B(xk)u(xk,k) (1)
y(k) = h(x(k)) (2)

where xk 2 ¬n is the system state vector, uk 2 ¬m is the input
vector, y(k) 2 ¬p is the output vector, the vector f (.), the
columns of B(.) are smooth and bounded vector fields. We
assume that the nonlinear non autonomous system (1) and (2)
describes the complete plan dynamics Using Series-Parallel
configuration, next neural identifier is used to approximate the
model (1) as in [1], [14]

ci,k+1 = wT
i fi(xk)+vT

i ji(xk,uk) (3)

where ci is the state of the ith neuron which identifies the ith
component of x, wi 2 ¬Li are the adjustable synaptic weights
of the neural network, vi are matrices with fixed parameters,
u 2 ¬m is the input vector of neural network and fi(.) =
[fi,1(.), ...,fi,L(.)]

T 2 ¬Li is a smooth vector function, and Li
is the connection number, fi, j(.) = fi,1(S(x1,k), ...,S(xn,k))T ,
and S(.) is the activation function defined as the hyperbolic
tangent function. Recently,To train the RHONN identifier, an
EKF based algorithms is selected [1], [14] as follows

Ki,k =
wi,k+1 =
Pi,k+1 =

Pi,kHi,kMi,k
wi,k +hiKi,kei,k
Pi,k �Ki,kHT

i,kPi,k +Qi,k

(4)

with

Mi,k =
⇥
Ri,k +HT

i,kPi,kHi,k
⇤�1 (5)

ei,k = x� i,k�ci,k (6)
i = [1,2, · · · ,n] (7)

where ei 2R is the identification error of each state, Pi 2RLi⇥Li

is the covariance matrix of prediction error, wi 2 Rli is the ad-
justable weights vector, hi is a constant parameter, Ki,k 2RLi⇥m

is the Kalman gain matrix, Qi,k 2 RLi⇥Li is covariance matrix
associate to the state noise, Ri,k 2 Rm⇥m is the covariance
matrix associate the measurement noise, Hi 2 RLi⇥m is a
matrix contains the derivative of the neural network states xi
respecting each neural weight wi j calculated as

Hi j,k =


∂xi,k

∂wi j,k

�T

wi,k=wi,k+1

(8)

where j = 1, · · · ,Li and i = 1, · · · ,n and k is iteration number.

III. SYSTEM MODELING

A. Discrete-time DC link Model

The discrete-time DC link mathematical model in the d�q
reference frame is defined as [15]

Vdc,k+1 =Vdc,k + ts
✓

3
2CVdc,k

V T
g,kMpIg,k

◆
(9)

ig,k+1 = ig,k + ts
�
Agig,k +Bgvg,k �BgvVgc,k

�
(10)

with Vdc,k 6= 0, where Ag =

"
�Rg

Lg
ws

�ws �Rg
Lg

#
, ig,k =


Igd,k
Igq,k

�
,

Bg =

"
1

Lg
0

0 1
Lg

#
, vg,k =


Vgd,k
Vgq,k

�
and vgc,k =


Vgcd,k
Vgcq,k

�

where ws is the grid frequency (rad/sec), Vgcd,k, Vgcq,k, Vgd,k,
Vgq,k, Igd and Igq are d � q voltages at the GSC and at the
step-up transformer, and the grid currents on d � q axes,
respectively, C is the DC-link capacitance (F), Rg is the grid
resistances (W), Lg is the grid inductances of (H), ts is the
sample time.

B. DFIG Model

The DFIG discrete-time model in d �q frame is given as
[15]

Isd,k+1 = Isd,k + ts(�a1Isd,k +(ws +a2a9)Isq,k

+ a3Ird,k +a4a9Irq,k +d1Vsd,k �b1Vrd,k) (11)
Isq,k+1 = Isq,k + ts(�(ws +a2a9)Isd,k �a1Isq,k

+ a3Irq,k �a4a9Ird,k +d1Vsq,k �b1Vrq,k) (12)
Ird,k+1 = Ird,k + ts(a5Isd,k +a6a9Isq,k +(�a8ws

+
1
s

wr,k)Irq,k �a7Ird,k �d2Vsd,k +b2Vrd,k) (13)

Irq,k+1 = Irq,k + ts(�a6a9Isd,k +a5Isq,k � (�a8ws

+
1
s

wr,k)Ird,k �a7Irq,k �d2Vsq,k +b2Vrq,k) (14)

with a1 = Rs
sLs

, a2 = L2
m

sLsLr
, a3 = RrLm

sLsLr
, a4 = Lm

sLs
,a5 =

RsLm
sLsLr

, a6 =
Lm
sLr

, ;a7 =
Rr

sLr
, a8 =

L2
m

sLsLr
,a9 = (ws �wr,k) d1 =
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1
sLs

, d2 =
Lm

sLsLr
, b1 =

Lm
sLsLr

, b2 =
1

sLr
where ws, wr are the stator and rotor frequency, Ls, Lr,
and Lm are the stator, rotor, mutual inductances respectively,
Vsd,k, Vsq,k, Isd,k, and Isq,k are the stator voltages and currents,
respectively, Vrd,k, Vrq,k, Ird,k, and Irq,k are the rotor voltages
and currents, respectively, ts the sample period.

IV. NEURAL IDENTIFIER

In order to improve robustness of the proposed control
algorithm in presence of parameter variations, and grid distur-
bances, a RHONN identifier is proposed for system modeling.

A. DC link RHONN Identifier

The proposed RHONN identifier for the DC link is given
as

c1,1,k+1 = w11S(Vdc,k)+w12S(Vdc,k)S(Igq,k)

+ v1Igd,k (15)
c1,2,k+1 = w21S(Igd,k)+w22S(Igq,k)+w23S(Vdc,k)

+ v2Vgcd,k (16)
c1,3,k+1 = w31S(igq,k)+w32S(igd,k)

+ v3ugcq,k (17)

where c1,1,k, c1,2,k and c1,3,k are the estimate dynamics of
Vdc,k, Igd,k and Igq,k respectively, wi j are the adaptive NN
weights, and vi are the fixed NN weights with i = 1, ...,3 and
j = 1, ...,3.

B. DFIG RHONN Identifier

The proposed RHONN identifier for the DFIG is defined
as

c2,1,k+1 = w11,kS(Isd,k)+w12,kS(Isq,k)

+ w13,kS(Isd,k)S(Isq,k)+v1Vrd,k (18)
c2,2,k+1 = w21,kS(Isd,k)+w22,kS(Isq,k)

+ w23,kS(Isq,k)S(Isd,k)+v2Vrq,k (19)
c2,3,k+1 = w31,kS(Ird,k)+w32,kS(Irq,k)

+ w33,kS(Ird,k)S(Irq,k)+v3Vrd,k (20)
c2,4,k+1 = w41,kS(Irq,k)+w42,kS(Ird,k)

+ w43,kS(Ird,k)S(Irq,k)+v4Vrq,k (21)

where c2,1,k+1, c2,2,k+1, c2,3,k+1 and c2,4,k+1 are the estimate
dynamics of Isd,k, Isd,k, Ird,k and Irq,k respectively, wi j are the
adaptive NN weights, and vi are the fixed neural network
weights with i = 1, ...,4 and j = 1, ...,3

V. CONTROLLER DESIGN

Fig. 2 presents the proposed control scheme.

A. Grid Side Controller

The GSC controller forces DC voltage Vdc,k to track its
reference and keeps constant the grid power factor. Let define
the sliding surface as

s1,k+1 = c1,1,k �Vdcre f (22)

Its expression at (k+1) is

s1,k+1 = c1,1,k+1 �Vdcre f ,k+1 (23)

Fig. 2. N-SMIPC control scheme.

Using (15) in (23), we obtain

s1,k+1 = w11S(Vdc,k)+w12S(Vdc,k)

S(Igq,k) + v1Igd,k �Vdcre f ,k+1 (24)

The equivalent is calculated for s1,k+1 = 0, so

Ieq
gd =

�1
v1

(w11S(Vdc,k)

+ w12S(Vdc,k)S(Igq,k)�Vdcre f ,k+1) (25)

The stabilizing term In
gd,k is defined as

In
gd,k =�k1s1,k (26)

The discrete-time SM controller [18] is proposed as

Igd,k =

8
>><

>>:

uc1,k i f
��uc1,k

��< u1

u1
Ieq
gd���Ieq
gd

���
i f
��uc1,k

��� u1
(27)

where u1 is the control bound and uc1,k = Ieq
gd +In

gd,k. The Idgre f ,k
is equal to the control law of the DC voltage given by (27).
The grid �q� currents reference is given as

Igqre f ,k =�Igd,k

q
1� f 2

gre f

fgre f
(28)

Let define cg,k = [c1,2,k,c1,3,k]T , whose expression at k + 1
written as

cg,k+1 = f̂g(x1,k)+ B̂gvgc,k (29)

with f̂g(x1,k) =


w21S(Igd,k)+w22S(Igq,k)+w23S(Vdc,k)
w31S(Igq,k)+w32S(Igd,k)

�
,

B̂g =


v2 0
0 v3

�
, x1,k =


Igd,k
Igq,k

�
, and vcg,k =


Vgcd,k
Vgcq,k

�
The

sliding surface for the grid currents is defined as

s2,k = cg,k � x1re f ,k (30)

with x1re f ,k = [Igdre f ,k, Igqre f ,k]T . Its expression at k+1 is

s2,k+1 = f̂g(x1,k)+ B̂gvgc,k � x1re f ,k+1 (31)

The equivalent control vector veq
gc,k = [V eq

gcd,k,V
eq
gcq,k]

T is given
by

veq
gc,k =�B̂�1

g ( f̂g(x1,k)� x1re f ,k+1) (32)

The stabilizing term vector vn
gc,k = [V n

gcd,k,V
n
gcq,k]

T is defined as

vn
gc,k =�


k2 0
0 k3

�
s2,k (33)
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and, the discrete-time SM controller [18] is defined as

Vgcd,k =

8
>><

>>:

Vc2,k if
��Vc2,k

��< u2

u2
V eq

gcd,k���V eq
gcd,k

���
if

��Vc2,k
��� u2

(34)

where u2 is the control bound and Vc2,k =V eq
gcd,k +V n

gcd,k, and

Vgcq,k =

8
>><

>>:

Vc3,k if
��Vc3,k

��< u3

u3
V eq

gcq,k���V eq
gcq,k

���
if

��Vc3,k
��� u3

(35)

where u3 is the control bound and Vc3,k =V eq
gcq,k +V n

gcq,k.

B. Rotor Side Controller

The RSC controller objective is to for the stator active and
reactive power to track their references via the control of rotor
currents. Let define cr,k = [c2,3,k,c2,4,k]T , whose expression at
k+1 is calculated as

cr,k+1 = f̂r(x2,k)+ B̂rvr,k (36)

with
f̂r(x2,k) =


w31S(Ird,k)+w32S(Irq,k)+w33S(Ird,k)S(Irq,k)
w41S(Irq,k)+w42S(Ird,k)+w43S(Ird,k)S(Irq,k)

�
,

B̂r =


v3 0
0 v4

�
, x2,k =


Isd,k
Isq,k

�
, and vr,k =


Vrd,k
Vrq,k

�
The

sliding surface for the rotor currents is defined as

s3,k = cr,k � x2re f ,k (37)

with x2re f ,k = [Irdre f ,k, Irqre f ,k]T . Its expression at k+1 is

s3,k+1 = f̂r(x2,k)+ B̂rvr,k � x2re f ,k+1 (38)

The equivalent control vector veq
r,k = [V eq

rd,k,V
eq
rq,k]

T is given by

veq
r,k =�B̂�1

r ( f̂r(x2,k)� x2re f ,k+1) (39)

The stabilizing term vector vn
r,k = [V n

rd,k,V
n
rq,k]

T is defined

vn
r,k =�


k4 0
0 k5

�
s3,k (40)

and, the discrete-time SM controller [18] is defined as

Vrd,k =

8
>><

>>:

Vrdc,k if
��Vrdc,k

��< u2

u4
V eq

rd,k���V eq
rd,k

���
if

��Vrdc,k
��� u4

(41)

where u4 is the control bound and Vrdc,k =V eq
rd,k +V n

rd,k, and

Vrq,k =

8
>><

>>:

Vrqc,k if
��Vrqc,k

��< u5

u5
V eq

rq,k���V eq
rq,k

���
if

��Vrqc,k
��� u5

(42)

where u5 is the control bound and Vrqc,k = V eq
rq,k +V n

rq,k. The
stator powers can be expressed as in [4], [17]

Ps,k =�us
Lm
Ls

irq,k
Qs,k =

u2
s

Lsws
�us

Lm
Ls

ird,k
(43)

TABLE I. SYSTEM PARAMETERS

Meanings Units
Based power (Pn) 1.5MW
Stator resistance (Rs) 0.012W
Rotor resistance (Rr) 0.021W
Stator inductance (Ls) 0.0137H
Rotor inductance (Lr) 0.0136H
Magnetizing Reactance (Lm) 0.013H
Grid resistance (Rg) 0.3666W
Grid inductance (Lg) 0.0031H
DC link capacitor (C) 0.0011F

VI. SIMULATION RESULTS

The strategy of SMIPC with and without neural network
identification for the DC link and the DFIG connected to
the grid is implemented using SimPower System tools of
MATLAB 1. Table I. shows the characteristics of the DC link
and the DFIG. Fig.3 presents the DFIG based WT control
scheme as implemented in SimPower tools of Matlab.

A. Test without Grid Disturbances

The objective of this experiment is to test the proposed
controller tracking of a constant desired values for the DC
voltage, a nominal value for the grid power factor, a null
reference for the stator reactive power, and a time-varying
reference for the stator active controlled by the GSC and the
RSC, when a normal grid condition is applied. Fig. 4 shows
the DC voltage (a) and the grid power factor (b) controlled
by the GSC. Fig.5 presents the behavior of rotor �q� (a)
and rotor �d� (b) currents; references trajectories of the
rotor currents are calculated from the desired stator active and
reactive powers. From these results, we can conclude that the
proposed control scheme for the RSC and the GRC reaches a
high tracking performance for DC voltage, grid power factor,
and the stator active reactive power references, in addition, the
decoupling between control axes is ensured.

B. Test under Grid Disturbances

The purpose is to test the proposed control scheme for
ensuring system stability and to maintain wind power genera-
tion in presence of grid disturbances. In addition, a comparison
with SMIPC scheme is done in order to show the importance of
the proposed controller. Fig.7 presents the different scenarios
of the three-phases currents and voltages as applied to DFIG
based WT:

• At t = 2s to t = 3s, a phase-to-phase short circuit is
introduced on three-phases currents using three-phase
fault block of SimPower system tools, which permits
to provoke phase-to-phase or phase to ground short-
circuit.

• At t = 3s to t = 5s, an asymmetric (two-phases) volt-
age dips and distortions is inserted which is generated
by three-phase programmable voltage source block of
SimPower system tools.

• At t = 6s to t = 8s, a phase-to-ground short-circuit is
provoked.

1Matlab,Simulink. de 1994-2018, c�The Math Works, Inc.
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Fig. 3. SimPower system tools DFIG prototype scheme.
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Fig. 4. DC voltage and grid power factor tracking.
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Fig. 5. Rotor d �q currents dynamics.

• Real grid conditions are selected for the remaining
time.

Fig.8 shows the DC voltage and the electric power factor track-
ing controlled by the GSC using the N-SMIPC and SMIPC.
From these results, it is clear to see that the GSC controller
(N-SMIPC) reaches perfectly the DC voltage desired value and
maintain it constant under different grid disturbances. Hence,
with SMIPC strategy the DC voltage tracking is totally lost
when the short-circuit appears in grid currents (phase to phase
at 2s to 3s and phase to ground at 6s to 8s), and a big
tracking error can be observed when unbalanced voltage dips
and distortions is applied (at 3s to 5s). The stator active and
reactive power behaviors under different grid disturbances are
presented in Fig.9. From the obtained results, it is clearly to
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Fig. 6. Stator powers behavior.

Fig. 7. Grid voltages and currents with disturbances.
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Fig. 9. Stator powers controlled with SMIPC and N-SMIPC.

see that the N-SMIPC which is applied for the RSC presents a
good tracking performance of stator powers under different
grid scenarios. Whereas, high picks and big oscillations in
stator active and reactive power are exhibited for the SMIPC
strategy when the short-circuit is provoked. In addition, a big
ripple amplitude in the stator active and reactive power is
appear when unbalance voltage dips and distortions is created.
The results illustrate that the proposed controller for both DC
link and DFIG fully tracks the references of the controller
variables in presence of grid disturbances thanks to neural
identifier which permits an adequate approximation of the
system modeling under different grid conditions and helps the
controller in perturbation rejections.

VII. CONCLUSIONS

In this paper, a discrete-time Neural Sliding Mode Indirect
Power Control strategy is proposed for a DFIG based wind
turbine. The proposed controller is used to control the DC
link voltage, to maintain the grid factor at nominal values,
using the grid side converter, and to force the stator active
and reactive power to track the desired values through the
rotor dq currents control using the rotor side converter. To do
system identification, a recurrent high order neural network,
trained by an extended kalman filter is proposed for both
DC link and DFIG. The neural identifier permits to calcu-
late an adequate model for the controlled system under grid
disturbances, which helps the proposed controller to reject
grid perturbations. The proposed controller is compared with
a discrete-time Sliding Mode Indirect Power control scheme
in regards unbalanced grid voltages,and short-circuit currents.
Simulation results illustrate that the proposed Controller has
an excellent performances for both DC link and DFIG, even
in presence of grid disturbances without using the composition
process or crowbar/chopper protection circuit.
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Abstract—Due to the rapid increase in energy demand, 
the equipment used in the transmission and distribution 
network is subjected to thermal overloading. Additionally, 
electrical stress due to high voltage and contaminations from 
environmental/structural factors lead to the life of insulating 
material to decrease rapidly. Among the equipment used in 
power systems, power transformers are one of the most 
affected ones from these undesired and distorted conditions. 
Particularly for oil type transformers, it is quite difficult to 
provide energy continuity due to failures caused by 
insulation problems, serious economic losses occur and more 
importantly, there might be cases where life loss is 
experienced. In order to avoid from such this cases, the 
electrical and mechanical properties of the insulation 
material should be analyzed correctly and the behaviors 
against different stresses should also be examined. In this 
context, it is crucial to investigate the problem of insulation 
between windings, which encountered quite often and has an 
important place among transformer failure reasons. Along 
with creeping of spacer part between the windings, the 
windings get closer to each other and by breaking down of 
the insulation material around the conductor due to 
overheating cause failure. In this study, a test system is 
designed and realized to determine the creep characteristic 
of spacer component, which is used to provide oil flow 
between the windings and for easier cooling, under different 
thermal and mechanical stresses. In this designed test set up, 
the spacer is placed in transformer oil and exposed to both 
mechanical and thermal stresses whose amplitudes can be 
controlled. By this way, it is aimed to investigate the effects 
of various thermal and mechanical stresses on the creeping 
of the spacer part. The results of the tests show that the 
creep curves will help to make the power transformers' 
aging calculations and failure prediction algorithms more 
accurate.  

Keywords—Power transformer; Creep test; Insulation; 
Spacer. 

I. INTRODUCTION

As it is known, insulation faults are the most common 
failure type in power transformers and can leads serious 
economic losses [1], [2]. Today many protection 
components like relay, circuit breaker, switch, etc. are 
widely used against overload or short circuit failure in 
terms of operation due to loading [3]. Therefore, although 
this kind of fault can be easily intervened, it is more 

difficult to limit the faults due to isolation that occur in the 
internal structure of the transformer. For this reason, it is 
necessary to optimize the inner insulation designs of this 
kind of oil type power transformers before production. A 
few years to be added to the operating life of the 
transformer will provide a significant economic gain for 
the enterprise [4], [5]. 

The insulation failures occurs at most in oil type 
transformers [3], [6]. The effect of the insulating oil on the 
spacer part between the windings must be clearly 
examined. In this context, the conditions of oil 
temperature, circulation and pollution will be considered. 
As temperature, the nominal and overload condition’s 
temperature changes of the transformer will be taken into 
account. Furthermore, it is known that the oil in the 
transformer is continuously circulated for cooling (natural 
or forced). However, the transformer oil becomes dirty 
over time due to the internal components like core, copper, 
paper insulation material, enamel, etc. For this reason, the 
spacer part shall be subjected to testing in a circulating oil 
containing the specified materials. In this way, the effects 
of all these parameters on the strain of the relevant part can 
be examined. 

In the literature the most common faults in power 
transformers are overloading, short-circuit and open-close 
faults [7]. The most basic reason for these failures is 
overheating [8]–[10]. Especially the insulating materials in 
the transformer are deformed when they are overheated 
and cause unexpected failure if not monitored [11]–[14]. 
For this reason, insulation materials used for isolation in 
the transformer like oil, spacer, press band etc. must be 
correctly identified before design/manufacture. Nowadays, 
electrical/chemical analysis of transformer oils can be 
performed even during operation, even dielectric 
performances can be monitored online. However, it is not 
possible to monitor the electrical condition during the 
operation because the insulation material spacer that helps 
oil circulation between the windings is located in the inner 
regions of the transformer. For this reason, the part must be 
manufactured in a durable manner with extreme thermal 
and mechanical constraints, which will be exposed to 
operation during the manufacturing/design stages. 

This project is supported by SANTEZ program of Republic of 
Turkey, Ministry of Science, Industry and Technology under project 
number of 0464.STZ.2013-2. 
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The spacer material deforms and strain rapidly when 
exposed to overheating and electromechanical stress. 
Because of this, the windings approach each other and 
overheating occurs in the region due to the decrease in oil 
flow. Although the oil circulation/cooling continues in the 
transformer, it cannot be prevented from overheating due 
to the structural change in the region concerned. Since this 
region cannot be cooled sufficiently, the insulation 
(enamel) layer which is wrapped around the windings is 
broken and causes a short circuit between the windings. 

In order to avoid such failures, the effects of the 
heating on the spacer of the transformer must be examined 
in the case of nominal and peak loads. Many studies on 
creep have been made in the literature [15]–[27]. These 
studies were usually carried out for nominal operating 
conditions and were usually carried out taking into account 
the mechanical forces exerted on the material. However, in 
order to obtain more accurate results, it is important to 
simulate the actual conditions of the spacer in the 
transformer. In other words, all parameters that can affect 
the creep characteristics of the part should be considered. 

In this study, creep analysis of the spacer used between 
power transformer windings will be performed. For this 
purpose, a test set-up will be designed to simulate 
electrical, mechanical, thermal and chemical stresses on 
the material. With this test set-up, creep 
curves/characteristics of the spacer will be deduced for 
different operating conditions. The results obtained will be 
compared with the values in the nominal operating 
conditions and the effects on the transformer life of the 
extreme difficulties will be revealed. Thus, power 
transformers are intended to be used for a longer period of 
time and to prevent failures due to unwanted insulation.  

II. EXPERIMENTAL STUDY 

A. Development of Test System 
It is known that, over creeping of the spacer part 

between the winding turns of a power transformer may 
cause to electrical failure. Due to the presence of this part 
inside the transformer, remote monitoring and 
determination of its mechanical and dielectric performance 
during operation is not physically and economically 
feasible. For this reason, the creep characteristics of the 
spacer part should be measured and characterized before 
manufacturing. Therefore the relevant part must be tested 
at the production stage under real operating conditions. 
The temperature, mechanical strain, environmental 
conditions and circulation parameters which affect the 
creep should be taken into account in order to be able to 
carry out the tests in near realistic operating conditions. 
For this purpose, a test set-up is proposed in which the 
parameters mentioned above can be determined, and the 
block diagram is given below. 

Creep is a deformation that occurs at constant 
temperature and under long-term constant pull or 
compression loads. As a result of the creep test results, a 
technical creep curve is observed as a result of the 
measurements carried out at an extended time interval and 
at constant high temperatures. This creep curve indicates 
the deformation that occurs over time.  

Block diagram of creep test set-up is given in Fig. 1. In 
order to carry out the creep test, the spacer part is firmly 
braced by means of metal retaining parts in the oil tank. 
Then the spacer part is subjected to mechanical stress by  

Fig. 1. Block diagram of creep test set-up 

weights attached to the upper side. At the same time, there 
is transformer oil inside the oil tank and the temperature of 
oil and spacer part is controlled by the resistances around 
the oil tank. The oil in the boiler is circulating through a 
pump motor which is resistant to high temperatures. 
Designed creep test set-up is presented in Fig. 2. 

B. Creep Measurement Method 
To determine the properties of the material during the 

creep test, the material is subjected to long-time constant 
mechanical stress at high temperatures. The deformation / 
extension is recorded at specific time intervals and the 
creep - time curve is obtained. The slope of the curve at 
any point gives the creep ratio of the spacer part. As a 
result of excessive deformation, the part is broken, the test 
is terminated and the time to failure moment is recorded. 
The creep phases during the test are given below (Figure 
3): 

x First creep or temporary creep: The time at which 
the deformation speed decreases after the initial 
elastic creep. 

x Steady state or secondary creep: The primary creep 
follows a constant or rapid creep in a short or long 
period of time. 

x Accelerated or third creep: Usually there is a last 
time interval, an increase in deformation rate due to 
the approaching failure. 

Fig. 2. Creep test set-up 
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Fig. 3. Fundamental creep-time curve [28], [29] 

The most basic reason for the above mentioned speckle 
is that the material is exposed to thermal and mechanical 
stress for a quite long time. These types of stresses vary 
depending on the loading of the power transformer. In 
Figure 4, maximum temperature variation of a three-phase, 
oily type distribution transformer’s winding is given for 
different loading scenarios.  

When the transformer is nominally loaded, maximum 
temperature on the winding is 80 °C. In the case of a load 
factor of 200%, the maximum temperature value exceeds 
110 °C. As the temperature increases, the oil pressure 
inside the transformer increases as well as the thermal 
stress, and the mechanical stress on the spacer part 
increases. For this reason, the test set-up is designed to test 
at temperatures up to 120 °C. 

There are many different weights within the creep test 
setup, and the draw weight can be precisely adjusted from 
gram levels to about 40 kg. The tensile weight represents 
the mechanical stress (expansion of conductors, pressure, 
vibration, etc.) that the spacer part is exposed to between 
the winding turns. In this context, it is seen that the 
preferred weight level for power transformers in the 
literature is generally around 20-30 kg [31]. In addition, 
the amount of weights used in the tests and the duration of 
the material failure are inversely proportional. In other 
words, at very low weights, the duration of material failure 
is seriously increasing. 

Fig. 4. Changes in maximum winding temperature due to loading ratio 
of a transformer [30] 

III. RESULT AND DISCUSSION 
In this section, a sample measurement is performed to 

examine the measurement performance of the designed test 
set-up. For sample measurement, mineral transformer oil is 
used and oil in the oil tank was circulated. No transformer 

components such as iron core, copper etc. are placed in the 
tank. The oil temperature is then raised to 100°C after 
mounting the spacer part on the fixing elements. After the 
oil temperature reached steady state, it was loaded with a 
weight of 25 kg and creep measurements were recorded 
over time until the part was broken. The creep-time curve 
is obtained as a result of the measurement is given in Fig 5. 

As can be seen in Figure 5, the primary creep phase on 
the part occurred during the first 140 minutes. This is the 
first time the part has been exposed to thermal and 
mechanical strain and the part is strained up to 0.7815 mm. 
Subsequently, the spacer part passed to the secondary 
creep phase, which is the steady-state zone. In this part, 
total creep amount of the spacer part is quite low. 
However, the time under thermal and mechanical stress 
causes the part to be deformed structurally. After the piece 
has been subjected to difficulties in this section for about 
560 minutes, in the third phase, the sample failed. The 
gradient of creep during the measurement period are 
presented in Fig. 6. 

According to Fig. 5, the change in creep is found to be 
within a certain band during the measurement period. This 
is an indication that the connection of the spacer part is 
made properly and that thermal and mechanical stresses 
are stable throughout the test period. Only an extreme 
creep took place at 140th minute then the system became 
stable. This phenomenon is thought to be a transient 
phenomenon that occurs in the transition from the transient 
primary creep to the secondary creep phase. In addition to 
the sample measurement given above, measurements are 
performed for different temperatures using other samples. 
The results of the measurements and the changes in the 
creep are given in Table 1. 

It is seen from the Table 1 that with the increase in 
temperature under constant mechanical load, the failure of 
the spacer part is faster. Increase in the spacer part 
temperature indicates that the physical bonds that hold the 
component together are deformed more quickly. Similarly, 
the amount of creep of the part increases with increasing 
temperature. 

Fig. 5. Measured creep curve 

 

Fig. 6. Gradient of creep during measurement 
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TABLE I.  SAMPLE CREEP MEASUREMENTS OF DIFFERENT 
SPICEMENS 

Specimen 
No 

Temperature 
[°C] 

Mechanical  
Load [kg] 

Time To 
Failure 

Strain 
(mm) 

S1 80 

25 

140 h. 2.7235 

S2 100 14 h. 6 min. 2.3390 

S3 120 19 h. 42 min. 3.6600 

S4 140 1 h. 33 min. 3.7855 

IV. CONCLUSION 
In this work, a test set-up is designed to obtain the 

creep characteristics of spacer part between the power 
transformers winding turns. With the help of this 
experimental set-up, it is aimed to investigate the behavior 
of the spacer part under operating conditions for different 
temperature and mechanical stresses. In addition, sample 
measurements were realized with the designed test set-up 
and the results obtained were evaluated. According to the 
obtained results, it is observed that the amount of creep and 
the creep rate of the spacer part change for different 
temperatures. In addition, it is revealed that time to failure 
of the spacer part is inversely proportional to the oil 
temperature. Consequently, it is possible to measure 
separately the effects of factors such as temperature, tensile 
strength, circulation and additive components on the creep 
character of the spacer part. The obtained data will enable 
the calculation of fault prediction and transformer lifetime 
to be performed more consistently and precisely. In 
addition, examining the behavior of the spacer part under 
different stresses will allow geometrically more robust 
spacer parts to be designed. 
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Abstract— Nowadays, electric power is undoubtedly the 
main source of energy supply for all electric consumers and all 
electrical consuming devices. Thus, providing a sustainable 
electric power with an acceptable quality level is very 
necessary to avoid damaging them and their connected 
electronic equipments. A group of disturbances could 
compromise power quality (PQ). Therefore, the main concern 
and issue is how to overcome or at least alleviate their 
destructive effects by considering PQ disturbance removal or 
alleviation approaches. Furthermore, the first stage of all PQ 
disturbance removal systems is distinguishing disturbance 
categories. In this paper, a new PQ disturbance categorization 
method is proposed. The new approach applies a modification 
to a previously PQ disturbance classification method proposed 
by the own author of this paper. The proposed modification is 
done in classification stage by employing random forest as 
classifier. The evaluation results are implemented in the form 
of Precision, Recall and F-measure. Approaching to an F-
measure around 99% proves its higher efficiency and 
performance than previously proposed method and even it 
performs better than discrete wavelet and some statistical 
features with the same neural network classification. 

Keywords— 1D Local Binary Pattern; Classification; 
Disturbance; Power Quality (PQ); Random Fo33rest (RF) . 

I. INTRODUCTION

Nowadays, the main source of energy is electrical 
power. So, it is necessary that the electrical power provided 
for its consumers be stable, constant and in high 
performance mode. However, the presence of 
inhomogeneous types of loads mounted on power 
transmission and distribution lines cause disturbances 
against power quality (PQ). 

There are various PQ disturbance sources which can be 
categorized in five distinct classes shown in Table I. As it 
can be deduced from the data indicated in this table, the 
most important data which make differences between 
various PQ classes are duration in second and the magnitude 
of the signals in voltage. These two criteria help providing 
good discrimination between various types of PQ 
disturbances in each class, too. 

TABLE I.  POWER QUALITY DISTURBANCE CLASSIFICATION [1] 

PQ Classes 
Classification Criteria 

Examples Duration Voltage 
(Magnitude) 

Long Duration 
Variation 

• Under voltage 
• Over voltage

>1min 
>1min 

0.8-0.9 pu. 
1.1-1.2 pu 

Short Duration 
Variation 

Sag  
• Instantaneous 
 • Momentary 
 • Temporary 
Swell 
 • Instantaneous 
 • Momentary 
 • Temporary 
Interruption 
 • Momentary 
 • Temporary 

0.5-30 cycle. 
30 cycles-3 sec.  
3sec-1min. 

0.5-30 cycle. 
30 cycles-3 sec.  
3sec-1min.  

0.5cycles3sec. 
3sec-1min 

0.1-0.9 pu. 
0.1-0.9 pu. 
0.1-0.9 pu. 

1.1-1.8 pu. 
1.1-1.4 pu. 
1.1-1.2 pu. 

<0.1 pu. 
<0.1 pu 

Transients Impulsive 
 • Nanosecond 
 • Microsecond 
 • millisecond
Oscillatory 
 • low frequency
• medium freq. 
 • high frequency 

<50 nsec. 
50-1msec. 
>1msec. 

0.3-50msec. 
20μsec. 
5μsec. 

0-4 pu. 
0-8 pu. 
0-4 pu. 

Voltage 
Imbalance --- Steady state 0.5-2%

Waveform 
Distortion 

• Harmonics
• Notching 
• Noise 

Steady state 
Steady state 
Steady state 

--- 

Accordingly, the automatic detection and classification 
of named PQs are essential in order to take appropriate 
mitigating actions and to monitor PQ. The PQ detection and 
classification methods follow a flowchart as depicted in 
Figure 1. It is worth mentioning that the feature selection 
block is an arbitrary stage in PQ disturbance classification 
block diagram. 

The most important stages in the PQ disturbance 
classification flowchart are feature selection and 
classification stages, since these two stages affect the whole 
classification procedure due to their intrinsic properties and 
role in the signal processing for PQ disturbance 
classification. 
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 Fig. 1.    General Block Diagram for PQ disturbance signal processing and 
Classification 

There have been several methods for PQ disturbance 
detection and classifications based on multiple approaches 
such as wavelet transform [2-5]. These approaches are 
focused on feature selection stage based on wavelet 
transformation. In some other strategies, the concentration is 
on classification methods [6]. In fact, for PQ classification 
strategies, the main stage is classification. In most of recent 
methods, the classification approaches are based on artificial 
neural networks [7]. 
 

 

Fig. 2.    Sample PQ disturbances: (a) Pure Signal (with no disturbances), 
(b) Sag (under voltage), (c) Interrupt, (d) Swell (Over voltage) and (e) 
Impulsive Transition. 

Based on [1], the most employed and applicable features 
extraction spaces or transforms for PQ disturbance 
classification are the following ones: - Fourier Transform, - 
S-Transform, - Hilbert-Huang Transform, - Kalman Filter 
and wavelet Transform. Among the noted transforms, 
Wavelets are more employed to extract useful features for 
PQ disturbance extraction purposes. 

Also, some of the most applicable and employed 
classifiers can be named as follows:  

- Artificial Neural Networks (ANN), - Fuzzy-Expert 
Systems, - Adaptive Neuro Fuzzy Systems, - Metaheuristic 
algorithms such as Genetic Algorithm (GA) & - Support 
Vector Machines (SVMs).  

In [8], a new classification approach based on tree structure 
has been proposed for identifying PQ disturbance events.  

The proposed method in this paper employed a new 
class of features proposed in [9] and improves its efficiency 
based on a very high performance classifier known as 
random forest [10-12]. 

The rest of this paper is organized as follows: In section 
II, the proposed method is presented. Section III dedicated 
to the experimental results. Finally, in section IV, the whole 
paper is concluded. 

II. PROPOSED METHOD 
In the current paper, a modification to a previously 

proposed method in [9] is applied. As in the PQ 
classification procedure, there are strict and explicit stages, 
so it is possible to contribute on each stage so that the results 
of PQ disturbance classification will be improved. The 
proposed modified PQ disturbance classification is 
employed for four examples of PQ disturbances introduced 
in Table I. These PQ signals are under-voltage, over-
voltage, interrupt and high over voltage kinds. 

According to this view point, the current proposed 
method is evaluated based on various experiments. The 
experimental results demonstrate its higher performance. 
The proposed method consists of three different stages. In 
the continuous of this section, each of the stages of the 
proposed method are discussed and explained in full details.  

A. Power Signal: PQ Disturbance Signal Generation 
For the generation of power signals that include one of 

the four named types of PQ disturbances in Figure 2, it is 
necessary that they be generated based on the information 
and notes mentioned in Table I.  

B. Feature Extraction based on 1D-LBP 
In the previously proposed approach [9], the feature 

employed for PQ disturbance classification dilemma was a 
novel extension of local binary pattern (LBP) in one 
dimension. In this approach, the 1D-LBP was calculated for 
different values of its two principal parameters known as the 
neighborhood radius around each single datum shown with 
R and the number of sampling data around each single 
datum shown with P. The most significant contribution of 
the paper [9] was its ability and flexibility to different range 
of R and P parameters determination so that it is possible to 
choose a big R with small number of sampling points P. To 
overcome mismatch between R and P (P<<R), an 
interpolation solution is proposed. Based on this approach, 
the extracted 1D-LBP feature vectors are employed for PQ 
disturbance signal classification. The related formulas for 
1D-LBP feature extractions are shown in the following 
equations: 
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1
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where P and R stand for the number of sampling points and 
the neighborhood radius, respectively. t(x,y) is a 
comparative function between the input arguments x and y. 
In addition, d and dc are the center and comparative 
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interpolated power signal data, respectively. The result of 
employing the above approach leads to a robust and reliable 
feature vector extraction procedure. 

C. Classification Stage 
The next stage for a successful PQ disturbance 

classification approach is employment or in fact proposing 
an appropriate classifier. The selected classifier must have 
three main properties as follows: 

1) It must need a small number of adjusting parameters.  
2) It must lead to optimum results. 
3) It must be adaptive with the extracted feature vectors. 
One of the classifiers which satisfy all of the above 

mentioned properties is random forest (RF). RF is an 
improved version of decision tree classifier. In Table II, a 
summary of decision tree pseudo code is shown. 

TABLE II.  SUMMERIZED DECISION TREE PSEUDO CODE IN LEARNING 
STAGE 

% X is an n×m matrix, where n is the number of points and m is the 
number of features. 
% Y is an n×1 vector of classes 
% cols is a cell-vector of labels for each feature 
% t, a structure with four entries: 
1- t.p is a vector with the index of each node's parent node 
2- t.inds is the rows of X in each node (non-empty only for leaves) 
3- t.labels is a vector of labels showing the decision that was made to get 
to that node 
4- t.best is a vector of the best feature and the best threshold value 
related to that feature 
% Create tree by splitting on the root 
t.inds = inds; 
t.p = p; 
t.labels = labels; 
t.best=best_feat_val; 
fd=-ones(numel(t.labels),1); 
for ii=2:size(t.inds,1) 
       if ~isempty(t.inds{ii}) 
             val = unique(Y(t.inds{ii})); 
              if numel(val)==1 
                 fd(ii-1)=val; 
              else 
                 fd(ii-1)=mode(val); 
              end 
       end 
end 
% Otherwise, we need to split the current node on some feature 
% Loop over each feature 
for i = 1:size(X,2) 
      feat = curr_X(:,i); 
% Deterimine the values to split on 
      vals = unique(feat); 
      splits = 0.5*(vals(1:end-1) + vals(2:end)); 
      if numel(vals) < 2 
         continue 
      end_ 

Decision tree classification is optimal especially for 
non-linear discriminative feature vectors. Besides all of 
these properties, random forests have higher performance 
abilities. the difference between Random Forest algorithm 
and the decision tree algorithm is that in Random Forest, the 
processes of finding the root node and splitting the feature 
nodes will run randomly. 

The following equations are two main formulas for 
random forest decision learning procedure: 

{ },
( ) ( )

i
j i

j j j
i L R j

S
I H S H S

S∈
= − ¦                       (1) 

where H(.) is entropy function applied to S variables to 
compute information Ij. Moreover, j is the best and 

optimum set of trees in the sample random forest 
classification structure as follows: 

* arg max
j j

j jI
θ

θ
∈Τ

=                                 (2) 

According to equ. (2), the best hierarchical set of trees is 
chosen for a class of object j if the information functions of 
all trees in that set reach to its maximum amount. An 
example of such decision making procedure for a sample 
random forest is shown in Figure 3. This figure illustrates 
the sample selection of a class of features due to various 
decision tree structures existing among a forests of such 
decision trees. 

 
 

Fig. 3  Example of Random Forest classification procedure. 
 
Based on this chosen classifier, the PQ disturbance 

classification target is done in this paper. For the verification 
of its high performance, the appropriate experiments are 
employed and applied to the own generated power signals 
with four different PQ disturbances. The details of such 
experimental results are described in the next section. 

 
III. EXPERIMENTAL RESULTS 

 
After employing and implementing all of the proposed 

PQ disturbance classification steps described and explained 
in the previous sections, it is time to evaluate the 
performance of the whole proposed procedures.  

At the first step, the feature vectors based on 1D-LBP 
proposed in [9], are extracted. The main values considered 
for parameters P and R are P = 1with R = 5 and P = 2 with R 
= 10. These values lead to 1D-LBP feature vectors with 
lengths 4 and 16, respectively. The sample feature vectors 
are depicted in Figure 4. 

 
(a) 

 
(b) 

Fig. 4    Sample 1D-LBP feature vectors with (a) length = 4 due to P=1 and 
R=5 and (b) length = 16 due to P=2 and R=10. 
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The main contribution of this paper is related to 
classification stage, so it would be useful to investigate the 
classification approach which is based on random forest. As 
the random forest method is an intelligent extension of 
decision trees, therefore the results of applying RF to each 
of feature vectors noted before will lead to the decision trees 
shown in Figure 5. 

 
(a) 

 
(b) 

Fig. 5    Sample of decision trees for each of feature vector selection with 
1D-LBP feature vector with (a) length = 4 and (b) length = 16. 

  The results of applying RF to the feature vectors will 
lead to different mean square error rates as illustrated in 
Figure 6. 

 
(a) 

 
(b) 

Fig. 6    Results of Random forest training and test procedures for (a) 1D-
LBP feature vectors with length = 4 and (b) 1D-LBP feature vectors with 
length = 16. 

Finally, the results of applying trained RF to the test 
feature vectors are shown in Table III. These results 
demonstrate that the newly proposed method is more 
accurate and has better performance than the previously 
proposed competitve methods. 

TABLE III.  EVALUATION CRITERIA  

Evaluations 
Methods 

Evaluation Criteria 
Precision (%) Recall (%) F-Measure (%) 

Proposed Method 
2 (RF-Based 
Classification)  

98 99 98.5 

Proposed Method 
1(ANN-Based 
Classification) [4] 

88.7 91.4 90.0 

Wavelet-Based 
Approach 62.8 61.8 62.3 

IV. CONCLUSION 
An important issue in all power line transmission and 

distribution systems is power quality. To provide all electric 
power consuming devices, it is important to avoid power 
quality being disturbed. For reaching this purpose, it is 
strongly necessary that the PQ disturbances be detected and 
classified. In this paper a novel modification approach is 
proposed which is able to classify four main types of PQ 
disturbance classes from not only pure signal but also from 
each other. The experimental results are also proved this 
claim in a very high reliability rate. 

For the future studies and research works, it is very 
interesting to extend the proposed method to other types of 
PQ disturbances. Moreover, it is possible to consider some 
important issues about how to relieve such PQ disturbances 
following their detection and classification procedures. 
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Abstract—The lithium ion type battery has become 
commercially more popular than the traditional battery and the 
usage market has increased. The main reason for this expansion 
and increase is that it has a high voltage value and a high energy 
density in a single cell. In addition to having these advantages, 
lithium ion batteries have usage limits. These limits are values 
such as operating voltage values, continuous current values, 
operating temperature. The use of battery cells outside the limits 
of use can shorten the life of the battery cells, leading to 
undesirable problems such as fire and explosion. These limits 
must be observed on the BMS and the operation of the battery 
cells within the safe limits must be guaranteed by the BMS. The 
proposed study includes a module design for battery 
management system that allows cell-based opening and closing of 
the battery pack and allows charging of the cells during use. The 
components have been chosen for low power consumption. The 
proposed structure is designed together with the charging unit. 
Power of module has been provided from its own battery cells. 
With the designed module and software, a battery pack with 8 
battery cells can be created. Serial connected modules 
communicate with each other and can communicate with the user 
via serial communication if battery cell information is requested. 
It also decides on the charging of the series connected cells after 
the data received from all the modules. As a result of the tests 
made, it was seen that this module, which was created for the use 
of modular structures in BMS systems, increased the usage time 
of the battery pack. In addition, the low voltage level required for 
charging makes it possible to use many sources, from mobile 
phone adapters to solar energy, as a charging source. 

Keywords—battery cell switching; lithium battery; modular 
structure; active battery management 

I. INTRODUCTION

As a result of developments in consumer electronics, 
electronic devices have become portable. In order to provide 
energy to the portable device, battery cells with high energy 
density and high efficiency have been developed [1]. 

Among these battery types developed, the lithium ion type 
battery has become commercially more popular than the 
traditional battery and the usage market has increased. The 
main reason for this expansion and increase is that it has a high 
voltage value and a high energy density in a single cell, and it 
is longevity. In addition to having these advantages, lithium ion 

batteries have usage limits. These limits are values such as 
operating voltage values, continuous current values, operating 
temperature [2]. 

The use of battery cells outside the limits of use can shorten 
the life of the battery cells, leading to undesirable problems 
such as fire and explosion. In order not to encounter these 
problems, the observation of the battery cells is provided by the 
battery management system (BMS) [3]. 

Depending on the chemical structure of the battery cell (Li-
Ion, Li-Po, etc.), the battery management systems can be 
designed to work with different types of batteries. Different 
battery cells can have different working limits. These limits 
must be observed on the BMS and the operation of the battery 
cells within the safe limits must be guaranteed by the BMS. 
When we look at the BMSs developed in the literature, it seems 
that they provide basic features but they do not have features 
that can play an important role in small size systems such as 
single cell control. Indeed, these systems provide the activation 
of the battery module via the relay, which increases energy 
consumption [4]. 

Battery management systems are central and modular. In 
the central structure, all the battery cells are connected with a 
single module and the voltage measurements of the cells are 
made with this module. The centralized BMS causes the 
number of connected batteries to be constant and increase in 
complexity with respect to the number of cells that can be 
connected. In order to avoid this complexity and to have a 
more flexible design, the BMSs with modular structure are 
being designed. In the modular construction, there are 
motherboards and auxiliary boards connected to the 
motherboard. The battery cells are connected to the auxiliary 
cards and the measurements are sent to the main board. The 
motherboard processes these data and sends control commands 
to the auxiliary cards. The necessary power is provided from 
the auxiliary cards. If the auxiliary cards can not provide the 
necessary power, the motherboard will not be able to control 
and control the battery pack [5-8]. 

Battery packs are obtained by connecting the battery cells 
in series. The cells that make up the battery pack may show 
slight differences due to chemical structures. These differences 
prevent the cells from being charged and discharged evenly 
during use. As a result, when the energy stored in one of the 
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cells is exhausted, the BMSs that control the battery pack 
terminate the use of the package without using the energy of 
the other cells. Battery cells are balanced by passive and active 
methods during use, to prolong battery life and increase energy 
efficiency. Thus, the total energy of the cells in the package is 
intended to be used. While passive balancing causes energy in 
the battery pack to be wasted, active balancing increases 
efficiency in this process. Although the proposed methods 
increase the life of the battery pack, energy transfer between 
the cells causes energy loss [9-12]. 

Modular BMSs can be designed for independent use of the 
battery cells and for easy control. The modular BMSs can be 
shaped more easily according to the requirements, and the 
number of cells can be changed according to the user. In the 
modular structure proposed in the literature, the charging and 
discharging of the battery cells can not be done at the same 
time [13,14]. 

In order for the battery cells to be charged during use, the 
BMS power output line and the charge line must be 
independent of each other. In order for each battery to be 
charged with high efficiency, the cells must be charged 
independently of each other, and the cells that end up with 
stored energy must be isolated from the output line and 
completed in a lossless manner. In order to achieve this, 
various key structures have been used in the literature. These 
designs are based on foundation, mechanical and 
semiconductor based switches. As the energy stored by the Li-
Ion, Li-Po type battery cells is depleted, the output voltages 
decrease and the necessary switching levels for the operation of 
the proposed structures can not be achieved by themselves. 
Therefore, the energy of the battery pack is used to provide the 
switching level, or the amplifier type power converter is used. 
In order to achieve a certain level of voltage, the number of 
cells connected in series must be a certain number [15-19]. 

The proposed study includes a module design for battery 
management system that allows cell-based opening and closing 
of the battery pack and allows charging of the cells during use. 
The cell on-off operation is performed by MOSFET transistor-
based switch structures with low Vgs. The required Vgs 
voltage is provided from battery cell on module, no external 
DC-DC voltage converter or power supply is required. In order 
to charge the battery cell with high efficiency and safe limits, a 
charging unit with a small area on the circuit is designed. Since 
module has its own charging unit, no external charger / unit is 
required. In order for the system to have a flexible usage, it is 
aimed to support different types of battery cells and to provide 
the necessary power to the charging unit from different 
sources. 

In chapter 2, the recommended circuit structure of the 
module is explained. The general operation of the system and 
the connection structure of the units are given. In chapter 3, the 
software that provides the control of the designed modules is 
described, and the flow diagram is given. In chapter 4, a BMS 
structure constructed with the designed module is tested and 
the results are given. In chapter 5, the results are discussed. 

II. CIRCUIT ARCHITECTURE 
In this study, the components have been chosen for low 

power consumption. PMOS and NMOS MOSFETs have low 
Rds resistance value. Thus, there is no need MOSFET gate 
driver for switching MOSFETs. The microcontrollers were 
running at 1 MHz. Thus, energy consumption is reduced. The 
battery cells are used directly as a microcontroller VCC source, 
so that the extra power spent in the voltage regulator is 
recovered. The voltage source that the relay needs is supplied 
from the charging line. No extra power is required for the 
charging unit from the battery cells. List of key components 
have been given in Table 1 and block diagram of module given 
in Fig 1. 

TABLE I.  COMPONENT LIST 

 
Component List 

Device Model Manufacturer 

1 PMOS MOSFET IRLML6402 International 
Rectifier 

2 NMOS MOSFET IRLML2502 International 
Rectifier 

3 NPN Transistor MMBT2222
A Taitron 

4 Optocoupler PC817 Sharp 

5 Li-Ion Charger MCP73832 Microchip 

6 Relay 5V 8-pin Qianji 

7 Microcontroller Atmega48PA Atmel 

 

 
Fig 1 Module Block Diagram 
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A. Battery Cell Switch and Charge Unit 

 Battery cell switch and charge unit consist of serial PMOS 
and serial NMOS, bypass diode, relay and optocoupler. Also a 
npn bjt transistors are used to control serial PMOS transistors 
and charging relay. For switching battery cell, serial PMOS 
transistors are used on high side and serial NMOS transistors 
are used on low side. 

Proposed module has this switching and charging unit. 
Power of module has been provided from its own battery cells. 
MOSFETs drive directly via microcontrollers GPIO. For this 
purpose, MOSFETs have ultra low on-resistance value. 

Designed cell switching unit architecture have been shown 
in Fig 2. Details of the proposed switching and charging unit 
are given below. The proposed structure is designed together 
with the charging unit. With this design, it is possible to charge 
the battery with the external source while it is in use. It can be 
use for one battery cell or more. Battery cell power is used for 
MOSFET drive voltage. Thus reduce building complexity, 
cost, power lost in power conversion for gate driving and offers 
more flexible structure than that uses 12 V gate driving voltage. 
Because 12 V gate driving voltage requires optocouplers for 
ground level isolation and DC-DC converter for regulate the 
output voltage of battery packs. 

PMOS MOSFETs are used with drain pins connected and 
NMOS MOSFETs are used with source pins connected. These 
type of connections ensure that the battery cell is completely 
isolated. Gate voltages of the serial PMOS MOSFETs are 
equalized to the positive battery cell voltage via R1 pull-up 
resistor and the serial PMOS MOSFETs are turned off. When 
npn bjt transistor is active is equal to the negative battery cell 
voltage, therefore the serial PMOS MOSFETs are turned on. 
Gate voltages of the serial NMOS MOSFETs are equalized to 
the negative battery cell voltage via R4 pull-down resistor and 
the serial NMOS MOSFETs are turned off. When gate voltages 
are equalized to positive voltage of the battery cell, therefore 
the serial NMOS MOSFETs are turned on. For bypassing 
battery cell, MOSFETs are deactivated and current flows on 
parallel diode. If MOSFETs are active via S1 and S2, diode 
will be in cut mode and current flows through battery cell in 
series connection.  

Designed charger unit architecture have been shown in Fig 
3. All modules are connected in parallel to the charging line. 
The advantage of this parallel connection is that not necessary 
a high charging voltage and complex circuit. The proposed 
parallel connected charge line allows you to conveniently use 
standard 5 V mobile adapters and alternative sources such as 
solar light for charging. 

Battery cells to be charged must be bypassed with the 
switching unit. This is because the GND lines of each cell 
charged by the parallel charge line are connected to each other. 
This causes short-circuit in the cells that are connected in 
series. Only one of the charged cells must be connected in 
series to the power line to prevent short circuit. The RL1 
charging relay shall be triggered to charge the battery cell. 

B. Isolated Communication Unit 
Communication unit based on UART. The UART requires 

ground connection between two modules and microcontroller 
ground connections are connected to the negative terminals of 
the battery cells. Therefore, it is impossible to use the UART 
peripheral without isolation on this BMS. In order to provide 
isolation, an optocoupler structure is installed on the UART 
RX line. 

 

 
Fig 2 Schematic of Cell Switching Unit 

 

Fig 3 Schematic of Charger Unit 
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III. MODULE SOFTWARE 
With the designed module and software, a battery pack with 

8 battery cells can be created. Serial connected modules 
communicate with each other and can communicate with the 
user via serial communication if battery cell information is 
requested. It also decides on the charging of the series 
connected cells after the data received from all the modules. 

The main purpose of the software is to ensure that the 
battery cells are used within the operating limits. When these 
limits are exceeded, the cells must be shut down for safety and 
health of the battery cells. Due to the circuit structure, one of 
the battery cells in use with the unused cells can be charged. 
This is also explained in section 2 A. 

Proposed module controlled by Atmel Atmega 
microprocessor. The module uses the threshold method to 
control battery cell. The control algorithm diagram is given in 
Fig 4. The threshold method is simple to implement and use. 
the battery cell is intended to be switched off and recharged if 
the battery cell exceeds the specified limits. For the threshold 
method, the rules are set according to the recommended 
operating instructions of the battery cell. If the battery cell 
voltage drops below the specified value, the cell is turned off 
and reactivated when it is charged to the specified level. 

The threshold method uses the voltage value of the cells to 
make a decision. In this study, 3.7 V 2000 mAh Li-Ion battery 
cells were used. For this cells, low limit value given by the 
manufacturer is 2.6 V. However, due to the fact that the 
modules are powered from these batteries, 0.3 V is added as a 
safety margin. The nominal voltage value is 3.6 V. Deactivated 
cell is charged by keeping it closed until the nominal voltage 
value is reached. If reactivated cell has the lowest voltage value 
among the other active cells, the charging is continued. 

 
Fig 4 Threshold Method Algorithm 

IV. EXPERIMENTAL SETUP AND RESULT 
The designed module is shown in Fig. 5. The modules are 

designed to be easy to connect with each other and to offer the 
recommended structures. Designed PCB dimensions are 80x36 
mm2. 

 
Fig 5 Designed Battery Management Module 

The designed module was tested in 3 connected modules in 
series and step motor was used as test load. Test setup is shown 
in Fig 6. 

 
Fig 6 (a) Designed Module and (b) NEMA23 Stepper Motor Test Setup 
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A load, which draws a constant current, NEMA23 stepper 
motor is connected to the output of the modules and a load 
profile is created. Results are given in Table II and Fig 7. 

TABLE II.  TEST RESULTS 

 

Percentage of Use 

BMS 
BMS 

+ 
Cell SW 

BMS 
+ 

Balancing 

BMS 
+ 

Cell SW 
+ 

Balancing 
Unequal Cells %100 %140 %145 %174 

Equal Cells %100 %103 %160 %170 

 

 
(a) 

 
 (b) 

Fig 7 Result of BMS (a) Non-Balancing (B) Balancing Method 

When the tests were carried out, the proposed structures 
were deactivated and the use times of the standard BMS system 

were taken as reference. Then, the proposed structures are 
activated and the increase in the use period is calculated. 

In the tests performed, it was seen that the total energy of 
the supplied battery packs increased by 74 percent. When 
Figure 7 is examined, it is observed that the cell balancing 
method increases the usage time by 60% and equalizes the 
battery voltage levels during discharge.  

The discharge graphs of the system with the balancing 
method disabled  and enabled are shown in the Fig. 7a-7b. 
According to these graphs, the difference between the battery 
cell voltages during discharge is up to 290 mV due to 
differences between the battery cells while the balancing 
method is not active. When the balancing method is activated, 
the voltage difference between the battery cells is compensated 
by charging the cell which runs out of voltage due to structural 
differences and limited to a maximum of 60 mV. 

V. CONCLUSION 
In this work, a module design for battery management 

system that allows cell-based opening and closing of the 
battery pack is proposed which allows charging of the cells 
during operation. In order to charge the battery cell with high 
efficiency and safe limits, a charging unit with a small area on 
the circuit is designed.   

Experimental results show that proposed cell based 
modular BMS structure increased usage time and total energy 
of the battery pack. Balancing, cell switching and BMS 
successfully improves the percentage of use when considering 
both unequal and equal cells.  In addition, the low voltage level 
required for charging permits the utilization of various 
charging sources, from mobile phone adapters to solar energy 
which makes it suitable to be used without additional specific 
charger. 
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Abstract—In modern power grids, in order to ensure the 
capability of maintaining balance between supply and demand 
under violent disturbances, increasing intelligence and flexibility 
in the optimization and control sides are required. There are 
several electronic interfaced Distributed Generations (DGs) with 
local and global control loops in a microgrid. Because of utilization 
of different DGs and transition between different operation modes, 
microgrid has dynamic behavior. So, in the case of any 
contingency, fault occurrence or severe changes in load, the 
electronic interfaced DGs may be failed in voltage and frequency 
regulation and the microgrid is collapsed. The conventional PI 
controllers (with fixed coefficients) are utilized in primary 
voltage/frequency control units in electronic interfaced DGs 
control systems. But in the case of severe changes in microgrid load 
and its operation conditions, the conventional PI controllers may 
be inadequate and cannot provide desirable performance. In this 
paper, to adaptively and optimally adjust PI controller parameters 
in primary frequency/voltage control units the Adaptive Neuro-
Fuzzy Interface System (ANFIS) technique is used, which adjust 
PI controller coefficients according to microgrid operation 
conditions. The proposed ANFIS controller shows proper 
performance and acceptable response to different study cases.     

Index Terms—ANFIS, Intelligent Control, Microgrid, 
Distributed Generation, Optimal Tuning, Primary Control. 

I. INTRODUCTION

Increasing environmental concern, encouraging 
governmental policies and essential improvement of power 
systems reliability cause great attention to microgrid concept and 
Distributed Generations (DGs) applications throughout power 
systems. However, high penetration of DGs increases the 
uncertainty and complexity in power system. The main reason 
of introducing the concept of microgrid in to the power system 
is based on the important advantages of microgrid for 
improvement of environmental and economic challenges, and 
also increasing power system reliability. The utilization of DGs 
in different types and different scales, from kilowatts to 
megawatts in microgrids, helps to reduce global warming and to 
accelerate entering the power industry in the deregulated 
environments. DGs are used especially at distribution network 
of low and middle voltage levels [1]. 

Many DGs like, micro turbines, photovoltaic panels, wind 
turbines and fuel cells are added to power grid through power 
electronic inverters. However, power electronic interfaced DGs 

are of especial concern in microgrid control side as their control 
systems strongly impress power system stability [2]. Recently, 
with the aim of increasing participation of microgrid concept in 
power industry, large projects in different parts of the word are 
underway such as microgrid project in Senegal [3], different 
projects in japan [4], and Consortium for Electric Reliability 
Technology Solutions (CERTS) project in United States [5]. In 
[1] different challenges from microgrid voltage and frequency
control systems during grid connected and islanding operation
modes are investigated. In [6] the stability of wind turbine for
grid connected operation mode and effect of reactive power
control on microgrid stability is analyzed. In [7] for improve
stability DGs penetrated microgrids, an algorithm is designed
and adaptive fuzzy-based PI controller is proposed. To stabilize
voltage and frequency of microgrid different conventional and
intelligent techniques are proposed [8-11]. The intelligent
algorithm like Artificial Natural Network (ANN) are applied to
power system concept in [10,11]. In [12] intelligent techniques
like Fuzzy Logical (FL) and ANNs are used for control of
interconnected power system generation.

 In this paper an adaptive solution for microgrid potential 
stability problems and simultaneous impacts of active and 
reactive power fluctuations on the microgrid voltage and 
frequency is proposed. In conventional systems the primary 
voltage/frequency control of microgrid are based on PI 
controllers with fixed parameters [13]. Therefore, these type of 
control systems show poor performance against the uncertainty, 
inaccuracies and severe load variations of microgrid. In such 
cases, to achieve a favorable performance, an adaptive PI 
controller with dynamically updated coefficients is needed. The 
proposed PI controller in this paper, is intelligent and is based on 
Adaptive Neuro-Fuzzy Interface System (ANFIS). The system 
can be trained by a suitable training set data (for all possible 
microgrid configurations), so it can operate independently from 
microgrid mode and structure. The proposed ANFIS based PI 
control methodology is able to ensure microgrid stability and 
provide proper performance over wide range of microgrid 
operation conditions and during abnormal conditions. 

II. ANFIS CONTROLLER DESIGN

According to the proposed PI controller in this paper, to 
adapt the parameters of conventional PI controller according to 
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prevailing configuration of microgrid an ANFIS unit is used in 
PI controller. The ANFIS unit provides an adaptive modeling 
structure for learning of data set information. It has an 
appropriate input and output I/O data set with member ship 
function (MF) based on fuzzy if-then rules to generate I/O data. 

In implemented technique, the fuzzy rules are arranged 
through the system training. So by proper turning of ANN unit, 
the system is trained. The MFs configuration related to their 
parameters, which are selected automatically in ANFIS 
structure. The fuzzy inference is made by using suitable I/O data, 
which the parameters are set by Back-Propagation (BP) 
algorithm and the least square error algorithm. 

In the proposed ANFIS structure the fuzzy inference system 
is fed by three sets data consist of two inputs, more details about 
input and output data of the proposed ANFIS structure are 
presented in the next section.  

If the rule base contains of two fuzzy (if-then) rules of 
Takagi-Sugeno’s type, as: 

1. If x is 𝐴1 and y is 𝐵1, then 𝑓1  = 𝑎1𝑥 + 𝑏1𝑦 + 𝑐1, 
2. If x is 𝐴2 and y is 𝐵2, then 𝑓2  = 𝑎2𝑥 + 𝑏2𝑦 + 𝑐2, 
3. If x is 𝐴3 and y is 𝐵3, then 𝑓3  = 𝑎3𝑥 + 𝑏3𝑦 + 𝑐3. 

So the ANFIS structure can be made by five layers as shown 
in Fig.1. 

Layer 1: in this layer the input variable are used to generate 
the fuzzy sets. Every node i have its function and the node 
outputs can be described as 

  
                   𝑂1,𝑖 = 𝜇𝐴𝑖

(𝑥);         𝑖 = 1,2,3   
                  𝑂1,𝑖 = 𝜇𝐵𝑖−3

(𝑦);      𝑖 = 4,5,6                                (1) 
 
Where x or y is the input to node i, 𝐴𝑖 (or 𝐵𝑖) is a linguistic 

label and 𝑂1,𝑖 is the member ship function of 𝐴𝑖. The 𝜇𝐴𝑖 is 
chosen Gaussian form as  

 

𝜇𝐴𝑖(𝑥) = exp (−(𝑥 − 𝛼𝑖)2

2𝛽2
𝑖

⁄ );         𝑖 = 1,2,3            (2) 

     𝜇𝐵𝑗(𝑦) = exp (−(𝑦 − 𝛼𝑗)2

2𝛽2
𝑗

⁄ );         𝑗 = 1,2,3   

 
Where {𝛼𝑖, 𝛽𝑖, 𝛼𝑗, 𝛽𝑗} are premise parameters. The α is 

position of the center of the peak and 𝛽 is standard deviation. 
Layer 2: in this layer the outputs are result by multiplication 

of the inputs (layer 1 outputs). 
For example, 
 
𝑂2,𝑖 = 𝑊𝑖 = 𝜇𝐴𝑖

(𝑥). 𝜇𝐴𝑘
(𝑦)                                             (3) 

       𝑖 = 1,2, … ,9      𝑗 = 1,2,3        𝑘 = 1,2,3 
 
Where 𝑊𝑖 is the firing strength of a rule. 
Layer 3: each layer activity level is calculate in this layer and 

the number of layers is equal to number of fuzzy rules. This layer 
output is normalized form of previous layer. The ith node 
calculates the ratio ith rule’s firing strength versus firing strength 
of all rule’s firing strength as: 

 

𝑂3,𝑖 = �̅�𝑖 = 𝑊𝑖
∑ 𝑊𝑖

9
𝑗=1

                 𝑖 = 1,2, … , 9                      (4) 

 
Layer 4: the partial output values are produce by this layer. 

In this layer output node i is Takagi-Sugeno type as  
 
𝑂4,𝑖 = �̅�𝑖 . 𝑓𝑖 =  �̅�𝑖 (𝑎𝑖𝑥 + 𝑏𝑖𝑦 + 𝑐𝑖)                                (5) 
 𝑖 = 1,2, … , 9 
 
Where, �̅�𝑖 is the layer output and {𝑎𝑖, 𝑏𝑖, 𝑐𝑖} is consequent 

parameter.  
Layer 5: ultimately, in the fifth layer, the overall outputs are 

computed in a single node as summation of all incoming signals. 
 
𝑂5 = ∑ �̅�𝑖 . 𝑓𝑖

9
𝑖=1                                                                      (6) 

 
Two parameters set as: the premise parameters set {𝛼𝑖, 𝛽𝑖, 

𝛼𝑗, 𝛽𝑗} and the consequent parameters set {𝑎𝑖, 𝑏𝑖, 𝑐𝑖} are used 
in the ANFIS. These two parameters sets are adjusted in forward 
pass and backward pass steps. 

In forward pass steps, premise parameters are fixed and 
consequent parameters are resulted by using Least Square Error 
(LSE) algorithm (off-line learning). In backward pass step, the 
consequent parameters are fixed and premise parameters are 
resulted by using BP gradient decent algorithm. In following 
section the validity of the proposed ANFIS structure is 
evaluated. 

III. ANFIS-PI-BASED VOLTAGE AND CURRENT CONTROLLERS  

A. ANFIS Based PI Controller 
The intelligent structure based controllers have been 

increasingly used in power system industry and applications 
during two past decades. The primary voltage/frequency control 
of traditional power systems is done by conventional PI controls, 
which based on static and predetermined operation points. 
Microgrid because of application of different DGs and transition 
between different modes of operation, has frequently changing 
behavior. Therefor if the condition of microgrid is taken into 
consideration, the conventional PI controller with static 
parameters cannot provide desirable performance, so adaptive PI 
controller with dynamic coefficients is needed. In this regards, 
to achieve a desirable performance of PI controller, the ANFIS 
structure can be implemented as proper intelligent method for 
adaptation of PI controller parameters. In the proposed system, 
the primary PI voltage and frequency controllers, is tuned by 

 
 
Fig. 1.  Typical structure of an ANFIS. 
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ANFIS structure. The designed ANFIS based PI controller is 
operates according to prevailing microgrid operation mode and 
compensates the poor performance of the conventional system 
against inaccuracies and uncertainties of microgrid. The 
proposed PI controller is developed using two ANFIS structures 
(ANFIS1 and ANFIS2), in which ANFIS1 determines 𝐾𝑝𝑣 and 
𝐾𝑖𝑣 (coefficients of PI for voltage controller) while ANFIS2 
identifies 𝐾𝑝𝑐 and 𝐾𝑖𝑐 values (coefficients of PI for current 
controller). The member ship functions corresponding to input 
and output variables are given in Table I and they have been 
arranged based on Gaussian membership function which is the 
most popular one, equation (2). All the combinations of if-then-
type fuzzy rules were used. The proposed ANFIS-PI-based 
current and voltage controllers are presented in Fig. 2. As seen 
from the figure, the ANFIS-PI controller consist of three levels, 
the PI controller unit, ANN unit and fuzzy system unit.  

TABLE I.  THE MFS SET 

 
MF1 MF2 MF3 

(𝛽𝑖 , 𝛼𝑖) (𝛽𝑖 , 𝛼𝑖) (𝛽𝑖 , 𝛼𝑖) 
𝐾𝑝𝑣 (0.2150 , 0.1) (0.1595 , 0.5) (0.2150 , 1) 
𝐾𝑖𝑣 (0.2150 , 250) (0.1595 , 390) (0.2150 , 500) 
𝐾𝑝𝑐 (0.2150 , 5) (0.1595 , 10.5) (0.2150 , 15.5) 

𝐾𝑖𝑐 (0.2150 , 15700) (0.1595 , 16000) (0.2150 , 16500) 

 
The ANN unit uses {𝑣𝑜𝑑

∗ , 𝑣𝑜𝑞
∗ , 𝐼𝑙𝑑𝐶𝑆𝐶

∗ , 𝐼𝑙𝑞𝐶𝑆𝐶
∗ } and {𝑖𝑙𝑑

∗ , 𝑖𝑙𝑞
∗ , 

𝑈𝑑, 𝑈𝑞} data sets as impute variables to provide member ship 
functions and fuzzy rules as its output. The fuzzy system unit by 

obtaining fuzzy rules and MFs yield PI controller coefficients 
({𝐾𝑝𝑣, 𝐾𝑖𝑣} and {𝐾𝑝𝑐, 𝐾𝑖𝑐}). Noteworthy to mention that, there 
is no analytical method for optimal number of MFs 
determination and it is usually determined heuristically and 
verified experimentally. The smaller number provide shorter 
training time and lower complexity, but poor performance. On 
the other hand, greater number provide better performance, but 
longer training time and higher complexity. Therefore, the 
number of MFs and the type of them are selected in error basis 
and trail. The ANN unit of the developed ANFIS model is 
summarized as follow [4]: 

TABLE II.  THE ANN UNIT INFORMATION 

The input variables {𝑣𝑜𝑑
∗ , 𝑣𝑜𝑞

∗ , 𝐼𝑙𝑑𝐶𝑆𝐶
∗ , 𝐼𝑙𝑞𝐶𝑆𝐶

∗ } and {𝑖𝑙𝑑
∗ , 𝑖𝑙𝑞

∗ , 𝑈𝑑, 𝑈𝑞} 
Type Sugeno 

Number of rules 3 
Number of MFs 3 

AND method ‘Prod’ 
OR method ‘max’ 
IMP method ‘Prod’ 
AGG method ‘max’ 

Defuzz method ‘wtaver’ 
Type of MFs Gaussian type  

 
The training results of the proposed ANFIS structures 

(ANFIS 1, ANFIS 2) are shown in Fig. 3, which shows that the 
training process is accurately done with very low training error, 
and indicates the validity of the ANFIS models.  

B. Voltage and Current Controllers 
In this paper the propose PI controller is implemented in 

voltage and current controller units of DGs control systems. The 
block diagram of the ANFIS based current and voltage 
controllers are shown in Fig. 2(a) and 2(b), respectively. 

The inputs of the voltage controller received from power 
controller unit, whose structure is described in [14], and the 
outputs of it (𝐼𝑙𝑑𝐶𝑆𝐶

∗ , 𝐼𝑙𝑞𝐶𝑆𝐶
∗ ) are sent to current controller inputs. 

The dynamic and algebraic equations of voltage controller unit 
are [14]: 

 
�̇�𝑑 =  𝑣𝑜𝑑

∗ −  𝑣𝑜𝑑                                                                (7) 
�̇�𝑞 =  𝑣𝑜𝑞

∗ −  𝑣𝑜𝑞                                                                   (8) 

              
(a) 

 

                   
(b) 

Fig. 2.  Block diagram of the proposed ANFIS-based, (a) voltage 
controller, (b) current controller.  
 

(a)

 
(b) 

Fig. 3.  Training results of the proposed ANFIS structures, (a) ANFIS 1, (b) 
ANFIS 2. 
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𝐼𝑙𝑑𝐶𝑆𝐶
∗ = 𝐹. 𝑖𝑜𝑑 − 𝜔𝑛. 𝐶𝑓.𝑣𝑜𝑞 + (∑ �̅�𝑖11 . 𝑓𝑖11

9
𝑖=1 )(𝑣𝑜𝑑

∗ −
𝑣𝑜𝑑) + (∑ �̅�𝑖12 . 𝑓𝑖12

9
𝑖=1 ). 𝜑𝑑                                                     (9) 

      𝐼𝑙𝑞𝐶𝑆𝐶
∗ = 𝐹. 𝑖𝑜𝑞 + 𝜔𝑛. 𝐶𝑓. 𝑣𝑜𝑑 + (∑ �̅�𝑖11 . 𝑓𝑖11

9
𝑖=1 )(𝑣𝑜𝑞

∗ −
𝑣𝑜𝑞) + (∑ �̅�𝑖12 . 𝑓𝑖12

9
𝑖=1 ). 𝜑𝑞                                                  (10) 

 
where 𝑣𝑜𝑑, 𝑣𝑜𝑞, 𝑣𝑜𝑑

∗ , and 𝑣𝑜𝑞
∗  are the direct and quadratic 

components of output voltage and reference voltage, 
respectively. 𝜔𝑛 represents nominal frequency set-point. �̇�𝑑 and 
�̇�𝑞 are the state variable of voltage controller and the ANFIS 1 
first output is (𝐾𝑝𝑣)  =  ∑ �̅�𝑖11 . 𝑓𝑖11

9
𝑖=1  and second output is (𝐾𝑝𝑖)  

=  ∑ �̅�𝑖12 . 𝑓𝑖12
9
𝑖=1 , which is obtained through five training layers 

in pervious section.  
 The dynamic and algebraic equations of current controller 

unit are [14]: 
 
�̇�𝑑 = 𝑖𝑙𝑑

∗ − 𝑖𝑙𝑑                                                                    (11)                                         
�̇�𝑞 = 𝑖𝑙𝑞

∗ − 𝑖𝑙𝑞                                                                      (12) 
𝑈𝑑 = 𝑣𝑜𝑑 − 𝜔𝑛. 𝐿𝑓. 𝑖𝑙𝑞 + (∑ �̅�𝑖21 . 𝑓𝑖21

9
𝑖=1 )(𝑉𝑀𝐺

∗ −
 �̅�𝐷𝐺𝑘) + (∑ �̅�𝑖22 . 𝑓𝑖22

9
𝑖=1 ). 𝛾𝑑                                                (13) 

𝑈𝑞 = 𝑣𝑜𝑞 + 𝜔𝑛. 𝐿𝑓. 𝑖𝑙𝑑 + (∑ �̅�𝑖21 . 𝑓𝑖21
9
𝑖=1 )(𝑉𝑀𝐺

∗ −
 �̅�𝐷𝐺𝑘) + (∑ �̅�𝑖22 . 𝑓𝑖22

9
𝑖=1 ). 𝛾𝑞                                                 (14) 

 
where 𝑖𝑙𝑑, 𝑖𝑙𝑞, 𝑖𝑙𝑑

∗ , and 𝑖𝑙𝑞
∗  are the direct and quadratic 

components of output current and reference current, 
respectively.  �̇�𝑑 and �̇�𝑞 are the state variable of current 
controller and the ANFIS 2 first output is (𝐾𝑐𝑣)  =  
∑ �̅�𝑖21 . 𝑓𝑖21

9
𝑖=1  and second output is (𝐾𝑐𝑖)  =  ∑ �̅�𝑖22 . 𝑓𝑖22

9
𝑖=1 . 

IV. MODEL OF DISTRIBUTION SYSTEM 
To verify the performance of the proposed system a hybrid 

microgrid is used as test network. As shown in Fig. 4, the test 
microgrid is connected to main grid with ration 20 kV and 50 Hz 
through a 380V/20kV transformer via Point of Common 
Coupling (PCC). The grid consists of one DC feeder with 500V 
voltage, connected to AC via AC / DC converter. On the demand 
side the total load of the microgrid is 251 kVA, which includes 
57 kW of DC load and 200 kVA of AC load. Load information 
at different buses are presented at Table IV.  

On the supply side, the microgrid has five DGs. The DGs are 
categorized as controllable and uncontrollable DGs in terms of 
their output power controllability. The DG5, is Photo Voltage 
(PV), and the DG4, is wind turbine, their power outputs are 
depended to weather condition and are uncontrollable. On the 

other hand, the DG2 and DG3 are the fuel cell and the DG1 is 
micro turbine and their output powers are controllable. All the 
controllable DGs are controlled in VSC mode. The DGs and 
microgrid lines information are presented at Table III and Table 
V, respectively.  

TABLE III.  GENERATION  DATA 

 Type Nominal power (KVA) 
DG1 micro turbine 100 
DG2 fuel cell 100 
DG3 fuel cell 100 
DG4 PV 15 
DG5 wind turbine 40 

TABLE IV.  LOAD DATA 

Bus Number P (KW) Q 
(KVAR) Bus Number P (KW) Q 

(KVAR) 
1 15 6 9 10 6 
2 10 5 10 16 4 
3 10 5 11 8 4 
4 12 6 12 10 5 
5 10 5 31  15 6 
6 10 6 14 15 - 
7 8 4 15 10 - 
8 12 6 16 10 - 

TABLE V.  LINE DATA 

From To Resistance (Ω) Reactance(Ω) From To Resistance (Ω) Reactance(Ω) 
1 2 0.1502 0.0774 6 14 1102.0  - 
2 3 0.1878 0.0968 14 15 1320.1  - 
3 4 0.3756 0.1936 15 16 1204.0  - 
4 5 0.5636 9042.0  12 13 0.1502 0.0774 
5 6 0.1502 0.0774 8 9 0.1502 0.0774 
6 7 0.338 0.1742 9 10 0.1634 0.1504 
7 8 0.158 0.0968 10 11 0.1502 0.0774 
    11 12 138.0  1042.0  

V. SIMULATION RESULTS 
Three test study cases were carried out to test and validate 

the performance of the proposed control methodology. Also, the 
obtained results are compared with the results obtained by 
published conventional model [13]. Test cases has been 
presented on the test microgrid and the simulation results verify 
that, the proposed intelligent PI controller carefully tracks the 
microgrid dynamic behavior and shows desirable response and 
high performance for ensuring microgrid stability during 
different operation conditions.  

A. Microgrid Transition from Grid-Connected to Islanded 
This study case aims to demonstrate the ability of the 

proposed control system to maintain the stability of the 
microgrid during transition from grid-connected to islanded 
modes. Assume that the microgrid is islanded at t = 1s. 
Subsequent to islanding incident, thanks to the proposed ANFIS 
based structure the DG1, DG2 and DG3 act similar to a slack 
bus and after fast transient responses adjust their generation so 
that the DGs voltages and frequency of the microgrid are 
restricted within the permitted range of nominal values. In case 
of conventional control system, due to predefined and fixed 
parameters, needs much longer transient time to reach stable 
operation which lead to large amounts of frequency and voltage 

 

 
 
Fig. 4.  The single-line diagram of the hybrid test system. 

626

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



deviations as results of transition from grid-connected to 
islanded modes. This kind of scenario is avoided using ANFIS 
based controller which can deduce the microgrid condition and 
issue the correct coefficients to the proposed controller. The DGs 
power outputs and corresponding voltages are illustrated in Fig. 
5(a) and 5(b), respectively. Also frequency of the microgrid are 
shown in Fig. 6. As seen, after islanding, the DG1, DG2 and 
DG3 adjust their generations and the proposed controller has 
suitable performance in terms of settling-time, as well as control 
effort and minimizing of frequency and voltage deviations.  

B. Load Variation During Islanding Operation 
In this section, after microgrid islanding in previous case the 

total load of the microgrid is varied as shown in Fig. 7(a) and the 
voltage and frequency deviations are studied under violent load 
changes. As previously explained, DG1, DG2 and DG3 are 
responsible for compensation of unbalance between generation 
and consumption. It is worth to mention that restoration process 
requires different amount of power according to the power rate 
of the DG units. As the load varies, the outputs of these DGs is 

varied by the proposed control system so that the production and 
consumption of the microgrid is balance and the voltage and 
frequency transients are maintained within the acceptable range 
during restoration process. The DGs power outputs and 
corresponding voltages are illustrated in Fig. 7(b) and 7(c), 
respectively. Also frequency of the microgrid are shown in Fig. 
8. The simulation results indicate that the proposed strategy 
successfully modifies the controllers to minimize microgrid 
transients after smooth restoration process and to track the 
voltage and frequency set points following the step load changes. 

 
(a) 

 
(b) 

Fig. 5.  Proposed system response to islanding transition, (a) output 
active power of DGs, (b) voltages of DGs. 

 

 
Fig. 6.  Frequency deviation of the microgrid. 

  

 
(a) 

    
(b) 

 
(c) 

Fig. 7.  Proposed system response to load variation, (a) load variation 
pattern, (b) output active power of DGs, (c) voltages of DGs. 
  

 
Fig. 8.  Frequency deviation of the microgrid. 
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With respect to the conventional system performance, excessive 
undershoots, and consequently an unacceptable transient 
response are shown during load variation process. To avoid this 
situation and to reduce destructive effects of the voltage and 
frequency deviations the ANFIS based structure is used. The test 
results indicate that, the proposed control system is able to 
follow load changes well and ensure the stability of the grid.  

C. SLG Fault at Line L3 When Microgrid is Grid Connected 
and All Generators are Connected 
In this study case, the effectiveness of the proposed control 

scheme is tested for on- and post-fault conditions. Assume that, 
a permanent bolted three-phase fault at t = 4s occurs at line L23 
when the microgrid is islanding. The fault current seen by relays 
R23 and R32 are shown in Fig. 9(a). According to the figures, 
the fault is cleared after 0.5s. The control system must be able to 
withstand the fault current until faulty section is cleared by 
protection system, moreover, to restore the frequency and 
voltage to a steady state and ensure the stability of the grid 
during post-fault period. As concluded from the results, the 
proposed control system is able to restore the frequency and DGs 
voltages values to their pre-fault nominal values so that 
microgrid stability maintains for post-fault period.  

The performance of the proposed control scheme during 
grid-connected and islanding operations is tested through the test 
studies. The results indicates that, the proposed control structure 
properly tolerates the large disturbance of transition to islanding 
mode and severe load variation. In the case of fault occurrence, 
during on- and post-fault periods the DGs continue to work and 
frequency and voltage of the microgrid restore to the pre-fault 
nominal values. 

VI. CONCLUSION 
In this paper, an ANFIS structure based PI controller for 

voltage and current control systems are proposed, which is able 

to regulate voltage and frequency simultaneously. With the 
combined synergy of neural networks and fuzzy logic, a better 
performance of the DGs control system can be achieved. The 
output of the ANFIS based design was mostly matching the 
desired suitable values corresponding to the microgrid 
prevailing operation condition. This is because of the self-
adaptive nature and high nonlinear mapping capability of the 
fine-tuning of MFs in ANFIS structure. Finally, the both ANFIS-
based voltage and current controllers are simultaneously applied 
to the DGs connected to the test microgrid system and the 
obtained results are compared with the conventional system 
results. It is found that the proposed system gave more accurate 
results and ensure microgrid stability during different operation 
conditions. 
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Fig. 9.  Proposed system response to faulty condition, (a) RMS values of 
the fault current, (b) voltages of DGs. 

 

 
 Fig. 10.  Frequency deviation of the microgrid. 

628

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



OPTIMIZATION 
PROBLEMS IN ELECTRIC 

POWER SYSTEMS 
(Special Session) 

629

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



ISBN:978-1-5386-7641-7/18/$31.00 ©2018 IEEE 

Stochastic Model Predictive Control-based Real-
time Operation of a Transmission Constrained Joint 

Wind-PHS System 
smail Kayahan 

Industrial and Systems Eng. Dep. 
Yeditepe University 

stanbul, Turkey 
ismail.kayahan@yeditepe.edu.tr 

U ur Yıldıran 

Industrial and Systems Eng. Dep. 
Yeditepe University 

stanbul, Turkey  
uyildiran@yeditepe.edu.tr

Abstract— Trading wind energy in deregulated markets is a 
challenging task due to uncertainties involved. To cope with this 
complication, a significant body of work is devoted to the 
development of day-ahead bidding strategies based on 
stochastic programming. However, the problem of real-time 
operation, which can be defined as the management of the 
system in balancing markets after day-ahead bidding phase is 
completed, is not studied well in the literature. Motivated by this 
fact, in the present work, a stochastic model predictive control 
(SMPC) based real-time operation method is developed for a 
transmission-constrained joint wind-PHS system. It is assumed 
that the generation company participates in the day-ahead 
market and balancing market as a price taker player. Since real-
time operation depends on contracts made a priori, day-ahead 
bidding is also considered as an integral part and modeled as 
mixed-integer linear programming (MILP) based stochastic 
program. Main features of the proposed framework, which 
distinguish it from the previous studies, are the application of an 
SMPC strategy for real-time operation and inclusion of 
transmission constraints in bidding and operation phases.  

Keywords— stochastic model predictive control, real-time 
operation, day-ahead bidding, wind energy, pumped hydro 
storage, transmission constraint 

I. INTRODUCTION

Over the last decades, the share of wind in energy 
production has increased considerable all over the world. In 
the meantime, the infrastructure of energy system has changed 
significantly. Energy, which was previously produced and 
distributed by central authorities, is now being traded in 
deregulated markets in many countries. As a result of these 
developments, it became necessary to develop advanced 
strategies and technologies for wind energy trading in 
deregulated markets. 

Intermittent nature of wind energy diminishes its 
reliability as an energy source. Besides having a negative 
effect on the power system, the profit of the producers 
decreases due to the imbalances in the production plan. 
Storage systems can be used to eliminate these imbalances 
caused by renewable energy sources. Various storage 
technologies can be used for this purpose, such as Pumped 
Hydro Storage (PHS) plants, batteries, compressed air storage 
devices, flywheels and thermal storage systems [1]. Among 
them, PHS plants are one of the most promising solutions for 
the large-scale storage due to their high capacity, rapid 
response time and long lifetime [2]. 

In the deregulated market structure, suppliers can trade 
energy in different markets including, day-ahead, intraday, 
real-time balancing, and reserve markets. Among them, the 
significant amount of the energy is traded in day-ahead 
markets. In this market, suppliers first submit their energy 

generation offers, which are called bids, for each hour of the 
next day. Then, the market operator matches all submitted 
purchase and sale bids in the market clearing process to 
determine the prices and accepted bids. After the clearing is 
realized, accepted bids are fixed and cannot be changed 
throughout the day. If there are deviations from the bids, 
discrepancies are compensated in the real-time balancing 
market with a penalty. 

Due to the market operation summarized above, a joint 
wind-PHS energy producer should implement a two-step 
stochastic decision-making process. In the first stage, which is 
called as bidding, the day-ahead market production offers 
should be decided without knowing the actual energy prices 
and wind energy generation so that the maximum income can 
be obtained. In the second stage, the real-time operation, the 
producer should determine the actual energy supplied to the 
grid for each hour of the next day based on the available data 
which are accepted bids, cleared energy prices, and the system 
state. The state is composed of wind production measurements 
up to the current time instant and the total energy in the storage 
unit.  

There are several works on the bidding problem in the 
literature. In [3]–[6], stochastic programming based solutions 
were developed for wind producers. The works [7]–[11] dealt 
with wind farms supported by storage systems and  [10]- [11] 
considered the transmission-constrained models.  

Although, the bidding problem is well studied, there are a 
few studies on the real-time operation phase. The early works 
focused on open-loop and heuristic strategies [12]–[18]. In 
recent years, [19]–[23] considered a more systematic 
approach for this purpose. These studies employ a 
Deterministic Model Predictive Control (DMPC) approach 
which is a rolling horizon optimization method. Making use 
of point forecasts of uncertain variables, it solves a 
deterministic optimization problem repeatedly to obtain 
decisions to be applied.  

Although the DMPC method exploits the latest 
information available to make control decisions, it does not 
take into account the stochastic aspects of the problem. As far 
as we know, there are three studies, [24]–[26],  appeared 
recently addressing this issue. While [24] and [25] employ 
Stochastic Model Predictive Control (SMPC) based strategies, 
[26] uses linear decision rules. The SMPC approach can be
considered as an extension of the DMPC method in which
instead of a point forecast a scenario tree is used to model the
effects of uncertainties.

In this work, we investigated a joint wind-PHS system that 
participates to day-ahead market as a price-taker producer and 
compensates its deviations in real-time balancing market by 
paying the penalty for imbalances. For this system, we 
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developed an integrated day-ahead bidding and SMPC based 
real-time operation algorithm. Although [24] and [25] also use 
a similar approach, transmission constraints were not 
considered in these studies.  

The organization of the paper is as follows. The model of 
joint wind-PHS system and electricity market considered are 
introduced in Section II. Formulation of the proposed 
approach including day-ahead bidding and SMPC based 
operation stage is explained in Section III. It is followed by 
the case study and conclusions that can be found in Section IV 
and Section V, respectively. 

II. SYSTEM MODEL 

The system considered is depicted in Fig. 1. It is composed 
of a wind farm and a PHS system which are connected to two 
separate busses, namely Bus 1 and Bus 2. In addition, there 
are a thermal generator and a demand site connected to Bus 1 
and Bus 2, respectively. The thermal unit supplies all the 
energy required by the demand side by sharing the 
transmission line between the wind farm and the PHS plant. 
Therefore, it may limit wind energy that can be transmitted for 
storage considerably depending on the energy supplied to the 
demand site.  

A. PHS and Wind Farm System 
PHS is equipped with reversible turbines, which are 

capable of generating energy and pumping water. It is 
assumed that turbines operate discontinuously, that is, at any 
time instant they can either pump water at full capacity, 
generate energy at full capacity or be idle. 

The energy flow of the system is approximated by a linear 
DC flow model. Thus, power flow between grid, buses and 
units connected to the busses is governed by the following 
equations 

   (1) 

   (2) 

 	
   (3) 

where  is the net power exchange with the grid,  is the 

portion of the wind power supplied to the grid, 	  is the 
energy sent to the grid from Bus 2,  is the energy drawn 

from the grid,  is the total wind power generated,  is the 
energy generated by the thermal unit,  and  are the bus 
angles,  is the susceptance of the transmission line between 
the buses,  is the number of turbines in generating mode,  
is the number of turbines in pumping mode,  is the energy 
generated by a turbine in the generation mode,  is the 

energy consumed by a turbine in pumping mode,  is the 
energy demand to be satisfied.  

 The water volume variation in the upper reservoir is given 
by 

 	  (4) 

where  is the water volume,  is the amount of water 

pumped in a unit time by one turbine in the pumping mode 
and  is the amount of water released in a unit time by a 
turbine in the generation mode. 

 
Fig. 1 Joint wind-PHS system with transmission lines 

B. Energy Market 
The company receives a payment , where  is day-

ahead market price, for the energy it supplies to the system. 
However, if there is a discrepancy between the actual energy 
produced, ,  and the bid, , the difference, 	 , is 
compensated by trading energy in the balancing market. This 
leads to an imbalance cost which result from compensating the 
deviation in the balancing market. The imbalance cost can be 
expressed as ([25]) 

 
, , 	

	 , ,						 		 	

Here, and  are penalty ratios which can be computed 
from the ratios of the positive and negative imbalance market 
prices to the day-ahead market price. More specifically, 

	  and , where  and  are 
positive and negative imbalance market prices, respectively. 
In this work, and  are taken constant because, day-ahead 
and imbalance market prices are highly correlated and it is 
difficult to estimate the difference between them accurately. 

III. PROPOSED APPROACH 

The method proposed in this paper is presented in Fig. 2. 
It is an SMPC based real-time operation strategy coupled with 
a day-ahead bidding optimization. Bids for the day D are 
calculated in day D-1 depending on estimates of the day-ahead 
market price and wind speed. These estimates are generated 
as scenarios using the historical data available till the time of 
the bidding computation. The SMPC algorithm, on the other 
hand, computes the operational decisions (pumping/ 
generation) of the PHS plant repeatedly for each hour of the 
day D making use of predetermined bids, cleared market 
prices, water volume at the current hour and generated wind 
speed scenarios. The wind scenarios are generated making use 
of the actual wind speed data for the past L hours which are 
stored in a memory and updated with new measurements. By 
this way, the most recent wind data is used for the scenario 
generation.  

A. Bidding Model 
The bidding optimization aims to determine the energy 

contracts for the next day that maximizes the expected profit. 
Due to uncertainties involved, it is modeled as a stochastic 
programming problem in which the different realizations of 
the random data are represented by a scenario tree as shown 
in Fig. 4. In this tree, each node is indexed by a pair of integers, 
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the second of which is the time. The first enumerates the nodes 
at each time instant starting from one to , where  is the 
number of nodes for the time . Each node has a certain 
probability, , , such that the summation of node 
probabilities for a fixed time adds up to one. The overall 
model is given by the following MILP. 

 , , ,
	 , , , ,  (6) 

 , , ,   (7) 

 , , , ,   (8) 

 , , , ,  

  (9) 

 , , , ,
, , 		 	 	

	 , ,   (11) 

 , , , , 	 ,        (12) 

 ,   (13) 

 ,   (14) 

 , ,   (15) 

 , ,   (16) 

 , ,   (17) 

 , ,   (18) 

 , ,   (19) 

 , ,   (20) 

 , , , 	 , ,   (21) 

 , , , , , 	 ,   (22) 

					 , , , , , , , , ,       (23) 

where all constraints are satisfied for , . In 
above,  is the total number of reversible turbines;  is 
the initial water volume in the upper reservoir;  and  
are lower and upper volume bounds of the reservoir;  and 

  are the positive and negative energy imbalances; ,  is 
the index of the ancestor of the tree node ,  and and  
are logic variables. 

In the objective function (6), the first term in the 
parenthesis corresponds to the revenue due to the energy 
exchange with the grid. It is assumed that it is possible to offer 
negative bids which correspond to buying energy. The second 
and third terms are for the imbalance cost described in Section 
II. The objective is computed by first taking the expectation of 
net profits over all scenario nodes for a given time. Then, the 
summation of these expectations is taken over the time 
interval of interest ( ). 

The constraint (7) is used to linearize the objective 
function. It achieves this by separating the positive and 
negative deviations of the generation from the contracts into 
the variables  and . Equation (8) is the total energy 
transfer between the system and grid. Equations (9) and (10) 
are for the energy balance in each bus. Flow limit between the 
buses is given in (11). 

 

Fig. 2 Block diagram of the proposed approach 

Equation (12) is used for calculating the water level of the 
upper reservoir. Node variables at consecutive time instances 
are coupled by this equation. To be more specific, it relates the 
value of the volume at node ,  with the volume at the 
ancestor node , , .  Initial water volume and volume 
limits for the upper reservoir are enforced by the constraints 
(13) and (14), respectively. Equations (15) and (16) prevent 
simultaneous pumping and generation employing a logic 
variable .  means turbines are generating energy or 
idle while  means turbines are pumping water or idle. 
Similarly, (17) - (20) are added to prevent buying and selling 
energy simultaneously. The integral restrictions on ,  and 

 are imposed by (22). Another integral restriction comes 
from (21). As mentioned in Section II.A, turbines are assumed 
to operate discontinuously (on-off operation). Therefore, 
variables  and  are the integers representing the number of 
turbines in pumping and generation modes, respectively. 
Lastly, (23) indicates that all energy flows considered are one 
directional and,  and  are nonnegative. 

B. Real-time Operation 
Real-time operation of the system begins at the start of the 

day at 00:00. During the operation, a decision is to be made at 
each hour based on the information become known. The 
flowchart of the SMPC algorithm proposed for this purpose is 
shown in Fig. 3. As can be seen from the figure, in each hour, 
first the state of the system is measured, which is composed of 
water level of the PHS plant and realized wind speed. The 
wind speed is used for generating wind power scenarios. 
Then, a stochastic optimization is performed and decision 
variables  and  are calculated for . Lastly,  
and  are applied as real-time operation decisions at time 

 by discarding the decisions between . 
This process is repeated until the end of horizon.  

The optimization problem of the SMPC strategy uses the 
same equations with the bidding model. However, bids and 
electricity prices are become known in the operation phase. 
Thus, the corresponding variables appearing in (6) and (7) are 
replaced with the known values. Since the only remaining 
uncertain data is the wind speed, the scenario tree is 
constructed for forecasting possible realizations of the wind. 
Since there is no gap between the times when calculations are 
made and decisions are applied, the start time is taken as 

, contrary to the bidding phase. Because of the stochastic 
nature of the optimization problem, decisions take different 
values for each node of the scenario tree. But, since a single 
decision must be made at time , no branching is 
performed for this time in the scenario tree, and branching of 
the scenario tree is starts from .  
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Fig. 3 Flowchart of SMPC algorithm 

 
Fig. 4. General scenario tree structure  

IV. CASE STUDY 

The model studied belongs to a hypothetical system to be 
located at Gökçeada Island in the Aegean Sea. PHS system 
has three identical reversible turbines and an upper reservoir, 
whose parameters are listed in Table 1. The wind farm consists 
of 30 Enercon E-82 wind turbines having a 2MW rated power.  

Day-ahead electricity prices, in Turkish Liras (TL), and 
raw wind speed values were gathered from the system 
operator Energy Exchange Istanbul (EXIST) and Turkish 
State Meteorological Service, respectively. Both are hourly 
values for years from 2010 to 2012. The values of wind speed 
and electricity prices for the year 2010 were utilized to 
estimate SARIMA models which were used for forecasting 
and scenario generation in bidding and operation phases. Also, 
negative and positive imbalance ratios were set as 0.27 and 
0.44, respectively. These values are the averages of actual 
imbalance and spot market prices for 2011.  

In below, numerical results for the proposed bidding and 
operation strategy are investigated. In addition to the proposed 
strategy, two alternative algorithms are also implemented. The 
first one is the DMPC method which can be regarded as a 
special case of the SMPC algorithm with the difference that a 
single scenario is generated from a point forecast of 
uncertainties instead of multiple scenarios. Another algorithm 
named as perfect information solution is also implemented 
which employs the actual values of uncertain variables that 
will be realized within the day. Since the future values of 
random variables are forecasted perfectly, it gives the best 
performance that can be achieved by any algorithm. The 
results of this method are utilized to show how well the 
proposed method is close to the ideal solution.  

Simulations were performed for three different cases to 
analyze the effects of transmission line capacity constraints. 
The cases differ in the hourly energy transferred from the 
thermal generator to the demand site. This transfer limits the 
amount of wind energy that can be supplied to the PHS plant 
for storage purposes since a single line is shared for two 
different purposes. The storage utilization decreases when the 
transmission line is heavily used by the thermal generator.  

TABLE 1 PARAMETERS OF PHS SYSTEM 
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Fig. 5 Generation of the thermal power plant for each case 

The capacity limit of the line connecting Bus 1 to Bus 2 is 
taken as MW. The amount of energy generated by 
the thermal unit, which is completely consumed by the 
demand side, is depicted in Fig. 5 for three cases considered. 
In Case 1 thermal generation is constant 60 MW. Since each 
pump consumes 20 MW power, only two of them can be used 
for storing wind energy. Power profile for Case 2 has a step-
wise structure that allows 70 MW power to be transmitted for 
pumping in the first 12 hours whereas it limits the wind power 
transfer to 20 MW in the last 12 hours. Case 3, which is a more 
realistic case, has a sinusoidal generation schedule. In this 
case, wind power can be used completely for pumping 
between 5 h - 12 h while less than 20 MW can be transmitted 
at the first hour and between 16 h - 23 h. 

A. Day-ahead Bidding 
Wind and price scenarios required for the day-ahead 

optimization problem (6)-(23) are derived from the SARIMA 
models. To be more specific, 20000 price and wind 
trajectories are generated by Monte Carlo simulations which 
are reduced into ten wind and five price scenarios using k-
means reduction algorithm. The parts of them falling into the 
operation period ( ) are depicted in Fig. 6 and Fig. 7 
by discarding the previous values between the start of the 
operation ( ) and day-ahead market closure time (

. The 50 pairwise combination of these scenarios are 
taken as bidding scenarios. 

Day-ahead bids calculated for each case are presented in 
Fig. 8.  The bids in the first seven hours are negative or low 
when compared with the rest of the day. This is because 
energy prices are low in this period as can be observed from 
Fig. 7. As a result, the system either tries to buy energy for 
storage or keeps the available energy in the PHS unit as much 
as possible with the goal of selling it later in the high price 
period. To be more specific, in Case 2, the line capacity is 
enough to transmit the wind power, whose average is close to 
40 MW as can be inferred from Fig. 6. Consequently, one of 
the turbines available for storing further energy by buying it 
from the gird, which explains the negative bids for this case. 
In Case 3, since the line is heavily utilized by the thermal unit 
in the first three hours, the wind energy cannot be stored 
completely and should be sold to the grid. Hence, the system 
gives positive but conservative bids while bids become 
negative between 4h-7h due to increasing available line 
capacity. Lastly, in Case 1 the available line capacity is 40MW 
which very close to the average wind power. In the first three 
hours, this average is slightly above 40MW hence the system 
sells a very small amount of energy. On the other hand, 
between 4h-7h the average is slightly below the limit and the 
system buys energy by giving negative bids.  
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Fig. 6 Actual wind power and generated wind power scenarios 

 
Fig. 7 Actual day-ahead market prices and generated price scenarios  

 
Fig. 8 Bids for all cases  

Energy stored the first seven hours is sold in the rest of the 
day. As can be inferred from in Fig. 8, PHS turbines generate 
more energy at the peak price times to obtain maximum profit.  

B. Real-time Operation  
In SMPC based real-time operation, 20000 wind scenarios 

are generated with Monte Carlo simulation at each hour. A 
scenario tree is constructed by the reduction method 
introduced in [27]. The tree has no branching at . All 
nodes branches into two nodes for  then no 
branching occurs for the rest of the horizon. Hence, there are 
total of eight scenarios. 

Behavior and hourly energy exchange with the grid for all 
methods and cases described above are shown in Fig. 9. The 
day-ahead bids employed for the real-time operation and 
actual energy prices are the ones given in Fig. 8 and Fig. 7, 
respectively. 

In Fig. 9, if the behavior of perfect information solution is 
investigated, it can be seen that for all cases the energy 
exchange level with the grid stays above the bids most of the 
time. This is because the total energy delivered by the actual 
wind realization is higher than the expected total energy of 
wind scenarios used for bidding as can be seen from Fig. 6. 
The gap is especially large at 15 h and 20 h since optimal 
decisions try to maximize the profit and electricity prices take 
the highest values at these points. The generated energy is 
below the bid at 18 h because the actual energy price is lower 
than the expected price as can be observed from Fig. 7. 

When the behaviors of MPC based methods are analyzed, 
it can be seen from Fig. 9 that for the first ten hours their 
decisions are the same as the perfect information solution. In 
the rest of the horizon, the SMPC method follows the perfect 
information solution more closely than the DMPC method. 
This better performance can be attributed to the fact that the 
SMPC algorithm employs a scenario tree instead of a point 
forecast.  

 
Fig. 9 Actual energy production of DMPC and SMPC methods (a) Case 1 
(b) Case 2 (c) Case 3 

TABLE 2 COMPARISON OF PROFIT AT APRIL 21, 2011 (IN TURKISH LIRAS) 

Operation Methods Case 1 Case 2 Case 3 

DMPC 96810.27 102929.8 96523.53 

SMPC 97430.12 103669.3 97132.43 

Perfect Information 
Solution 

98642.16 104836 98355.42 

 

The profits obtained by each operation method for each 
case are given in Table 2. When the operation methods are 
compared, it can be seen that for all cases the profit of the 
SMPC algorithm is closer to that of the perfect information 
solution and leads to a higher total profit relative to the DMPC 
method. If the cases are compared, it can be observed that the 
highest profits are achieved for Case 2 while the lowest profits 
are obtained for Case 3. This is because in the former the 
available transmission capacity is the highest during the low 
price period when there is a need for storing energy. On the 
other hand, in the latter transmission line is used heavily by 
the thermal generation unit, restricting the amount of energy 
that can be stored considerably.  

C. Long Run Analysis 
The results of the previous section were based on the 

simulations of one day. To have a fair assessment of the 
economic performance, a long-term analysis was carried out 
through simulation for four weeks. The time interval of 
simulations was taken between 1 April 2011 and 28 April 
2011. For each case, all algorithms made operation decisions 
using the same bids which were calculated at the beginning 
of the day. Daily profits were calculated using actual wind 
and price values realized. Summations of daily profits over 
the simulation horizon give the total profits, which are shown 
in Table 3 for all cases and algorithms.  
TABLE 3 COMPARISON OF THE TOTAL PROFITS OF OPERATION METHODS FOR 

EACH CASE (IN TURKISH LIRAS) 

Operation Methods Case 1 Case 2 Case 3 

DMPC 1232675 1265857 1222038 

SMPC 1247604 1274510 1239468 

Perfect Information 
Solution 

1265239 1299877 1256850 
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The table shows that the perfect information solution 
gives the best performance that can be achieved as expected. 
When MPC methods are compared, the profit of the SMPC 
approach is higher than that of DMPC in all cases. This shows 
that modeling the problem with a stochastic approach 
improves the performance of the real-time operation and 
performs closer to the perfect information solution. These 
observations are consistent with the results presented in 
Section IV.B. If the difference is investigated for each case, 
it can be inferred that profits of the SMPC method are 1.21%, 
0.68% and 1.42% higher with respect to the DMPC method 
for cases Case 1, 2 and 3, respectively. This shows using a 
stochastic approach becomes more advantageous as the 
ability to utilize storage diminishes.   

If the profits are compared with respect to the cases, it can 
be seen that similar to the results of Section IV.B, the highest 
profit is attained for Case 2, which is followed by Case 1 and 
Case 3. This again verifies the importance of storage 
utilization for obtaining more profitable results.    

V. CONCLUSION 

In this paper, an SMPC based real-time operation strategy 
is employed for a wind-PHS system under transmission 
constraints.  The operation is integrated with a bidding phase 
which is formulated as a stochastic program. Optimization 
models of the SMPC algorithm and bidding are modeled as 
MILPs. The proposed approach is compared with the DMPC 
method and the perfect information solution under different 
transmission capacity limitation scenarios.  

According to the results, independent of transmission 
limitations, the SMPC method performs better than its 
deterministic counterpart owing to its ability to exploit 
uncertainty information. Moreover, as expected, the profits of 
all methods decrease with the decreasing available line 
capacity since the storage utilization becomes lower.  
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Abstract— In this paper, a grid-connected wind energy 
conversion system (WECS) associated with a battery-based 
energy storage system (ESS) is studied. The purpose is to filter 
wind power fluctuations in order to satisfy the grid power 
requirement. The main idea is the development of an appropriate 
supervisory algorithm for the storage system to manage its power 
flow. The proposed WECS configuration is based on a doubly fed 
induction generator (DFIG), whose the rotor grid connection is 
ensured by three-level converters. The wind generator is 
controlled so that the output power is maximized by adjusting 
the rotational speed. The control of the battery assisted wind 
turbine system is developed and a supervisory algorithm is 
proposed to control the battery bank taking into account both the 
grid demand and the generated wind power. The whole system 
performances are analyzed through simulation and a 
comparative study is made to show the main role of the battery 
storage system to smooth the wind power delivered to the grid. 

Keywords-component; Battery storage; DFIG; wind power; 
storage management; three-level converter 

I.  INTRODUCTION

Among the different renewable energy generators, the wind 
generator is technically and economically the most developed 
one, expanding globally at a rate of 20–30% annually over the 
last decade [1-3]. 

Due to the intermittent behavior of the wind speed 
generally unpredictable, the generated power from the wind 
turbine fluctuates causing frequency variation and voltage 
flicker inside the electrical grid. Therefore, high penetration of 
wind power can introduce technical challenges and issues [4-
6].  Hence, the wind-caused power variations have to be erased 
in order to smooth the produced power delivered to the grid. 

Various power smoothing methods for WECS have been 
proposed in the literature. In [6], authors reviewed and 
discussed different approaches and showed that “energy 
storage based power smoothing method” is more effective 
compared with “without energy storage based power 
smoothing method” which presents lower costs. 

Different energy storage systems (ESSs) have been used by 
authors for power smoothing of wind energy conversion 
systems (WECSs) such as batteries, flywheels, super 
capacitors, fuel cells with electrolyzer and hydrogen storage 

tank, compressed air storage, superconducting magnetic energy 
storages, etc [6-8]. These ESSs are considered to be an 
effective solution to balance the generation and demand, 
supporting the renewable energy deficit when necessary and 
storing the primary energy excess when possible.  

The use of batteries for wind turbines power smoothing has 
been largely found in literature [9-13]. In these works, the 
trends of authors varied in different ways. In [9], a rule based 
control strategy has been proposed in the aim to extend the 
BESS life of a wind farm considering the SOC and depth of 
discharge limitations. A similar control algorithm has been 
adopted in [10] and applied to a BESS associated to a WECS 
based on a doubly fed induction generator (DFIG). In [11], 
authors developed a state-machine based supervisory control 
system where different states have been considered according 
to the battery SOC in the aim to perform a suitable energy 
management of the two sources. For the objective of 
maximizing battery life, reducing maintenance costs and 
increasing the efficiency of the energy storage system, [12] 
proposed a control strategy based on multi-branch battery-bank 
configuration using switches to connect just the necessary 
number of branches according to the required power from the 
control system. In [13], an optimization-based control strategy 
for the power management of a wind farm has been proposed 
where the objective was to minimize the error between the 
power delivered by the wind farm with battery storage and the 
power demand from an operator, while extending battery life. 

In the cited references two-level voltage source converters 
have been used for the wind generator grid connection; and 
with the increase of WECS capacity; this conventional 
converters tend to be replaced gradually with multilevel 
converters which permit to reduce at once voltage stress on the 
switching devices, output voltage harmonic distortion and 
switching frequency [15-17]. 

In this paper, a grid-connected DFIG-based wind energy 
conversion system combined with a battery-based energy 
storage system is studied. The proposed configuration use 
three-level converters for the rotor side generator grid 
connection. In addition, a power battery management algorithm 
is developed to control the power flow between the battery 
storage system, the wind generator and the grid so that to 
smooth the output power generated by the overall wind 
conversion system and to ensure good energy availability. 

636

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Firstly, the system modeling is presented in section 2. Then, 
the control scheme of the whole system is described in section 
3; it includes the stator active and reactive powers control, the 
rotational speed control for maximum power point tracking 
(MPPT), the DC-bus regulation and the control of the battery 
storage system. A supervisory control algorithm is then 
developed in section 4; it is responsible for determining the 
reference power that must be generated by/stored in the ESS. 
Finally, the proposed models and control strategies are tested 
by simulation under Matlab/Simulink software. The obtained 
results show the ability of the wind conversion system 
combined with battery ESS to achieve the desired objectives. 

II. MODELING OF THE WIND CONVERSION SYSTEM 

The structure of the considered system is shown in Fig. 1. 
The system consists of a wind turbine coupled to a doubly fed 
induction generator (DFIG) through a gear box. The stator 
winding is directly connected to the grid. The rotor winding is 
connected to the grid via two three-level PWM bidirectional 
power converters linked by a two capacitors DC-bus. The rotor 
power flows to/from the grid according to whether the 
generator operates in hyper or hypo synchronous mode 
respectively. A battery energy storage system (battery-ESS) is 
connected to the DC-bus through a DC/DC PWM bidirectional 
power converter. This latter allows the charge and discharge of 
the storage unit according to an appropriate system energy 
management algorithm. 

A. Modeling of the Wind Turbine  
The aerodynamic power developed by a wind turbine is 

given by the following expression [18-21]: 
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Figure 1.  Battery ESS associated with a DFIG based wind conversion 
system. 
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Where ߩ is the air density; ݒ is the wind speed; ܥ is the power 
coefficient; ߚ is the blade pitch angle; ߣ is the tip-speed ratio; R 
is rotor radius and Ωturb is the turbine rotor speed. 

The power coefficient Cp can be represented by various 
approximation expressions. In this paper, Cp is expressed by 
(3), [21]: 
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B. The Generator (DFIG) and its Converters 
A simplified generator’s dynamic model has been used 

[18]. It adopts the oriented-flux strategy defined in the 
synchronous reference frame (d-q) fixed to the stator flux: 
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Where s (r) is stator (rotor) index, d (q) is synchronous 

reference frame index, V (I) is voltage (current), Φ  is a flux, 
P(Q) is active (reactive) power, R is a resistance, L (M) is an 
inductance (mutual inductance), ω (ωs) is angular speed 
(synchronous speed), s is the slip and σ is the leakage 
coefficient (σ = 1–M

2
/LsLr).  

The generator rotor is fed by two PWM three-level 
bidirectional converters namely a rotor side converter (RSC) 
and a grid side converter GSC- linked by a DC-bus (Fig. 1).  

The structure of a three-level NPC (Neutral Point Clamped) 
inverter is presented in [15,16]. 

C. The battery and its converter 
The storage system uses a lead-acid battery. This type of 

batteries is the most used since it presents low self discharge, 
cost effectiveness, high specific power and good temperature 
performance [7,14]. Among different models found in 
literature [10,22], we have adopted the model adopted in [25]. 

The battery bank is connected to the DC-bus by means of a 
two-quadrant DC/DC PWM converter (bidirectional chopper) 
(Fig. 1). It adapts the voltage levels between the battery bank 
and the DC-bus and ensures the battery power flow. 

III. CONTROL SCHEME OF THE  CONVERSION  SYSTEM 
The proposed control scheme of the chain is represented in 

Fig. 2. The rotor-side converter (RSC) controls the stator 
powers via the rotor voltages. The grid-side converter (GSC) 
controls the DC-bus voltage and the line currents flowing out 
between the converter and the grid. The generator speed is 
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regulated in order to extract the maximum of power from the 
wind. The DC/DC converter controls the battery power flow 
through the DC-bus so that the battery supply or absorb the 
difference between grid power requirement and the fluctuating 
wind power. 

A. Generator control 
According to (6), we can easily see that stator active and 

reactive powers Ps and Qs can be controlled independently by 
the rotor current d, q components Irq and Ird respectively. This 
control is made via the rotor voltage components Vrq and Vrd 
according to (5). 

The block diagram of the generator powers control based 
on the field oriented strategy is show in Fig. 3.  

The desired reference value of the active power Ps-ref 
corresponds to the maximum power point; and Qs-ref is set 
equal to zero in order to operate at unitary power factor. 

In order to extract the maximum power from the wind, a 
rotational speed control is applied [18,21]. It delivers the 
generator’s electromagnetic torque necessary to calculate the 
reference of the stator active power. 
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Figure 2.  Wind-battery conversion system control scheme. 
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Figure 3.  Generator’s stator powers control scheme. 

B. Grid side converter control 
The objective of the GSC control is to keep the DC-bus 

voltage constant regardless of the rotor power flow direction. 
The control algorithm contains inner loops regulating line 
currents and an outer loop regulating the DC-bus voltage [16]. 

C. Battery control algorithm 
An appropriate control of the DC/DC power converter 

allows the battery to adjust the power to its reference value 
(Pb_ref ) determined by the supervisory control system (Fig. 4). 

IV. SUPERVISORY CONTROL SYSTEM 
The supervisory control system permits to determine the 

value of the reference power must be generated by/stored in the 
battery (Pb-ref), taking into account the power demanded by the 
grid, the available wind power and the state of charge (SOC) of 
the battery. The flow diagram of the proposed supervisory 
control system is depicted in Fig. 5.  

For efficiency and security reasons, the battery bank SOC is 
limited from 30% to 70% of the total capacity and the battery 
power reference Pb-ref  is deducted as follow: 

The difference ∆P between the power requirement Pg-ref and 
the fluctuating wind power Pw is first estimated. Then, 
according to the battery SOC, Pb-ref  is set to ∆P or to zero.   

In order to achieve the suitable operation of the wind 
battery-ESS conversion system, we consider the following 
scenarios for the battery operating: 

If the SOC is within the two thresholds, it is the normal 
operating mode, the battery absorbs the power difference ∆P if 
this amount is positive (charging mode) or generates it if it is 
negative (discharging mode). 
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Figure 4.  Control scheme of the battery and its converter. 
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• If the SOC reaches its maximum limit, only the 
discharge process is allowed. This discharge process is 
valid only if the power difference ∆P is negative, i.e. 
the wind power is less than the grid demand. 

• If the SOC reaches its minimum limit, only the charge 
process is allowed. This charge process is valid only if 
the power difference ∆P is positive, i.e. the wind 
power is greater than the power demand. 

The power delivered to the grid is calculated as follow: 

               Pg = Pw + Pb (8) 

With:  

   ⎩
⎨
⎧

⋅−=
+=

sr

rsw

PsP
PPP

       (9) 

Where Pw is the wind generator power, Ps is the generator’s 
stator active power, Pr the generator’s rotor active power and s 
is the slip. 
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Figure 5.   Flow diagram of the supervisory control system. 

V. SIMULATION AND RESULTS 
The proposed models and the developed control algorithms 

have been tested on a 1.5 MW rated power variable wind 
energy conversion system. The wind turbine and the generator 
parameters are given in Table I and Table II respectively.  

In order to evaluate the behavior of the whole system, a 
simulation is carried out using Matlab/Simulink software. 

The wind profile used in this simulation is depicted in Fig. 
6, simulation results are presented from Fig. 7 to Fig. 16. They 
show the performances of the wind conversion system towards 
the proposed control algorithms and a comparison has been 
made in both cases without and with the battery storage 
system. 

TABLE I.  Wind Turbine Parameters 

TABLE II.  GENERATOR PARAMETERS 
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Figure 6.  Wind profile. 
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Figure 7.  Actual and reference generator speed. 
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Figure 8.  Actual and reference stator active power. 

Rated power  
(MW) 

ρ 
(kg/m3) R(m) G Jt 

 (kg.m2) 
ft  

(N.m/s) 
1.5 1.225 30.5 90 1000 0.0024 

Rated power  
(MW) 

p Vs (V) Rr (Ω) Ls (H) Lr (H) M (H) 

1.5 2 690 0.021 0.0137 0.0136 0.0135 
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Figure 9.  Actual and reference stator reactive power. 
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Figure 10.  Power sent to the grid without storage. 
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Figure 11.  Power sent to the grid with storage. 
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Figure 12.  Battery power. 
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Figure 13.  Battery SOC evolution. 
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Figure 14.  Actual and reference battery current. 
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Figure 15.  DC-bus voltage without storage system. 
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Figure 16.  DC-bus voltage with storage system. 

We start by the generator (DFIG) performances which 
are globally satisfactory. Fig. 7 shows that the generator speed 
follows its reference successfully with rapid response. So, we 
can say that the speed controller has a good behavior. The 
stator’s active and reactive powers are represented in Fig. 8 
and Fig. 9 respectively. It can be observed that the active 
power oscillates around its reference, which means that the 
generated power is maximum. Concerning the reactive power, 
it oscillates also around its reference which has been set equal 
to zero to guarantee a unit power factor operation in the stator 
side. The evolution of the stator powers shows that the 
oriented stator field technique has successfully permitted their 
independent control.  

Fig. 10 and Fig. 11 show the power sent to the grid in 
both cases: without storage and with storage respectively. 
Before integrating the battery bank, the power sent to the grid 
corresponded to the wind generated power which either 
exceeded or was less than the grid demand set to 750 kW. 
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After having introduced the battery bank, the power sent to the 
grid has become smooth (Fig. 11).  

The battery power is reported in Fig. 12. This figure 
shows that when the wind generated power is more than the 
power demanded by the grid, the battery power is positive 
which corresponds to the charging mode; and when the wind 
generated power is less than the grid required power, the 
battery power is negative which corresponds to the 
discharging mode.  

The battery operating modes appear clearly in the 
variations of the state of charge (Fig. 13). The battery current 
is reported in Fig.14. We can see that it follows the reference 
imposed by the supervisory system which means that the 
current controller parameters have been properly chosen. 

 Fig. 15 and Fig. 16 show that the DC-bus voltage is well 
regulated around its reference (1400 V) with few overshoots 
during the transients. We notice that the DC-bus voltage has 
not been affected after the introduction of the storage system. 

VI. CONCLUSION 

In this paper, a power control scheme for a battery-
assisted wind energy conversion system connected to the grid 
through a back to back three-level converter has been 
developed. The main part of the proposed control scheme is 
the supervisory control system, necessary for the power 
management of the battery bank to operate in the appropriate 
mode. The aim was to satisfy the grid power requirement by 
smoothing the wind generated power. In order to optimize the 
wind generated power operating, active and reactive powers of 
the wind generator have been independently controlled. 

Simulation results have shown satisfactory behavior of 
the whole system, so the battery bank has been able to smooth 
the wind generated power so that it corresponds to the grid’s 
power requirement without affecting static and dynamic 
performances of the wind generator.   
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Abstract—In this study, demand response programs have 
been examined to the management of water transfer stations in 
the sustainable cities. Demand response programs have started to 
apply in many countries arise with the development of smart grid 
systems. Thanks to these programs, power suppliers can reduce 
investment cost and customers can reduce their bills. The 
electricity grid will also be protected from overload. This study is 
aimed to realize the electricity consumption of the water transfer 
stations without affecting the daily activities by shifting time 
zones to provide economic advantage. In this way, the 
importance of demand response programs will be understood in 
the smart grid concept. 

Keywords—smart grid; demand response; pump scheduling 

I. INTRODUCTION

Electricity grids and electric energy usage have grown 
dramatically. Therefore, instantaneous interruptions cause very 
serious consequences. For example, in the year of 2003, due to 
the collapse of the electricity grid system for the 7 minutes in 
the United States, about 55 million people lived without 
electricity. In order to avoid such troubles, electricity grids 
have begun to be integrated with information technologies and 
that is why smart grid systems have emerged [1]. Demand 
Response (DR) is an also important part of the smart grid. DR 
can be described as the changes in electrical energy usage by 
consumers from their daily consumption patterns in response to 
changes in the cost of electricity over time [2].  

Researchers developed many programs to customers 
participating in DR programs to plan their electricity usage and 
reduce their electricity bills for the smart grid applications. 

Such DR programs can also be effective solution to 
decrease electricity consumption of the water transfer stations 
[2].  

The paper is organized as follows. In section II, the smart 
grid is described. In section III, DR programs are examined. In 

section IV, case study for water transfer stations is carried out. 
In section V, conclusions are given. 

II. SMART GRID

Smart grid can be defined as a system that continuously 
monitors and controls the producer’s supply with bi-directional 
communication with consumer demand and aims to balance 
them. It provides continuous, economical and reliable electrical 
energy to all users. Consumers will be able to buy electricity 
with more dynamic pricing automatically and they will be able 
to change their consumption habits according to electricity 
price [3]. Smart grid system has fast and secure communication 
infrastructure. It controls the electrical energy from production 
to consumption [4,5]. The general diagram of smart grid is 
shown in Fig. 1. 

Fig. 1. The general diagram of smart grid system. 

A. Advantages of smart grid over conventional grid
Smart grid has many advantages over conventional

production and distribution networks. Smart grids allow 
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remote and real-time monitoring and control of consumption. 
Thus, in conventional grid, the workload and human errors 
that are required for the creation of user data are gone. It also 
helps to develop more efficient production policy. It enables 
faster and more accurate detection of problems in the grid. In 
this way, the problems are corrected and the cost loss caused 
by the unavailability of electricity is avoided. It provides the 
infrastructure for remote control of smart devices (refrigerator, 
air conditioner, etc.). It enables the integration of production 
on the consumer side of renewable energy sources. Thus, 
production that causes environmental pollution, especially the 
use of fossil fuels, can be prevented. It may also be possible 
for users to generate their own electricity [6]. 

In many countries, consumers benefit from the advantages 
of dynamic pricing by optimizing their operation schedules. 
Optimization of pump schedules are very important because 
energy is one of the biggest costs in water networks [7]. 

B. Smart grid applications in the world 
Especially with the rapid growth and development of 

technology, many countries have begun to pay attention to 
smart grid investments. Governments have started to 
implement incentive programs in this regard by setting goals 
for smart grids. Because, smart grid will benefit to generate 
energy from renewable sources, to reduce carbon emissions, to 
improve electrical lines, to establish advanced measurement 
infrastructure, to integrate electric vehicles and to establish 
intelligent management systems. 

The first smart grid projects were carried out in Italy. With 
this project, 27 million meters have been replaced by smart 
meters that can be read remotely [8]. The United States started 
to revise the national transmission and distribution system with 
new smart technologies to ensure the safety, quality and 
efficiency of the electricity grid. China has targeted of 
investment about 101 Billion USD in smart grids between the 
years of 2009 and 2020. South Korea intends to the implement 
smart grid operations such as intelligent consumer, intelligent 
transportation, intelligent renewable energies and smart 
electricity services. At the end of the smart grid projects it is 
targeted at a smart grid where self-repairing, real-time pricing 
is possible and energy storage is widespread. In Russia, 
approximately 1.5 million apartments have been connected to 
smart electricity grid via smart meters for remote reading. 
Within the context of the provisions of the 3rd Energy Package 
in the European Union acquis and the Annex I.2 of the Energy 
Directive 2009/72/EC, the Member States of the European 
Union are encouraged to make smart grid investments. As a 
result of these directives and regulations, approximately 5.5 
Billion Euro has been invested in 300 smart grid projects over 
the last 10 years. Total of 240 Million smart meters are 
expected to be active across Europe by 2020 [9]. 

III.  DEMAND RESPONSE PROGRAMS FOR SMART GRID 
In recent years, with the electricity networks becoming a 

free market, electricity companies are improving and renewing 
themselves.  The security and stability of the grid is very 
important, but this process is very difficult due to the electricity 
demand changes very quickly from time to time. Therefore, 

DR programs have begun to be used to achieve this balance 
due to the high cost of electricity grid investments. DR is a 
mode of operation that monitors changes in normal 
consumption of consumers and responds to changes in 
electricity prices over time. DR is also defined as the job of 
reducing the instantaneous demand by paying incentives to the 
participant when the reliability of the network or the prices in 
the wholesale market become out of control. Fig. 2 shows the 
relationship between the cost of capacity and production. 

 

Fig. 2.  Capacity and production cost relation. 

In particular, production costs increase exponentially near 
maximum production. This demonstrates the importance of the 
DR in controlling price. 

Consumers participate in the DR program with 3 behaviors. 
First, participants can reduce electricity usage at critical peak 
times and when prices are high. This option may cause the 
participant to compromise comfort conditions for a while and 
temporarily change the settings of the thermostat, heater or air 
conditioner. Second, participant may shift out of peak times to 
some loads against high electricity prices. For example, some 
household loads such as dishwashers, pumps, etc. can be 
relieved during peak times by operating outside peak times. 
Third, the participants produce their own electricity and load 
changes are felt very little by the network. In this case, the 
customer will have little or no change in demand as customer 
will only demand energy from the network in the time 
customer needs [10]. 

DR programs are generally grouped into two main 
categories: incentive-based programs and price-based 
programs. While incentive-based programs are divided into 
groups such as direct load control, interrupted program, 
demand reduction program, emergency DR, capacity market 
and utility services market; price-based programs are grouped 
into time of use, critical peak pricing, and real-time pricing 
[11].  

In classical incentive-based programs, participants receive 
awards in cash based on tariff credits, reduction rates over 
electricity rates or charge reductions in critical situations. In 
direct load control, the network operators have the authority to 
remotely close some of the participants' devices. These devices, 
which are usually temporarily closed, are air conditioners and 
water heaters. This program is suitable for domestic or small 
business participants. In intermittent programs, participants get 
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a gain and a discount by drawing freight claims to predefined 
values. Participants who do not meet the pre-determined values 
are subject to penalties according to program requirements. 
The participant who participates in the demand reduction 
program, also known as the re-purchase, is offered a quota for 
certain load reductions in the wholesale market. Proposals that 
are lower than the market price is accepted and the participant 
will carry out the specified capacity reduction within the 
allowed period otherwise it will have to pay a penalty. 
Participants are asked to reduce their demand for the provision 
of network security in case of unexpected situations in the 
emergency DR program to ensure reliability as an element for 
the network. Network operator pays an incentive payment for 
this reduction. In the capacity market program participants are 
also paid for unexpected events to carry out a predetermined 
load reduction. Participants in the auxiliary services program 
are provided with the opportunity to offer discounts on the spot 
market as a reserve. The program will pay for stand-by standby 
for stand-by and participant payloads if necessary. Price-based 
programs are used to determine the real-time price of the 
electricity cost in the markets where electricity prices are not 
stable. The main aim of price-based programs is to encourage 
the move out of peak time by offering high price at peak times, 
low price outside peak time [12]. 

In many countries of the world, smart grid studies that have 
been going on for years have accompanied the implementation 
of DR programs. Programs such as the United States, Great 
Britain, Germany, France, Spain, Greece, and so on, are 
currently being implemented in electricity markets. In the 
United States, demand-response programs vary according to 
the states and network operators. When electricity prices are 
high, incentives are offered to participants who lower their 
loads. The program is mainly run in the summer months when 
air conditioning loads threaten the system. The Texas 
electricity market has been designed very successfully and 
prices have been set for different time periods, both on a 
seasonal basis and for 24 hours a day.  Program participants 
respond to incoming tenders when they are overloaded by the 
network operator and reduce their demands to balance the 
system. In UK, major electric suppliers implement a program 
called Economic-7. In the program, customers can buy 
electricity very cheaply between one at night and eight in the 
morning. In Germany, electricity companies made plans after 
one day at intervals of 15 minutes and this plan is notified until 
2:30 pm on the same day to ensure network balance. In France, 
producers can sell electricity between the network and the 
companies. In Greece, the wholesale electricity sales market is 
divided into four sectors: day ahead planned market, day ahead 
report market, real time market and balancing market. 
Electricity market contains real-time balancing [13]. 

IV. CASE STUDY FOR WATER TRANSFER STATIONS  
Metropolitan cities have become interested in smart grid 

and demand response studies due to the fact that their 
consumption has become very serious. The studies have shown 
that local governments can evaluate their activities such as 
heating, ventilation, lighting, drinking and potable water and 
wastewater activities, within the framework of energy 
efficiency, and that very serious savings can be achieved by 

shifting them by hours not to force the network [14]. It is stated 
that time-shifting and storing operations in drinking and 
running water applications will cause very serious relief for the 
network and will provide network security. It is also stated that 
these studies will provide not only economic but also socially 
beneficial [15]. 

Generally, in the water distribution networks, water is 
collected in a basin, then treated and pressurized by pumps. 
The pressurized water is collected in tanks and water towers 
and supplied to customers by gravity [16]. 

In the case study, the water transfer stations in the region of 
Istanbul, Turkey have been taking into account. Istanbul 
Metropolitan Municipality (IMM), which has the biggest 
budget among the local administrations. In emergency 
situations where network construction is difficult or in cases 
where electricity production is not sufficient, Istanbul Water 
and Sewerage Administration (ISKI), which consumes 
approximately 71% of IMM electricity consumption, and 
which pays a considerable amount of electricity each year, it is 
clear that short-term shifts in electricity consumption will 
provide great benefits. Looking at the daily maximum water 
consumption data in the last seven years, the highest water 
consumption of 2,548,785 m3/day in 2010 showed an increase 
of about 605,000 m3 and in 2017 it was 3,154,150 m3/day. It is 
possible to say that the demand response programs have a 
potential to shift a serious load after good analysis, since the 
highest water consumption values have occurred in the summer 
months when electricity consumption is also the highest [17]. 

A. Material and methods 
Within the scope of the case study, some limitations of the 

DR model to be established for the water supply stations and 
the variables to be considered have been determined. The most 
important constraint is that it should not go below the critical 
height (hkr) in storage areas. Also, Dk is Storage capacities, Pg is 
pump power ratings, Pt is pump working hours, Pdt is pump 
working hours range, Pht is water quantities in storage facilities 
during pumping, Ef is hourly free market electricity price, and 
Pmin - Pmax are line pressures. 

The objective function of the DR model is shown in Eq. 1. 

 
 

  (1) 

where C is energy cost and E is consumed energy. The 
objective function is aimed at minimizing the cost of energy at 
any time. 

In the model to be installed, it is required to be between the 
minimum and maximum values of the pressure at all node 
points at every operation in Eq. 2. 

 
ii

PPP it maxmin ≤≤  (2) 

Where Pit is the maximum and minimum pressures for the 
time interval t for node i, and the minimum and maximum 
pressures for node i at Pmin and Pmax in the form 2 for pressure 
constraints. 
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Likewise, it is desirable that the water levels in the storage 
tanks be between the minimum and maximum values, in order 
not to negatively affect the network users in the established 
mode, and not to interfere with the service, which is among the 
priorities of the water distribution networks in Eq. 2. 

 
jj

SSS jt maxmin ≤≤  (3) 

Where Sjt is the tank level for time interval t in j tank, and 
the maximum and minimum levels required for j tank in Smin 
and Smax. As stated in the objective function, the model to be 
installed minimizes the operating costs of the pump, while it is 
expected that adhered to the hydraulic constraints of the pump 
and piping and the mass balance of the system. Request 
response tank-pump-node conditions are shown in Fig. 3. 

 

Fig. 3. Request response tank-pump-node conditions. 

B. Results of the case study 
A pilot study for water-pumping stations was conducted for a 
medium-sized water network with approximately 60,000 m3 of 
water per day. In Fig. 4, 4.,7.,8.,9.,11., and 12th water reserves 
are shown in dark color of the water distribution network and 
they are selected for the DR program applications. In the case 
study, when the DR operation at 1-4 P.M. after the training was 
performed, it was observed that the peak load was reduced by 
64% and decreased from 1,372 kW to 500 kW.  

 

Fig. 4. Schematic representation of a sample distribution network. 

The application response times and the power reduction are 
shown in Fig. 5. It has been observed that the annual electricity 
consumption costs in the network will be lowered by the effect 
of the working conditions [18]. 

 

Fig. 5. Pump power consumption during demand response 
application. 

Another case study was conducted for a drinking water 
system which is composed of 22 water sources, 10 water 
treatment plants, 36 pump stations and 64 tanks. Pumps 
supplies the tank with an elevation of 402 m and pump station 
located in a place which has 375 m. elevation. Tanks have the 
storage capacity of 4,000 m3 of water and operate with 2 m 
initial, 0.3 m minimum and 2.3 m maximum level. 

 

Fig. 6. Pump control strategy. 

Energy cost saving measured by the control strategy shown 
in Fig. 6 is about 58%. It was observed that the energy 
consumption was reduced from 0.78 kWh/m3 to 0.55 kWh/m3. 
It was also observed that maximum power was reduced from 
4.51 kWh/m3 to 3.24 kWh/m3 [19]. It is clear that these values 
will lead to better system design, more efficient operation and 
less loss [20]. 

V. CONCLUSION 
In metropolitan municipalities, water-pumping stations are 

the largest energy consumption points. A large part of the 
purchased electricity is used in water transfer pumps. The 
municipal water transfer stations are able to use electricity 
energy consumptions without incurring the activities they carry 
out, economically and technically appropriate time zones, it 
can protect both the electricity network from overloading and it 
can be a serious source for demand response programs which 
are expected to be implemented in our country in the near 
future. 
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With the right-time pumping operations, as in the case of 
Istanbul, it is possible to achieve both economic and technical 
benefits by reducing the electricity network to 60% in the 
critical time, especially in the summer months when electricity 
consumption is rising.  

Recent research presented that about 7% of the world total 
energy consumption is used for water distribution. Thus, it is 
possible to say that, along with the application of the demand 
response programs in Turkey, when the water transfer stations 
are evaluated in terms of energy consumption, they will be 
important resources. 
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Abstract—Energy outage (EO) is one of major energy quality 
problems. Turkish Energy Market Regulatory Authority (EPDK) 
forces distribution companies (DCs) to limit outage time and 
frequency in certain values. Otherwise EPDK require DCs to pay 
indemnity to customers that affected by outages throughout the 
year. In some cases the indemnity is more dominant part of EO 
cost for DCs whereas the unsold energy is another part of it. 
Indemnity motivates DCs to install energy storage units. 
Nevertheless energy storage systems have been applied to 
distribution substation, using for preventing EO was not well 
studied. Moreover, economic effects of energy storage system on 
distribution substation evaluated in. This work deals to prevent 
outages using energy storage units especially for customers 
experienced frequent EO. Different battery sizes and types selected 
according to supply whether whole outage duration or not. Results 
are examined for all cases.  

Keywords—energy storage, power quality, cost analysis, 
distribution network 

I. INTRODUCTION

Electric is the essential type of energy. Energy quality is
important than before. Energy outage (EO) is one of major
quality problems. EOs are not only affect people life negatively
but also lead decrease of energy sales. EOs are divided into two
categories, a) planned outages and b) unplanned outages.
Planned outages are made by independent system operator for
maintenance and repair proposes. Unplanned outages occur
because of faults and repair after faults, urgent operation, etc.
Turkish Energy Market Regulatory Authority (EPDK) forces
DCs to limit outage time and frequency in certain values.
Otherwise EPDK require DCs to pay indemnity to customers
that affected by outages throughout the year. In some cases, the
indemnity cost is more dominant part of EO cost for DCs.
During EO energy cannot be sold. This is another cost. These
two costs motivates DCs to install energy storage units.
Nevertheless energy storage systems have been applied to
distribution substation [1]–[5], using for preventing EO was not
well studied. Moreover, economic effects of energy storage
system on distribution substation evaluated in [2], [3], [6], [7].
This work deals to prevent outages using energy storage units
especially for customers who experienced a frequent EO.
Different battery types and sizes selected according to supply
whether whole outage duration or not. Calculations performed
according to economic criteria. Results are examined for all
cases.

Organizing of this paper as follows. Part 2 describes ES
system model. Part 3 is about optimum storage sizing solution

method. Part 4 provides results, and includes discussion.
Conclusion is part 5.

II. ENERGY STORAGE ECONOMIC MODEL FOR PREVENTING 
ENERGY OUTAGE 

Energy storage (ES) is installed to supply electricity during
EO. ES cost has five part: unsold energy, indemnity, battery
investment, maintenance and charge cost.

Energy 
Resale Indemnity

ES 
Investment 

Cost

ES 
Maintenance 

Cost
++ - -

ES 
Charge 

Cost
-

Fig. 1. Description of ES for preventing EO.

A. Energy Resale
Due to EO, electricity cannot be delivered to the customers.

This result decrease in energy sales. If EOs are prevented, unsold
energy can be sold and this helps to decrease ES cost.
Calculation of unsold energy is given in (1).

𝐶𝑢𝑛𝑠𝑜𝑙𝑑 = ∑ ∑(𝑃𝑢𝑛𝑠𝑜𝑙𝑑(𝑡, 𝑖). 𝑇𝑂𝑑𝑎𝑦(𝑖). 𝑃𝑟𝑖𝑐𝑒)
24

𝑡=1

365

𝑖=1

 (1)

𝑃𝑢𝑛𝑠𝑜𝑙𝑑(𝑡, 𝑖) is the power values at time t in day i. 𝑇𝑂𝑑𝑎𝑦(𝑖) 
is total outage duration in hour in day i. 𝑃𝑟𝑖𝑐𝑒 is electricity price
that customers pay for bill.

B. Indemnity
EPDK forces DCs in Turkey to limit EO within certain

values. Additionally, DCs should pay indemnity to the
customers have experienced EO more than the limits during a
year. Calculation of indemnity is given in (2).

𝐶𝑖𝑛𝑑𝑒𝑚𝑛𝑖𝑡𝑦 = [𝑏𝑎𝑠𝑒 + (∑ 𝑇𝑂𝑑𝑎𝑦(𝑖)
𝑖=1

− 𝑇𝑙𝑖𝑚𝑖𝑡) . 5. 𝑃𝑟𝑖𝑐𝑒. 𝑃𝑎𝑣.] (2)

Base is the base indemnity value, which is 20 Turkish liras.
𝑇𝑙𝑖𝑚𝑖𝑡 is EO duration limit. For indemnity calculation electricity 
price multiplied by 5. 𝑃𝑎𝑣. is average load for the customer. 

C. ES investment cost
Battery is the main part of ES cost. ES economic model

calculation are done by using a method that takes power and
energy cost separately. Power cost means ES specific cost for
every kW power. Energy cost is also specific cost for installing
ES for every kWh energy. Battery investment cost can be
calculated as in (3).
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𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = [𝐶𝑝. 𝑃𝑚𝑎𝑥 + 𝐶𝑤. 𝑊𝑚𝑎𝑥] (3) 
𝑃𝑚𝑎𝑥  is maximum power that ES can supply. 𝑊𝑚𝑎𝑥  is 

maximum energy that ES can supply during a day. 𝐶𝑝 , ES 
specific cost for power capacity (kW/$); 𝐶𝑊, ES specific cost for 
energy capacity (kWh/$). 

D. ES maintenance cost 
Beside ES investment cost, ES maintenance cost is taken into 

consideration as given in (4). Maintenance cost (𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 ) 
includes fixed cost (𝐶𝑓𝑖𝑥) in $/kW/year.  

𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 = [𝐶𝑓𝑖𝑥. 𝑃𝑚𝑎𝑥] (4) 

E. ES charge cost  
In order to supply electricity during EOs ES units should be 

charged. Charge cost can be calculated as in (5).  

𝐶𝑐ℎ𝑎𝑟𝑔𝑒 = ∑ 𝑊𝑑𝑎𝑦(𝑖). 𝑃𝑟𝑖𝑐𝑒𝑐ℎ𝑎𝑟𝑔𝑒
𝑖=1

 (5) 

𝑊𝑑𝑎𝑦(𝑖), represents total electrical energy used to supply 
during an EO. It also equals to daily ES charge energy. For DCs, 
ES charge cost calculated in 𝑃𝑟𝑖𝑐𝑒𝑐ℎ𝑎𝑟𝑔𝑒 . It means the unit 
electricity price for customers ( 𝑃𝑟𝑖𝑐𝑒 ) is higher than  
𝑃𝑟𝑖𝑐𝑒𝑐ℎ𝑎𝑟𝑔𝑒.  

F. ES optimization function 
ES system using preventing EO optimization objective 

function covers all mentioned 5 part as given in (6). 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐶𝑢𝑛𝑠𝑜𝑙𝑑 + 𝐶𝑖𝑛𝑑𝑒𝑚𝑛𝑖𝑡𝑦 − 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 − 𝐶𝑐ℎ𝑎𝑟𝑔𝑒 − 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 (6) 
Objective function can be expressed as a minimization 

problem. Long duration EO makes energy sales down and 
indemnity greater. If ES size selected to supply whole EO 
duration, ES investment, charge and maintenance costs are more 
dominant. In order to optimize ES cost, ES size is left as variable. 
For optimum battery size, the cost equation should be 
minimized. 

III. SOLUTION METHODS  
In order to overcome EO problem, an optimum ES size 

should be selected. The method is explained step by step in the 
following parts. 

A. Step 1: Data analysis of EO throughout a year  
First of all, data available on the website of a DC is obtained. 

DCs have to record any EO, and make accessible on the internet 
monthly since EPDK new regulation in 2012 [8]. Records 
include some information related to any EO. EO starting time, 
recover time, affected number of customer, substation number, 
EO type, etc. An example of this kind of EO records can be 
found on the web [9], [10].  

B. Step 2: determining substation for indemnity calculation  
Optimum ES sizing rely on finding the substation in which 

those EOs are more frequent and lasts longer. Some EOs in a 
substation are long but, total number of EO is less than others. 
Some EOs in another substation are short, total duration is short 

as well. Any substation, which EOs exceed the limits, requires 
indemnity due total EO in a year.  

C. Step 3: indemnity calculation  
For indemnity calculation, firstly total EO duration in a year 

should exceed planned or unplanned limits in EPDK regulation 
in 2012. TM#12050 is selected as an example. In this example 
substation, total EO duration in 2016 exceeded both planned and 
unplanned duration limits determined by the regulation. Total 
EO records for the example substation are given in Table 1.  
Limits determined by the regulation also placed in the left side 
of Table 1.  

TABLE I.  EO LIMITS AND THE RECORDS IN SUBSTATION #12050  

Limits according to the regulation  Experienced outages in 2016 

Limit  Outage 
type 

For urban 
customers 

Outages 
in 2016 

Net outage duration 
for indemnity  

ESURE (h)  unplanned 48 h 105.28 h 105.28+26=131.28 h 
ESAYI (times) 56 27 - 
ESURE (h)  planned 24 h 50 h * - 
ESAYI (times) 6 6 - 

*: Experienced planned EO in 2016 exceed the limit as seen 
in Table 1, thus indemnity appears. Meanwhile, unplanned EO 
also exceeded the limit. According to the regulation, exceeding 
planned EO duration should be added to unplanned EO duration, 
and single indemnity calculation is made using the total EO 
duration during the year, as seen in Table 1.   

In the example substation, total EO duration is above 200 
hours, but EO duration for indemnity calculation is about 130 
hours. Because indemnity is only applicable for EO duration 
above the limits. Additionally, indemnity is individual payment. 
Therefore, total substation records must be filtered to find out 
customers who experienced EO more than the limits. The 
payment is done by compensating the customer bill month by 
month starting in the next year from month April.  

D. Step 4: ES sizing  
After all calculation of indemnity and total daily EO 

duration, energy and power values are done, ES can be sized. 
Some storage technologies are available. Due to long life and 
cheapness, Vanadium Redox Battery (VRB), and Polysulfide 
Bromide Battery (PSB) are selected.  

1) Case 1 and 3: preventing only indemnity:  
ES can be sized in order to prevent only indemnity. In this 

case customer suffer EO sometimes, but DC does not has to pay 
indemnity. Namely, ES supply energy during EO to avoid 
indemnity.  

2) Case 2 and 4: preventing whole outages throughout year 
ES size can be selected large enough to supply whole EO, 

and any customer does not suffer EO. 

In the next part, the results are provided for all cases.  

IV. RESULTS  
Data analysis for EO in 2016 is done by using open access 

EO records. EO records for the example substation are given in 
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Fig. 2. The longest EO duration occurred in December, while in 
March, the number of customer affected by EO is maximum. If 
these records would be filtered out to find out the number of 
customer who experienced EO more than the limits, the number 
of customer was 72. These customers suffer EO during 33 days. 

 

Fig. 2. Monthly outage distribution at the selected substation during 2016. 

A. Case 1: preventing only indemnity with VRB 
ES size is limited for only preventing indemnity. Energy 

supply duration is 70.6 hour. Therefore, ES size is selected 1860 
kWh. ES type is VRB.  

B. Case 2: preventing whole outages throughout year with 
VRB 
For uninterrupted energy supply, ES size is selected larger to 

supply whole EO during a day. The longest EO takes 118.6 hour.  
Namely, ES energy capacity is selected large enough to provide 
energy during longest EO in the year. Thus, ES size is selected 
4500 kWh. ES type is VRB. 

C. Case 3: preventing only indemnity with PSB 
The only difference is ES type. ES size is the same with case 

1. ES type is PSB. 

D. Case 4: preventing whole outages throughout year with 
PSB 
The only difference is ES type. ES size is the same with case 

2. ES type is PSB. 

ES size parameters for all cases are given in Table 2.  

TABLE II.  ES SIZE PARAMETERS  

 Case 1 / 3 Case 2 / 4  
ES Energy Capacity [kWh] 1860  4500 
ES Power Capacity [kW] 484 484 

ES power capacity is selected according to the average 
power demand of customers who suffer EO. ES investment cost 
can be calculated using specific cost parameters given in Table 
3. These parameters are given for different ES types.  

TABLE III.  ES ECONOMIC MODEL PARAMETERS 

 Vanadium Redox 
Battery (VRB) 

Polysulfide Bromide 
Battery (PSB)  

Power cost [$/kW] 390 150 
Energy cost [$/kWh] 90 65 
Lifetime [year] 20 15 
Fix maintenance cost 
[$/kW/year] 

8 8 

Lifetime of different types of ES are given in Table 3. For 
economic analysis, fix maintenance costs are taken into 
consideration. Specific maintenance cost is defined according to 
ES power capacity (kW).  

ES cost optimization results for all case are given in Table 4. 
Energy resales is the amount of energy sale during EO, since 
energy sale is available after ES installation to the customers 
who suffer EO. Indemnity is the same in both case 1 and 2; also 
in case 3 and 4. The difference between indemnity is comes from 
the different lifetime of ES types. ES investment surely high in 
three cases due to higher investment cost of VRB, but in case 3, 
indemnity is higher than ES investment because of lower 
investment cost of PSB. When indemnity is greater than ES 
investment, it makes profit. This motivate DCs to install ES to 
overcome EOs. Total cost means total benefit.  

TABLE IV.  ECONOMIC RESULTS  

Costs [$] Case 1 Case 2 Case 3 Case 4 
Energy Resale 51,018 85,940 46,069 77,603 
Indemnity  247,600 247,460 223,460 223,460 
Battery Investment 356,020 593,620 193,450 360,500 
Battery Charge 22,958 38,673 20,731 34,921 
Battery Maintenance  30,811 30,811 27,822 27,822 
TOTAL COST  -111,300 -329,700 27,526 -126,700 

Although in three case total cost is negative, ES installation 
is profitable for case 3. It seems that big ES makes big profit. 
However, if ES investment would be bigger than indemnity, total 
cost is inevitably negative. Thus, the size of ES preventing EO 
should be optimized according to the steps used in this paper. 

V. CONCLUSION   
EO is an energy quality problem. EO affects not only people 

life but also DC energy sales. Energy departments of some 
government made regulation to limit EO. In Turkey, since 2012 
the new regulation limits EO duration and frequency for a year. 
ES installation seem like a solution to EO. This paper proposes 
economic analysis for different types of ES installation to 
prevent EO. Also economic analysis is made by different four 
case so as to alternative results. The results show that ES 
installation can prevent EO and make profit for DCs. The limits 
determined in the regulation is relatively high. It is expected that 
these limits should be lower in next years. Therefore, lower 
limits make indemnity higher. This more motivates DCs to 
install ES to prevent EO. In this paper, indemnity calculation 
was made for a small example area. Indemnity would be larger 
if it is calculated for large areas. Analyzing of EOs in large areas 
would be future works.  
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Abstract—Energy management algorithms play a critical 
role in improving the energy efficiency of modern electric 
vehicles. In order to be desirable for the customer, electric 
vehicles should be capable of long distance driving on a single 
battery charge with a range which must be comparable to the 
values of their conventional counterparts. To achieve this goal, 
both the use of large-capacity battery and the development of a 
custom energy management algorithm are necessary. Thus, 
one must solve equations of vehicle dynamics, which is a part 
of conventional methods used in generalized energy 
management problems. In this paper, a Monte Carlo method is 
proposed for probabilistic prediction of the optimum energy to 
attain a given route. The route in question is obtained from the 
Google Maps and includes locations and road topologies. First, 
optimum speed set-points are generated for each state of the 
journey, and this generated speed array is imported into the 
vehicle control system to generate the required torque for 
vehicle propulsion. Then, this process is repeated with a 
constant average speed for comparison purposes. The 
simulation results show that an electric vehicle gains significant 
energy efficiency over a Hardware in the Loop (HIL) 
emulation, when it is being controlled with the proposed speed 
set-points generated by the Monte Carlo method. 

Keywords—Application software; Electric vehicles; 
Embedded software; Energy management; Monte Carlo method; 
Torque control; Speed control   

I. INTRODUCTION 

Electric Vehicles (EVs) are very important to break down 
the dependency on conventional fuel based powertrains all 
over the world. Creating a clean ecosystem especially in 
urban areas is important to sustain a healthy life. 
Development of plug-in hybrid electric vehicles (PHEVs) 
has recently struck a chord with automobile engineers, 
researchers, and automakers throughout the world. PHEVs 
can achieve better fuel economy and lower exhaust 
emissions than traditional internal combustion engine 
vehicles and normal hybrid electric vehicles (HEVs), 
forming a viable solution to the environmental pollution 
problem by reducing the CO2 emission and the energy 
supply problem caused by the transportation sector [1].  

Generally, pure EVs can be classified into two categories 
according to the layout of the power transfer: indirectly 
driven and directly driven. The former are propelled by 
electric motors through transmission and differential gears, 
and the latter are directly driven by wheel-hub motors. 

Compared with indirectly driven electric vehicles, EVs with 
wheel-hub motors have a higher efficiency and higher 
control flexibility because directly driven wheels eliminate 
the energy losses through transmission and differential gears. 
Consequently, directly driven EVs have recently become 
more attractive [2]. 

In urban area driving conditions, vehicles usually operate 
with relatively low average speeds, but with frequent starts 
and stops, with high accelerations and frequent braking. 
These operational characteristics are very demanding for 
battery-based powertrain systems. Despite recent progress in 
battery development regarding degradation and performance, 
battery degradation remains an issue. The motors for battery 
only electric vehicles are usually oversized in order to meet 
superior vehicle performance expectations. As a matter of 
fact, this increases the cost and weight of the vehicle [3]. 

Among the optimal control methods, Dynamic 
Programming (DP) is the most commonly used method, 
since DP can be easily applied to nonlinear, non-convex and 
mixed- integer control problems. However, a limitation of 
DP is the so-called curse of dimensionality. It exponentially 
increases the computational effort with the number of state 
variables, which hinders the online usage of the algorithm 
[4]. 

According to Sautermeister et al. [5], the current driving 
range of an electric vehicle depends on future energy 
consumption as well as on the remaining energy content of 
the battery. Both of these factors are influenced by various 
parameters, for example traffic condition or battery aging. 
There is extensive previous work on how to integrate the 
respective parameters into an accurate driving range 
estimation, e.g. by adaptive algorithms, with machine 
learning techniques or an improved knowledge about the 
battery state. However, the nature of the system is stochastic 
and subject to uncertainty.  

One of the most important problems is the non-
deterministic behavior of the driver and the environmental 
condition of roads to increase overall mileage with a full 
battery charge. Therefore, this contribution focusses on the 
creation of a prediction algorithm with probabilistic 
calculations techniques.   

The paper is organized as follows: System setup is 
presented in section II. Plug-in BEV powertrain 
configuration and features along with detailed descriptions of 
PID and MPC is given in section III. Control techniques and 
implementation of the Monte Carlo Method into the vehicle This work has been supported by TÜB TAK 1003 project no. 115E097 

and its subprojects no. 115E122 and 115E127. 
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control system is described in section IV. In the conclusion, 
MIL and HIL test results are shared. 

II. SYSTEM SETUP 
The proposed predictive control system in this paper is to 

increase overall mileage with a full battery charge. The 
designed algorithm creates a speed trajectory map on defined 
travel states and it controls vehicle speed depending on: 

• Road distance 
• Road topology 
• Speed limits 

 
Unlike an application such as Adaptive Cruise Control 

(ACC), the proposed predictive control system is based on 
online optimization and it tries to give an exact speed profile 
for upcoming travel steps.   

In order to achieve predictive control, reference speed 
trajectories are generated from digital maps according to 
driver planned route and sensor information. Distance and 
road topologies can be read from the vehicle’s navigation 
system and distances to the preceding vehicle are measured 
by a radar or lidar sensors, and will be used as constraints for 
set speed points. To determine constraints for speed set-
points, road available speed limits are used in this work 
instead of radar inputs.  

In the predictive driving mode, planned route information 
is transmitted by the vehicle to the cloud, road details on the 
route are gathered from the digital map and speed set-points 
at each state are calculated at cloud by using route details. 
Speed set-points are transmitted to the vehicle at each cycle. 
Required traction torque is calculated by the vehicle control 
system to catch reference speed set-points. This cycle is 
renewed every 10ms during driving to get precise speed set-
points. The overall structure of the control system is shown 
in Fig. 1.  

III. ELECTRIC VEHICLE POWERTRAIN CONFIGURATION AND 
MODEL  

In this section, the model of the Plug-in Electric Vehicle 
(PEV) is introduced. The considered vehicle is a battery 
electric commercial minibus with 75 kW e-motor, 66 kWh 
lithium-ion battery capacity and a transmission having a ratio 
of 18.5. The structure of the powertrain is depicted in Fig. 2. 

The vehicle model can be divided basically into three 
sections, defined as a sum of forces. The battery model is 

composed by an equivalent circuit of battery chemical, motor 
& inverter models which are defined as lookup tables derived 
from laboratory testing results. 

A. Vehicle Dynamics Model 
Vehicle dynamics represent the motion of a point mass 

which is based on Newton’s second law of motion 
	[6]. The forces which act on a vehicle in the 

longitudinal direction are given below: 

• Aero-dynamic resistance force Faero 
• Force on tire Ftire 
• Rolling resistance force Frub 

 

 
Fig. 3. Forces acting on the vehicle 

 
Fig. 3 shows all the forces which act on a vehicle in the 

longitudinal direction. The aerodynamic resistance force 
Faero is a product of the coefficient of drag (CD), frontal 
area of the vehicle (A), air density ( ) and the square of the 
vehicle speed (V). The equation of the aero-dynamic 
resistance force is given below: 

	  (1) 

 

 
 

Fig. 2.  Plug-In BEV Powertrain Configuration 

Fig. 1.  Predictive Control System 
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The rolling resistance force Frub considers road 
smoothness and the condition of the vehicle tires particularly 
regarding their deformation. The equation of the rolling 
resistance force Frub is given below: 

	  (2) 

Ftire defines the amount of force required to move the 
vehicle uphill against the gravitational force. Its equation is 
given below: 

	  (3) 

The rate of change of vehicle speed can be computed 
using the following equation: 

  (4) 

The parameters specific to our electric vehicle in 
equations (1) - (4) are summarized in Table I below. 
Parameters are obtained from a commercial vehicle which is 
operated on the road. 

Table I 
Electric Vehicle Parameters Description 

Symbol Value Unit Description 
Rtire 0.354 m Radius of tire 

g 9.81 m/s2 Earth gravitational constant 
mu 0.009 N Road friction 
CD 0.55 - Air drag coefficient 
A 5 m2 Vehicle frontal area 

mss 4200 kg Vehicle mass 
ng 0.9 - Tire specific coefficient 
Im 0.11 Kg.m2 Motor inertia 

 18.5 - Total gear ratio 
 

B. Battery Model 
The battery is made up of multiple inter-connected 

electro-chemical cells that transform chemical energy into 
electrical energy [7]. Multiple battery cells in a large battery 
pack are used to approach the high energy density of 
conventional fossil fuel. Nowadays, different types of 
batteries are used in electric vehicles. This paper considers a 
lithium-ion battery pack due to its superior attributes in 
comparison to other battery types, and also because they are 
most extensively used for transportation applications. 

A two-RC network representation of the battery model is 
the level of approximation commonly found in similar 
advanced work and thus it was selected for this work as 
illustrated in Fig. 4. The mathematical equations for the two-
RC network are shown as Eq. (5) and (6): 

 
Fig. 4. Two RC network battery model 

 (5) 

 (6) 

VC1 and VC2 are voltages of capacitors C1 and C2 and 
SoC represents battery state of charge, respectively. The 
parameters which need to be estimated are RS, R1, R2, C1, 
and C2. Battery capacity C is assumed to be constant. 
Battery open circuit voltage Voc (SoC) is an eighth-order 
polynomial equation in SoC representing the SoC-oc  
mapping [8]. 

The complete battery package of an EV can be built by 
connecting cells in parallel and series. To achieve the 
operating voltage level as well as the number of series cells 
and to satisfy the current demand, the number of parallel 
cells has to be determined. It also determines the duration of 
usage with a single charge. However, connecting all these 
cells makes the management, balancing, charging, 
discharging and cooling processes more complex because of 
heat radiation of cells. The cells which are located close to 
the outside of the package can radiate their heat to the 
external environment. However cells in the center of the 
pack even heat up each other. Because of the temperature 
dependency nature of the cell model, the SoCs of the single 
cells differ from one another. This fact causes several 
problems as the open circuit voltage of each cell varies 
according to its SoC level. Because of this, terminal voltages 
of parallel lines are different and these voltage differences 
change the currents at each line.  

Battery modeling would be straightforward, if SoC for all 
cells were the same during the charging and discharging 
processes. However, for a meaningful dynamic model, SoC 
differences need to be considered. A suitable optimization 
software is needed which can handle this problem. With a 
cost function, currents in the parallel lines can be determined 
by minimizing the voltage differences of a line. This method 
is cell model independent. The number of RC networks in a 
cell can be changed according to the requirements without 
changing the solver. 

 
Fig. 5. Motor inverter efficiency map [9] 
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C. Motor and Inverter Model 
Besides the battery, motor and inverter are the most 

important parts of an electric vehicle. The inverter block 
receives a torque request from the driver and generates a 
suitable amount of current to drive the electric motor so that 
the vehicle accelerates as required by the driver. The motor 
inverter efficiency data is obtained from the torque-speed 
curve. Such a torque-speed curve is shown below in Fig. 5. 

D. Control Systems 
Generic MATLAB/Simulink PID and MPC blocks were 

used and results are compared to reach target speed points. 
The aim is to determine the speed trajectory as good as 
possible to operate the vehicle with maximum efficiency 
along a given route. Because of this, firstly, the trajectory is 
generated by a Monte Carlo algorithm. Then, providing this 
trajectory as a set-point to the embedded control system of 
the vehicle, the control system is trying to reach the required 
trajectory either by PID or MPC. Results of both methods 
will be separately shared in the result section of this paper. 
The overall control system principle is shown in Fig. 6. 

 
1) PID Controller 

PID is an acronym for Proportional (proportional 
action), Integral (integral action), and Derivative 
(derivative action). It has a simple structure that makes it 
easy to intuitively understand the role of each action, and 
it thus has been used for many years in a variety of fields. 
PID is a highly reliable control mechanism used for a 
variety of subjects [10]. The discrete-time PID controller 
is generally expressed using the following equation: 

 (7) 

KP, KI, and KD are called the proportional gain, 
integral gain, and differential gain, respectively. TS 
represents the sampling time and N represents the 
derivative filter divisor. 

In this block, a discrete-time PID is implemented. 
Based on the behavior of the vehicle model, the values of 
the PID parameters are being calculated and tested by 
plugging them into a MATLAB/Simulink model. 

The overall response of the vehicle model can be 
observed in the real-time emulation. By changing the PID 
parameter values, the response of the system could be the 
change [11]. 

 
2) MPC Controller 

Model Predictive Control (MPC) is a further 
advanced control algorithm [12]. The main advantage of 
MPC over PID is the fact that it allows the optimization 
of the present timeslot, while taking future timeslots into 
consideration and repeating this optimization again and 
again. A PID controller lacks this predictive ability. 

Basically, MPC calculations are performed at each 
sampling time. The calculations are based on existing 
measurements and predictions of future output values. 
MPC controller’s main objective is to determine a 
sequence of controlled moves in the manipulated 
variable, so the system can be chased to its set-point in an 
optimal manner. 

The MPC controller for this project was designed in 
MATLAB/Simulink generic blocks. Firstly, the plant was 
linearized and tuning parameters were added to the MPC 
controller. Later, linearized parameters were added to the 
embedded controller to run the system.  

IV. ENERGY OPTIMIZATION 
The name “Monte Carlo” arises from the random or 

“chance” character of the method and the famous casino in 
Monaco. The essential idea is not to evaluate the integrand at 
every one of a large number of quadrature points, but rather 
at only a representative random sampling of abscissae. 

Description of systems with a large number of degrees of 
freedom often involves the evaluation of integrals of very 
high dimension.   

Even though the real power of the Monte Carlo method is 
in the evaluation of multi-dimensional integrals, it is easiest 
to illustrate the basic idea in a one–dimensional situation. 

A. Metropolis Algorithm 
The Metropolis Algorithm has been the most successful 

and influential of all the members of the computational 
species that used to be called the “Monte Carlo Method.” 
Today, topics related to this algorithm constitute an entire 
field of computational science supported by a deep theory 
and having applications ranging from physical simulations to 
the foundations of computational complexity [13]. 

Due to the difficulty of generalizing complicated weight 
functions in many dimensions, an alternative approach is 
required. One very general way to produce random variables 
with a given probability distribution of arbitrary form is 
known as the Metropolis, Rosenbluth, and Teller algorithm 
[14]. 

Let probability distribution  matrix is created and  
is multidimensional. Algorithm generates a sequence of 
points , , , , , , 	and   is choosen randomly 
in the phase to generate . After that, a trial point is 
chosen and it is preferred that . Determination of 

 can be called “small step”. Trial steps can be rejected 
or accepted according to the ratio r which is defined as 
follows: 

 

 
(a) 

 
(b) 

Fig. 6.  (a) Control system with PID, (b) Control system with MPC 
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    (8) 

• If r>1 it is accepted and  
• If r<1 acceptance will be determined by the 

probability of r. If it is accepted , if 
it is rejected  

In this paper, the Metropolis Algorithm is used and the 
implementation steps are given below: 

1. The route is planned by the driver and route 
details are transmitted to the cloud. 

2. The given route is divided into multiple 
segments. 

3. The initial energy demand is calculated for each 
segment. 

4. A uniformly distributed random number between 
0 and 1 is generated and the change in speed is 
calculated. 

5. The energy difference between states is 
calculated and the transition probability is 
evaluated. 

6. The decision is taken whether or not to accept 
the trial state. 

7. Steps 3 to 5 are being repeated. 
Thus, a proposed move that does not require the total 

energy is always accepted, but a proposed move which 
results in a higher energy demand is accepted with a 
probability that decreases exponentially with the increase in 
energy difference. 

V. MIL RESULTS 
The algorithm was tested in a MATLAB environment to 

observe the performance results. Planned route details from 
Google Maps are injected into the algorithm. The algorithm 
is computed and results are shown in Fig. 7. 

VI. HIL RESULTS 
A Opal-RT OP4200 simulator was used in this project as 

a Hardware in the Loop (HIL) system. The vehicle model is 
integrated into the HIL. A Pi-Innovo M250 controller was 
used as a controller. The testing setup is shown in Fig. 8. 

 
Fig. 8. Testing setup 

 
The vehicle speed profile with PID control is shown in 

Fig. 9. The average speed of the vehicle is calculated by 
Monte Carlo as 26 km/h for minimum energy consumption. 

 
Fig. 9. Vehicle Speed Profile with PID on HIL 

 
Testing was performed with the PID controller at first. 

Speed trajectory generated by Monte Carlo (MC) algorithm 
was implemented into the controller and results were 
compared with average speed. SoC comparison results are 
shown in Fig. 11. These results show that 33% of SoC will 
be used with the speed trajectory generated by MC and 41% 
of SoC will be used, if the vehicle is driven with constant 
speed. Thus, there is 19% efficiency improvement on SoC 
usage. 

Energy consumption details are shown in Fig. 12. With 
the application of the MC algorithm, energy consumption is 
found to be 7050Wh, while at constant speed, the energy 
consumption was determined to be 8900Wh on the HIL. 
Thus, a 21% of efficiency improvement was reached with 
the MC algorithm.  

Testing was repeated with the MPC control algorithm 
using the same strategy. The corresponding vehicle speed 
profile is shown in Fig. 10. Testing was performed with the 

MPC controller firstly. The speed trajectory generated by the 
MC algorithm was injected into the controller and results 
were compared with the average speed operation like in the 

 

 
 

Fig. 7. MIL Testing Results 
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previous testing. The SoC comparison results are shown in 
Fig. 11. Results show that 29% of SoC will be used with the 
speed trajectory generated by MPC and 34% of SoC will be 
used if the vehicle will be driven with constant speed. There 
is 15% efficiency improvement on SoC usage. 

 
Fig. 10. Vehicle Speed Profile with MPC on HIL 

 

 
Fig. 11. PID and MPC SoC values with MC and constant speed 

 

 
Fig. 12. PID and MPC Energy Consumed with MC and constant speed 

 
Energy consumption details are shown in Fig. 12. Energy 

consumption with the MC algorithm is found to be 6500Wh 
and energy consumption with constant speed is found to be 
7500Wh on the HIL. It shows that a 13% efficiency gain was 
reached with the MC algorithm. 

Comparing MC efficiency with PID and MPC 
algorithms, Table II can be generated. 

TABLE II.  PID AND MPC COMPARISON 

 MC with PID MC with MPC  
SoC 33% 29% 
Energy Consumption 7050 Wh  6500 Wh 

 

VII. CONCLUSION 
This paper presents a Monte Carlo control method to 

minimize battery energy usage during vehicle operation of a 
battery electric minibus driving along a defined route. The 
designed algorithm was firstly tested on MATLAB and later 
it was implemented on a HIL setup to compare PID and 
MPC control solutions. The combination of Monte Carlo and 
MPC achieves an energy consumption reduction of about 8% 
compared to the combination of Monte Carlo and PID. 
Results show further that with the Monte Carlo PID control 
algorithm, a 19% efficiency gain regarding SoC and a 21% 
efficiency gain regarding energy consumption can be 
achieved in comparison to constant speed vehicle operation. 
With MC and MPC, the efficiency improvement results are 
15% for SoC and 13% for energy consumption respectively. 
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Abstract—The aim of this paper is the design and the 
analysis of a novel hybrid axial-transverse flux permanent 
magnet (PM) synchronous motor achieving high torque 
density. The stator pole pitch and the rotor pole pitch are the 
same. The machine is suitable for wind power applications. 
The new axial-transverse machine has a single-sided or double-
sided air-gap. The machine has two adjacent quasi-U stator 
cores with ring type winding and the rotor has two permanent 
magnet groups, one outer and one inner. The shape of quasi U 
stator core allows changing the flux path without changing the 
power supply polarity. The simulation is performed with a 
dynamic co-simulation technique using FEM software (Ansoft 
Maxwell) in combination with Simplorer as dynamic co-
simulation technique. 
The analytical expressions of the no-load back-EMF and of the 
torque are derived, after the development of 3-D magnetic 
equivalent circuit model (MEC). The3-D finite element method 
(FEM) is used to analyze the magnetic field and torque. 

Keywords—Axialfluxmachine,transverse flux machine, 
singlesided,permanent magnets,cogging torque,finite element 
analysis (FEA). 

I. INTRODUCTION

During the last decades, different topologies of 
Transverse-Flux Permanent Magnet Synchronous Machines 
(TFPMSM)have been proposed: the flux constricting 
TFPMSM[1],the surface mounted PM [2], the claw pole 
TFPMSM [3], the single sided or double sided TFPMS 
machines [4], C core, U core and E core stator TFPMSM[5]. 
The main advantages of TFPMSM are high power density, 
simple winding, shorter end windings, close to unity winding 
factor, and possibility of modular construction [6]. 

In TFPMSM with U-type stator cores,  displacedat twice 
the pole pitch, half of the permanent magnets are not in an 
effective working condition, with a superior rotor magnetic 
flux leakage [7], [8]. In fact, in U-shape TFPMSM, the 
number of permanent magnet is twice the number of cores. 

In the C-type, E-type, and other stator core pieces, 
the flux direction is the same, and the stator core pieces are 
spaced twice the pole pitch [9].  

This paper presents a novel Axial-Transverse Permanent 
Magnet Synchronous Machine (A-TFPMSM). The A-
TFPMSM may present two possible configurations, the first 
has all the three phases coils winding arranged on one side 
and the second has each phase coil on the same side. In the 
first, the stator cores pitch is not equal to the magnet rotor 
poles pitch, significantly increasing the leakage [10] between 
the magnetic poles, and decreasing the flux linkage.  

The disadvantage of the single face A-TFPMS machine 
can be treated by using the second configuration. This 
configuration risults into the multidisc A-TFPMS model 
which is proposed in this paper. In this configuration the 
stator cores pitch and the magnet rotor poles pitch are equal, 

maximizing the torque density and the flux linkage, and 
obviously minimizing the leakage flux 

Furthermore, the A-TFPMSM stator cores can use steel 
laminations, because the path of the magnetic flux lines is 
two dimensional. Iron core loss is reduced in this way while 
the magnetic flux density is increased.  

The A-TFPMSMs are suitable for a slim shape with a 
relatively short axial length and have a limitation on the 
increase in power for a given outer diameter[11]. 

The MEC method is widespread in electrical machine 
simulation, and has been provenuseful for the design of 
different types of electrical machine, including linear 
machines [12], AFPM machines [13], and TFPM machines 
[14]. A simple and accurate MEC method of the novel A-
TFPMSM is adopted. A 3D MEC model for this type 
machine has been chosen. 

This paper presents a novel axial flux concentrated 
TFPMSM with new rotor and stator structures. A 3-D 
representation of the quasi U stator core A-TFPMSM is 
shown in Fig.1. To validate the proposed design, the 3-D 
finite element analysis simulation is used. 

II. MACHINE STRUCTURE AND PRINCIPALE OF OPERATION 

A. Machine Topologies

Fig. 1 shows the proposed structure of the A-TFPMSM,
which consists of a rotor core, a stator core, winding, and 
permanent magnets. 

The stator winding of A-TFPMSM features a modular 
structure and can be arranged as needed. The stator winding 
can be arranged into three phases both for the one-side 
machine Fig.1 (b), and for the double-side machine Fig.1 
(a); or one phase for one side machine Fig.1 (d), and for 
multi-sided machine Fig. 1(c). 

Fig1.Configuration of A-TFPMS machine. 

Figures 1 (c) and (d) show that the structure of A-
TFPMSM has a three-phase ring winding, each phase 
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occupies one side of the stator. The machine can be built 
with multi-sided stator also. This configuration, which is 

Fig.2 Integrated design environment of A-TFPMS machine 

shown in Fig. 1(c), is even more advantageous and will 
be dealt with in this paper. 

B. A-TFPMS Machine Principle 

In Fig. 2 the A-TFPMS machine is controlled by an 
electrical drive with PWM technique. In this work, the co-
simulation of the A-TFPMS machine is used to develop the 
control technique of the machine. The co-simulation relates 
to a torque-controlled generator for wind power 
applications.  

The cross-sectional view of the machine in Fig. 3 shows 
the magnetic flux path. Two quasi-U cores are traversed by 
fluxes going in opposite directions. The proposed position 
of the stator core is very important, because the change of 
the direction of the magnetic flux path is necessary to keep 
the torque orientation. Two permanent magnets are in the 
inner and outer radiuses, and magnetized in opposite 
directions, generating the flux in opposite directions for two 
consecutive poles.Fig.2 Integrated design environment of A-TFPMS 
machine 

The windings are supplied by alternating power, creating 
the magnetic flux in the stator. The stator flux interacts with 
the rotor permanent magnet field, which produces the force 
that rotates the machine. 

 
Fig.3.Flux path in two poles pairs of A-TFPMS machine for single sided 

and one phase. 

III. MAGNETIC CIRCUIT CALCULATION 

As shown in Fig.3, the flux paths of this machine have three 

loops; the main loop is the flux line crossing the rotor 
permanent magnet, cuts the air gap to the stator core, closes 
in the rotor core; the second loop is the flux leakage loop in 
the normal direction, and the third is the tangential flux 
leakage loop, which has two components one in the inner 
and one in the outer side. 
 
TABLE I.  SPECIFICATIONS OF THE DESIGNED A-TFPMS MACHINE. 

Description Value Description Value 
Output power 2KW Frequency 100Hz 
Input voltage 220V Air gap 0.5mm 

Speed 375rpm Magnet type NdFeB 
Coercive field 

magnets   90KA/m Current loading density 19KA/m 

Peak current 10A Poles numbers 32 
Flux density of 

PM 1.6T Number of windings 
turns 220 

Wire current 
density 4A/mm2 Iron core type Steel 1008 

In Fig.4 the 3D MEC is converted into its 2D MEC 
development to simplify the derivation of the Kirchhoff 
loops equations. 
The basic equations for each element of the equivalent 
magnetic circuit loop in Fig.4 are as follows: 

1- By using Kirchhoff’s law the flux equations in the 
different parts of the machine is: 

2 2

1 2

2 1

gap PM Ln Lt

PM rt rn

PM rt rn

Φ = Φ − Φ − Φ
Φ = Φ + Φ
Φ = Φ + Φ

   (1) 

Where Φgap is the main magnetic flux,ΦPM1,ΦPM2 are the 
permanent magnet flux,ΦLt2, ΦLn are the air-gap flux leakage 
in the tangential and normal directions respectively,Φrt1 
,Φrt2and Φrnare the flux in the rotor in the tangential and in 
the normal directions respectively. 

2- The MMF equations achieved  by using Ohm’s law 
for magnetic circuits yields:  
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( )

1 1 2 2

1 1 2 2

1

0 2

0 2

0

Ln Ln Lt Lt Lt Lt

rn rn rt rt rt rt

Ln Ln gap s gap

R R R
R R R

R R R

= Φ − Φ − Φ
= Φ − Φ − Φ

= Φ − Φ +
  (2) 

Where the reluctances, RLn, RLt1 and RLt2, are the air-gap 
leakage reluctance in the normal and in the tangential 
direction, respectively.Rrn, Rrt1and Rrt2are the rotor core 
reluctances in the normal and in the tangential direction, 
respectively. And Rs1 and Rs2 is the all stator core unit 
reluctance.Rgap is the air-gap reluctance. 

Where    1 2gap gap gapR R R= +  

3- The MMF of the permanent magnet is defined as: 

 
0

r PM
PM

rm

B hF
µ µ

=     (3) 

Where µ0,µrm, Br, and hPMare the air permeability, the recoil 
permeability, the remanence and the length of the permanent 
magnet in z-axis direction, respectively. 

( )
( )

2 2 2 2 1 1

1 1 1 1 2 2

1 1 2 2

1 1 2 2

2

2 2

2 2

2

2
( )

PM PM eq Lt Lt rt rt

PM PM eq Lt Lt rt rt

PM eq PM eq
PM

Ln Ln rn rn

PM eq PM eq
PM

gap gap s rn rn

F R R R

F R R R

R R
F

R R

R R
F

R R R

= Φ +Φ +Φ

= Φ +Φ +Φ

Φ +Φ§ ·
=¨ ¸+Φ +Φ© ¹

Φ +Φ +§ ·
=¨ ¸¨ ¸Φ + +Φ© ¹

  

(4) 

Where Req1 and Req1 are the permanent magnet leakages 
equivalents reluctances. 
The permanent magnet leakage equivalent reluctance can be 
written as: 

( )
( )

1 1 01 1 01 1 01

2 2 02 2 02 2 02

/ /

/ /

eq LPM LPM LPM

eq LPM LPM LPM

R R R R R R R

R R R R R R R

= = +

= = +
 

(5) 

Where R01 and R02 are the permanent magnet reluctance, 
RLPM1 and RLPM2 are the permanent magnet leakages 
reluctances. 
By arranging of above equations, the main flux in the air-
gap is achieved as: 

( )10 12 13 11

10 14 13 9

2 PM
gap

F R R R R
R R R R

−
Φ =

−   (6) 

 
Fig.4. A-TFPMSM simplifies equivalent magnetic circuit. 

The reluctance of the permanent magnets R01 and R02 are 
defined as:  

01
0 1

02
0 2

PM

rm PM

PM

rm PM

hR
S

hR
S

µ µ

µ µ

=

=
    (7) 

Where SPM1 and SPM2 are the sections of the permanents 
magnets. 

TABLE II.  GEOMETRICAL PARAMETRES OF THE DESIGNED A-TFPMS 
MACHINE. 

Parameter Value  Parameter Value  
PM thickness hPM=6mm High of stator hs=56mm 
PM length lPM=15mm High of stator yoke hsy=8mm 
Width of stator coil bs=15mm High of stator coil hs1=32mm 
Width of stator core bst=10mm High of stator shoe hst=11mm 
Width of stator shoe wst=27mm High of rotor hr=10mm 
Inner diameter Ri=50mm Pole pitch 37.3mm 
Outer diameter Ro=95mm Pole arc coefficient 0.80 

The variation of the air-gap reluctance Rgap is a function of 
the rotor position, which can be obtained as: 

0 0

1 ( )PMh

gap
PM

g zR
h dzµ

= ³     (8) 

Where g(z) is the function of air-gap length. 

IV. SOLUTION METHOD 

In order to validate the concept, a MEC has been 
established, whose resulting circuit is shown in Fig.4 where 
the main and leakage flux paths are shown by arrows. 

The determination of each flux is achieved through the 
Hopkinson law which is expressed as follows 

F R= Φ     (9) 

Where R, F and Φ are matrix reluctance, MMF and flux, 
respectively. 

Knowing the number of the nodes and of the loops of the 
circuit in Fig.4, we will determine the numbers of 
independent loops that are set up in matrix form. 
The MMF flux law can be derived as follows: 

The reluctance matrix is a diagonal square matrix 
composed by the reluctances of different branches of the 
circuit with dimensions of 14*14. The matrix of the MMF is 
a matrix m*1 such that m=7 is the number of independent 
loops of the circuit. The matrix of flux is matrix of n*1 
dimension with n=14 is number of legs. 
To solve the above equation, we use the following matrix 
form 

( ) 1T TS SRS F
−

Φ =    (10) 

Where S is the connectivity matrix, enabling a matrix 
representation of Kirchhoff’s laws. This matrix has m rows 
and n columns. 

To solve the MEC model, a numerical procedure is 
developed. Both the position and the reluctance are varying, 
as in the flowchart in Fig.5. 

In Fig.5 the numerical solution of the MEC procedure is 
started by geometrical and material data insertion, including 
the relative permeability, next the calculation of initial 
reluctances is made. By using Eq.(10)the flux is achieved. 
Then the relative permeability is computed again by using 
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the B(H) curves. The Φgap results in the previous process are 
used in the next steps to computed both the EMF and the 
torque.  

V. TORQUE ANALYSIS  
The maximum no-load flux is achieved when the rotor 

magnets and the stator cores are aligned. Accordingly, this 
position will be taken as the initial position for the analysis. 
According to rotor rotation the air-gap can be expressed as: 

cosf gapk tϕ ω= Φ    (11) 

Where Kf is the air-gap flux waveform coefficient, and Φgap 
is the maximum value of the no load flux. 

The flux coefficient in Eq. (11) can be achieved as: 
8

sin
2fk απ

π
=     (12) 

Where α is the pole arc coefficient in the rotational 
direction.  
 
By using FARADAY’s law the no-load induced 
electromotive force can be expressed as  

2 sin( )ph f ph gap
de N k fN t
dt
ϕ π ω= − = Φ  (13) 

Where Nph is the number of windings turns and ωis the 
electrical angular frequency. 

 
Fig.5. Flowchart of procedure used for solving the MEC model. 

The no-load RMS electromotive force EMF of Each phase 
is  

2 f ph gapE k fNπ= Φ    (14) 

The no load EMF E in Eq.(14) is proportional to the 
frequency f, and the number of windings turns Nph. 

Supplying the windings by three phases alternating power, 
the rotor permanent magnets interact with the armature 
field. 

The stator current applied is. 

2 sina ai I tω=    (15) 

Where Ia is the RMS of the stator current. For Id= 0the total 
current Ia=Iqis torque producing and the angle between the 
current and the EMF is 0 i.e. cos 1ψ =  
The generated electromagnetic power of A-TFPMSM is 

1

1 cos2
22

2elem f ph gap a
tP m k fN I ωπ −§ ·= Φ ¨ ¸

© ¹
(16) 

Where Φgap1 is the fundamental main flux calculated in (6), 
p is the number of pole pairs, and m is the number of phases. 
The torque can be obtained by 

1

1 cos2
2

2 2
elem

ph gap a
P tT mpN I

n
ω

π
−§ ·= = Φ ¨ ¸

© ¹
(17) 

From Eq. (17) the torque of one phaseof A-
TFPMSmachineis sinusoidal. The torque waveform has two 
peaks, and the average torque is different from zero. 
The electromagnetic torque peak for one phase is 

max 1

1
2

2 ph gap aT mpN I= Φ    (18) 

VI. 3DFINITEELEMENTS AND MEC RESULTS 

According to the equations listed above, to obtain accurate 
design results, finite element analysis is necessary. The 
traditional 2-D model isn’t suitable for an accurate 
simulation as the magnetic flux leakage of A-TFPMSM 
between adjacent poles is significant [17].A 3-D finite 
element analysis is therefore necessary, to analyze the 
magnetic field distribution of the machine and the torque. 
The main dimensions of the A-TFPMSM prototype are 
shown in Table I. 

 
Fig.7. Air-gap flux density distribution. 

The computations of the air gap flux density by using FEA 
and MEC are represented in Fig. 7, where a good agreement 
is achieved for both results. 

 
Fig.8. No-load back EMF of A-TFPMSM. For FEA and MEC. 
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Fig.9. flux linkage at no-load by FEA and MEC. 

The no-load back EMFs of the machine at 375 r/min 
rotation speed for both analyses are shown in Fig.8.By using 
Eq (14), the EMF RMS is E=200V.The waveform of FEA is 
lower than the waveform of MEC, as the MEC analysis 
inevitably neglects some of the leakage flux lines The flux 
linkage at no-load for different position achieved from both 
MEC and FEA analyses are shown in Fig. (9), the flux 
linkage is larger at 0 ms when the stator core and permanent 
magnet pole are fully opposite; the flux linkage is smallest 
at 6 ms when the stator core unit located between two poles. 

 
Fig.10. Average torque with stator current of A-TFPMSM 

In Fig.10, the torque generated by FEA and MEC at 
different current values and in the position where the stator 
core are fully aligned to the rotor pole, calculated by using 
Equation (20), are shown; the results of the proposed 
method are in good accordance with the FEA simulation.  

 
Fig.11. Torque generated from FEA transient simulation. 

The torque equation developed in the previous section is 
used to perform the analysis of the machine torque. The 
validation of the model is made on the basis of the results 
obtained from the 3-D transient FEM simulation. The 
waveform of the generator torque is shown in Fig.11. This 
waveform has significant oscillations. The cause is the 
cogging torque generated by the air-gap reluctance 
variation. 

VII. CONCLUSION 

This paper presents the design of an axial-transverse flux 
permanent magnet synchronous machine (A-TFPMSM). 
The quasi-U stator core is very useful for this type of 

machine, as that core is easy to be manufactured and, 
moreover, each of the three phase windings contribute 
separately to the generation of the electromagnetic torque. 
The analysis of the torque and of the back-EMF is 
developed.  

The MEC of the novel A-TFPMSMhas been used for the 
analyses of the air-gap flux density, of the no-load back 
EMF and of the flux linkage. In order to validate the 
analysis, a 3-D FEM simulation is used. 

The 3-D finite element analysis of the axial transverse 
flux machine provides the magnetic flux density values in the 
different sections of machine at no-load. The flux density 
values are within normalized design intervals, the magnetic 
flux density distributions are shown. 
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Abstract—Synchronous Reluctance Motors are becoming 
more popular due to their high performance characteristics. 
However, the most prominent problem of these motors is the 
torque ripple. There are a lot of studies in the literature to 
reduce the torque ripple of this type of motors. Machaon type 
rotor stands out as a good solution. This study presents the 
effects of Machaon rotor with different rotor layouts, having 
different d&q axis insulation ratios, on the average torque and 
torque ripple of a 2.2 kW SynRM. Firstly, different d&q axis 
insulation ratios and rotor slot pitch angles are applied to a 
classic rotor structure and results are presented. Most 
promising insulation ratios and rotor slot pitch angle 
combinations are then selected and combined into a single 
lamination, creating a Machaon rotor. The results are 
compared with the reference machine and classic rotor types 
on the basis of average torque and torque ripple. 

Keywords—Synchronous Reluctance Motor; Synchronous 
Motors; Machaon Rotor; Asymmetric Rotor; Insulation Ratio 

I. INTRODUCTION

The Synchronous Reluctance Motor (SynRM) is a very 
strong alternative to the current trend of electric motors 
because of its strong points such as brushless design, cost, 
good flux weakening capability and robustness. SynRMs are 
a good alternative for Induction Motors (IMs) and Permanent 
Magnet Synchronous Motors (PMSMs) which are widely 
used in today’s industry as suggested in the literature [5-11]. 
Compared to the other motors, they are cheaper to produce, 
fault tolerant, have very good field weakening capability thus 
a wide speed range and less maintenance requirement. 
Compared to IMs, they have cooler rotors and no conductor 
losses in rotor and their vector control is comparatively easy. 
Compared to the internal permanent magnet machines, they 
don’t exhibit the demagnetization problems of the permanent 
magnets, very high-speed capability and no uncontrolled 
generation during inverter faults at high speed. Alongside 
these advantages, there are some disadvantages like torque 
ripple and low power factor. The cross section of the SynRM 
given in Fig. 1 showing the stator and rotor. Stator structure 
is the same as that of other polyphase AC machines. It can 
either have distributed or concentrated windings in a single 
or double layer [1-4]. However, the rotor side is completely 
different in terms of both structure and excitation. The rotor 
is a conductor and magnet free, so the excitation for the rotor 
is only supplied through the stator current. The air gaps (flux 
barriers) inside the rotor laminations create a magnetic 
saliency. This saliency (or reluctance) is the cause of the 
torque produced. The shape and thickness of the flux barriers 
define the reluctances on d&q axes. The magnitude of 
induced torque can be expressed by using Equation 1. 

3
2 2

( )e d q d q
PT L L i iª º= −¬ ¼ (1) 

Fig. 1. Cross section of a 4 pole 36 slot SynRM 

Torque ripple leads to acoustic noise and mechanical 
vibrations during operation and minimal speed fluctuations 
of the load. Lowest possible torque ripple is always desired 
for the smooth operation. There are a lot of methods 
proposed in the literature to reduce torque ripple. The 
fundamental consideration is the selection of the number of 
flux barriers depending on the number of stator slots, 
detailed in [12]. Another common method is to optimize the 
d&q-axes insulation ratios to provide the least amount of 
torque ripple, while maintaining the maximum possible 
average torque [13-16]. The insulation ratios kd and kq on 
respective axes are defined in Equation 2. 

total air lenght on d,q
total iron lenght on d,q,d qk = (2) 

Insulation ratio is the ratio of the total air length to total 
iron length on respective axes. The air inside the rotor and 
eventually the d&q axes reluctances and inductances define 
the machine performance in relation with Equation 1 and is 
the most important design parameter of such motors. The 
effects of insulation ratios on motor performance are widely 
presented in the literature. [13-16] 

 The rotor structure of the SynRM is symmetrical and 
flux barrier shapes are identical at every quarter as shown in 
Fig.1. Considering this rotor structure, another method 
proposed in [17-19] is to introduce an asymmetry to the rotor 
flux barriers. This asymmetry causes the flux barrier ends to 
be misaligned with the stator slot openings at a given time to 
reduce the torque pulsations caused by the changing 
reluctance paths. This is applied in a single lamination 
[17,19] in terms of flux barrier end point misalignment. In 
[18], the authors proposed two different laminations to be 
stacked alternatively when forming rotor. These two 
different laminations contain two sets of flux barrier shapes, 
effectively reducing the symmetry throughout the rotor stack. 
Also, the authors of the [18] joined the two types of rotor 
flux barrier shapes into a single lamination throughout the 
rotor stack and created the Machaon rotor.  

Rotor Flux Barriers

Stator 

d-axis

q-axis
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This rotor is easier to stack during manufacturing process 
and requires a single punch, effectively reducing the 
production cost and effort.  

In this study, the Machaon structure for flux barriers 
when forming the rotor lamination is investigated in terms of 
different d&q axes insulation ratios and different rotor flux 
barrier pitch angles for each quarter of the rotor in order to 
categorize the effect of each design approach on the average 
torque and torque ripple of the machine. 

II. REFERENCE SYNRM 

The reference SynRM is the motor used and given in 
[20]. It has 36 stator slots employing a distributed winding. It 
has 4 poles and four flux barriers per pole. The rated power 
of the reference motor is 2.2 kW at 1500 rpm with 14 Nm of 
shaft torque. The reference motor is modelled in a Finite 
Element Method analysis software and consistency of the 
simulation results are checked with the nameplate values. 
The torque ripple data is obtained from the FEM results. Fig. 
2 shows the flux density distribution of the reference SynRM 
at the rated operation.  

TABLE I.  REFERENCE SYNRM RATINGS 

Number of Poles 4 

Nominal Power 2.2 kW 

Nominal Current 4.91 A 

Nominal Speed 1500 rpm 

Nominal Torque 14 Nm 

FEM Torque 14.367 Nm 

FEM Torque Ripple %57.36 

 

 
Fig. 2: Flux density distribution of the reference motor on rated operation 

III. ROTOR GEOMETRY ANALYSIS 

As the reference motor is 36 slots, as [12][13] states, the 
optimum number of flux barriers would be 3 or 4 per pole for 
minimum torque ripple. So the rotor structure is kept at four 
barriers per pole for the least torque ripple. The following 
analysis and design procedure covers the optimum values for 
d&q axes insulation ratios and the  angle that defines the 
barrier end points. The effects of the  angle can be seen in 
the literature. It is another important parameter alongside the 
insulation ratio as it directly defines the end points of the 

rotor segments and directly influences the torque ripple 
[21][22]. The chosen optimum values are then used as a basis 
for the Machaon rotor. 

A. Insulation Ratio Selection 
After the barrier per pole decision, the insulation ratios kd 

and kq are determined using different rotor designs with a 
constant rotor slot pitch. The relation between the rotor slot 
pitch and beta angles are given in [21][22] and Fig. 4. For the 
initialization of the rotor, the alpha angle is taken as 9° and 
beta angles then consequently comes out as 4.5° [22]. The 
reference motor rotor was designed with a d-axis insulation 
ratio of 0.4 and a q-axis insulation ratio of 0.7. The kq kept 
constant at 0.8 initially and changes in torque and torque 
ripple with changing kd is observed. Lowest torque ripple 
obtained is at a d-axis insulation ratio of “1”. Therefore, kd = 
1 is chosen as an optimum value. Fig. 2 and Table II gives 
the change of torque and torque ripple with changing d-axis 
insulation ratio. 

TABLE II.  CHANGES IN TORQUE AND TORQUE RIPPLE DEPENDING ON 
KD 

kq / kd combinations Torque [Nm] Torque Ripple [%] 

kq: 0.8 / kd: 0.2 13.4577 35.2 

kq: 0.8 / kd: 0.4 14.1856 30.36 

kq: 0.8 / kd: 0.6 14.2443 28.9 

kq: 0.8 / kd: 0.8 14.0748 29.4 

kq: 0.8 / kd: 1 13.5123 28.1 

 
Fig. 2. Change of torque and torque ripple with changing kd (kq=0.8) 

The results from Table II suggest that the kq / kd 
combinations of 0.8/0.4 and 0.8/1 are promising. The 0.8/0.4 
combination gives the maximum torque/torque ripple and 
0.8/1 gives the minimum torque ripple. Further analyses 
proved that the 0.8/1 combination gives the best torque 
output when the beta angle is optimized, so the selection is 
based upon the final result.  

After determination of the d-axis insulation ratio, kd is 
kept constant at 1 and changes in torque and torque ripple 
depending on kq is observed. Lowest torque ripple is 
obtained at kq = 0.8, so kq = 0.8 is chosen as the optimum 
value. Fig. 3 and Table III includes the results of q-axis 
insulation ratio effects on torque performance. 
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Fig. 3. Change of torque and torque ripple with changing kq (kd=1) 

TABLE III.  CHANGES IN TORQUE AND TORQUE RIPPLE DEPENDING ON 
KQ 

kq / kd combinations Torque [Nm] Torque Ripple [%] 

kq: 0.2 / kd: 1 12.9960 30.87 

kq: 0.4 / kd: 1 13.3426 29.2 

kq: 0.6 / kd: 1 13.4625 28.44 

kq: 0.7 / kd: 1 13.4919 28.59 

kq: 0.8 / kd: 1 13.5123 28.1 

kq: 0.9 / kd: 1 13.5023 29.56 

kq: 1 / kd: 1 13.4647 29.89 

B. Beta Angle Selection 
Aside from the rotor slot pitch angle α, it determines 

where the positions of the rotor slots around periphery. This 
positioning of segments influences the torque ripple 
dramatically as presented in the literature [21][22]. The 
geometric definition of the beta angle is given in Fig. 4. In 
this step, previous selection of kd / kq are kept constant at 0.8 
and 1 respectively. The beta angle is varied in the limits of 
4.5 degrees up to the 17.5 degrees and its effects on the 
torque and torque ripple are observed. Lowest torque ripple 
is obtained at beta = 15° so it is chosen as optimum value for 
this motor. With this rotor structure, efficiency equals to 
%89.18. Results of the beta angle effects on torque and 
torque ripple are given in Fig. 5 and Table IV. The torque 
ripple does not show a trend with the constant increase or 
decrease of the beta angle.  

 
Fig. 4. Geometric definition of the alpha and beta angles [22] 

 

Fig. 5. Change of torque and torque ripple with  angle 

TABLE IV.  CHANGES IN TORQUE AND TORQUE RIPPLE DEPENDING ON 
BETA ANGLE (KQ=0.8, KD=1) 

Beta Angle [°] Torque [Nm] Torque Ripple [%] 

4.5 13.5123 28.1 

5.5 13.6003 49.54 

7.5 13.8119 79.67 

10 14.0007 94.96 

13 14.2108 47.36 

15 14.2549 12.09 

17.5 14.2064 16.34 

 

        5.5°        7.5°               10° 

 

  13°          15°              17.5° 

Fig. 6. Change of rotor geometry with beta angle 

IV. MACHAON ROTOR 

In the final step, Machaon rotor is created from quadrants 
of the rotor models of the previous analyses. Since the 
Machaon rotor combines two quadrants into a single 
lamination, the combinations of the most promising models 
are selected from the analyses results of insulation ratio and 
beta angle. Five different candidates are created based on the 
highest average torque and lowest torque ripple considering 
both the insulation ratios and beta angles. The five promising 
geometries are created with classical rotor structure and 
named as Models 1,2,3,4 and 5. Results of five different 
models combinations are shown in the Table V. Since the 
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beta angle of 15° gives the lowest torque ripple it is chosen 
as the beta angle for Machaon rotor combinations. The best 
performing models given in Table II and III are updated with 
a beta angle of 15°.  

Model 1 is the best geometry given in Table IV with a 
beta angle of 15°. Other models (2,3,4 and 5) are constructed 
considering the best performing insulation ratio 
combinations given in Table II and III. All of the geometry 
torque and torque ripple results are given in Table V with 
their respective insulation ratios. 

TABLE V.  CLASSICAL ROTOR GEOEMETRIES WITH A BETA ANGLE OF 
15 DEGREES 

Models # Torque 
[Nm] 

Torque 
Ripple [%] 

1 (  =15°, kq=0.8, kd=1 ) 14.2549 12.09 

2 ( =15°, kq =0.9, kd =0.45 ) 14.2940 15.03 

3 ( =15°, kq =0.8, kd =0.5 ) 14.3920 15.47 

4 ( =15°, kq =0.6, kd =0.6 ) 14.4612 14.42 

5 ( =17.5°, kq =0.8, kd =1 ) 14.2064 16.34 

Model 1 in Table V has the least torque ripple. When the 
Machaon structure is created, a quadrant of the rotor is 
selected as Model 1. Other quadrant is alternated between the 
Models 2,3,4 and 5. Results of the Machaon rotors are given 
in Table VI. As expected, the combination of the least torque 
ripple Model 1 and the highest average torque Model 4 gives 
the optimal results when combined intro a single lamination. 

TABLE VI.  MACHAON ROTOR COMBINATIONS 

Machaon Combination Torque 
[Nm] 

Torque 
Ripple [%] 

Machaon 1 (Model 1 + Model 2 ) 14.3841 11.64 

Machaon 2 (Model 1 + Model 3 ) 14.4185 11.90 

Machaon 3 (Model 1 + Model 4 ) 14.4391 11.48 

Machaon 4 (Model 1 + Model 5 ) 14.2428 13.64 

 
Considering the results of Table V and VI, best results 

are obtained with the Machaon 3 combination that contains 
Model 1 and Model 4 layouts. With the combination of the 
quadrants of Model 1 (Torque: 14.2549, Torque Ripple: % 
12.09) and Model 4 (Torque: 14.4642, Torque Ripple: % 
14.42), a SynRM which has 14.4391 Nm of torque and % 
11.48 torque ripple is obtained. At the given operating point, 
the Machaon Rotor SynRM has an efficiency of 89.3%. 

 
Fig. 7. Magnetic flux density distribution of the Machaon 3 model 

 
Fig. 8. Reference SynRM and Machaon SynRM torque waveform 
comparison 

Magnetic flux density distribution and torque curve of 
the Machaon motor is given in Fig. 7 & 8 respectively. Fig. 
8 also includes a torque vs rotor angle comparison with the 
reference SynRM to provide an idea of the torque ripple 
reduction of the reference motor. 

V. CONCLUSIONS 

Torque ripple is a significant drawback of the SynRM in 
general. In the literature, there are various methods to 
reduce torque ripple. In this study, Machaon rotor 
configuration is used to reduce torque ripple. Initially, 
design parameters such as d-axis insulation ratio and q-axis 
insulation ratio are selected to provide the maximum 
average torque and minimum possible torque ripple. 
Insulation ratios are selected as 0.8 and 1 for q and d axes 
respectively, as optimum values for this SynRM. Then, 
another design parameter beta( ) is selected.  angle has an 
important effect on torque ripple and effects of this 
parameter were shown in the analysis results. Considering 
the analysis results, beta ( ) is taken as 15° as optimum 
value for this SynRM. By adjusting , torque ripple is 
reduced from % 28.28 to % 12.09. At the final step, 
Machaon rotor is constructed. Different flux barrier 
geometries were combined and Machaon rotor configuration 
is obtained. The new SynRM has 14.4391 Nm of torque and 
%11.48 torque ripple by using the combination of Model 1 
(Torque: 14.2549, Torque Ripple: % 12.09) and Model 4 
(Torque: 14.4642, Torque Ripple: % 14.42). The reference 
design had torque, torque ripple and efficiency figures of 
14.3642 Nm, %57.36 and %89.25, respectively. By using 
Machaon rotor with combinations of high torque and low 
torque ripple laminations together, torque ripple reduced 
from %57.36 to %11.48 and average torque remained nearly 
same (increased from 14.3642 to 14.4391). Efficiency is 
also increased to %89.3. This result makes the reference 
SynRM work with a lot less acoustic noise without a 
reduction of the output power. 
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Abstract—This paper investigates the fault detection of 
broken rotor bars (BRBs) in squirrel cage induction motors 
(SCIMs), using vibration signature analysis method. The main 
objective of this study is to exploiting the vibratory image of the 
induction motor (IM) which is called: motor vibration signature 
analysis (MVSA). MVSA is now widely used in the industry 
because of its ease and efficiency. It is based on a fast Fourier 
transform (FFT) which is interested in the spectral content of the 
vibratory signal. Recently, researchers are trying to investigate 
the MVSA by another signal processing methods in order to 
exploit it. On the other hand, researchers have different opinions 
on the most appropriate method and the research in this subject 
accelerates quickly. Our study has the goal to make an 
acquisition of experimental data of signal vibration. The 
vibration image analysis by fast Fourier transform (FFT) allows 
us to understand the best signatures or indicators about the 
existence of the broken rotor bar faults. Experimental results 
show the degree of validity of the proposed methods which may 
leads us to a final decision about the state of the induction 
motors.  

Keywords—broken rotor bars fault; induction motor; spectrum 
analysis (FFT); motor vibration signature analysis (MVSA). 

I. INTRODUCTION

Induction motors have important features such as: 
robust, inexpensive, low maintenance, etc. These motors have 
less maintenance compared to other rotating machines. 
Despite the robustness of this type of motor, it is prone to 
many faults. 

During the construction phase or operation phase, 
several parts can be assigned to the different faults [1-5]. 
Among them we mention: the bearing element faults, the 
stator faults and the rotor faults. In addition, squirrel cage 
induction motors have the ability to assign to a failure of 
broken rotor bars (BRBs). The squirrel cage of an induction 
motor (SCIM) consists of rotor bars and end rings. If one or 
more of the bars is partially cracked or completely broken, 
then the motor is considered to have broken bar fault. This 
study will analyze the BRB faults by MVSA-FFT techniques. 

Several studies focus on fault diagnosis in induction 
machines to find the best signatures that accurately determine 
the existence of the fault in SCIM [6-9]. 

Generally, the surveillance phase is essential in the 
domestic and industrial sector. Faults can lead to catastrophic 
damage such as: electrical equipment, human being, 
production or others [10]. The researchers, therefore, are 
looking for the best technique that ensures: detection accuracy, 
ease of use and a reasonable hardware price [11-14]. 

Many methods have been used in condition 
monitoring in order to detect different faults in squirrel cage 
induction motors [15-18].  

Today, there has been no an analysis approach which 
eliminate the vibrations and noises. For an electrical rotating 
machine, the vibratory forces are of three different natures 
[10]: 

� Electromagnetic;
�Mechanical;
� Aerodynamics.
For this reason, vibration analysis is considered a one

of the important sources for monitoring. 
Generally, the vibration sources in rotating machines 

can be classified into different categories: 
� Periodic forces (unbalance);
� Transient forces (load variations);
� Impulse forces (shocks);
� Random forces (friction).
Vibration analysis of rotating machines is nowadays

very used by industrialists to diagnose many faults. The 
identification of the problem makes it possible to set up 
curative actions such as a setting or the replacement of a 
defective part before the sudden stop of the electrical machine. 
The analysis of vibration signatures of the electric motor is 
one of the means which used to monitor the health of rotating 
machinery in operation phase. 
Physically the faults affect on many parts in the induction 
machines (IMs). These phenomena is generally causes a 
deformed field, vibrations in the IMs, harmonics variation in 
stator current, etc. 
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Our goal is to study the diagnosis of BRB faults 
based on the MVSA technique; that is, by analyzing the 
vibration image which induced by these faults. The knowledge 
of these vibratory images and the machine kinematics will 
allow us to formulate a judicious decision. 

Many works have applied the enormous success of 
the application of the fast Fourier transform for vibration 
signal analysis in order to diagnose some many faults in the 
rotating machinery [19-21]. Our study is based on the 
application of the FFT technique in the vibration image.  

The MVSA-FFT diagnosis methods for broken rotor 
bars fault is implemented in test bench in order to measure the 
vibration signal data.  

II. MOTOR SETUP 
In this work, we have used an induction motor that has a 

characteristic as follow: 3kW, 2-pole, f=50Hz, 28 bars. Figure 
(1) shows the SCIM with some equipment in order to enable 
the data acquisition. 

 
Fig. 1. Experiment setup dedicated to BRB faults. 

 

We practically realized a one broken bar and two broken 
bars in order to study the severity of the defect. The figure (2) 
illustrates a photo of healthy rotor and faulty rotor. 

 
Fig. 2. Photograph of healthy and defective rotor (2 BRBs). 

A vibration sensor is a transducer that makes the 
conversion of mechanical stresses to an electrical signal, so 
mechanical stresses is the level of the mechanical vibration that 
it has undergone at a given moment in SCIM. 
 Figure (3) shows the principle of the vibration signal 
capture. 

 
 
 
 

 
 
 
 
 
 
 
 

Fig. 3. Principle of the vibration signal capture. 
 
 The choice of the unit is not indifferent, it depends, 
essentially, the frequency band of each sensor. Measurements 
in acceleration are to be preferred (0 <F <20000 Hz), 
measurements in speed (reserved for low frequencies F <1000 
Hz) and in motion (very low frequencies F <100Hz) [30]. 

However, the acceleration is that which makes it possible to 
highlight the vibratory phenomena whose frequencies are the 
highest. 

 For these reasons, it is chosen here to represent the analysis 
of the vibratory signals of the asynchronous machine on the 
basis of acceleration output, in order to be able to characterize 
the effects of the defects over a widest possible frequency 
range. 

Generally, the location of the measuring points is for the 
following reasons: 

- Vibration measurements are performed on the bearings 
of the machine; 

- The sensor must be placed so as to ensure a direct path 
to vibrations. 

The measures can be done (figure 4): 

- In a radial plane (Vertical Radial Plane: VRP, Horizontal 
Radial Plane: HRP, Oblique Radial Plane: ORP); 

- And / or in an Axial Plane (axial: AP). 

 
Fig. 4. Measuring points of the vibrations. 

 

III. FAULT DETECTION USING MVSA-FFT 
The results show the amplitude of the signal as a 

function of time, then as a function of frequencies. 
Vibration signals have many forms, and as we have 

seen, for the placement of vibration sensors. They can be 
placed on a VRP, HRP, ORP or AP; our experimental study 
consists in recording the vibration signals in the three 
following planes: VR, HR and on the axial plane. 
 

Input: mechanical 
Stresses Sensor: 

Transfer circuit 

Output 
-Acceleration. 

-Velocity. 

-Displacement. 
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 The time signal on a VRP for a healthy and faulty motor 
(2BRBs, s=0 and s=0.032) is shown in figure (5). We will take 
care of choose in the following the vertical radial plane (VRP) 
to analyze it by the fast Fourier transform. 

 
Fig. 5. Time signal of vibration in healthy and faulty (2BRBs) state (a): 0% of 

load, (b): 75% of load. 

 

    The characteristic frequencies of the BRB faults to be 
checked are the frequencies indicated hereafter. In addition, 
and in this analysis, the focus study will be on the tracking of 
the most important fault components of the harmonic series 
[22-25]: 

 2. .BRB r sf f s f= ±                                                                 (1) 
Another series of harmonics has been proposed by [24], [26-
28] according to the following formula:         

6 2. .BRB sf s f= ±                                                                  (2) 
with, 
fr is the rotationnel frequency.  
Other frequencies due to the breaking of the bars proposed by 
[28] have the formula: 

BRB r p r slipf f f f f= ± = ±                                                   (3) 
fp= fslip is the frequency of passage (slip) and given by the 
relation:  

( )p slip s rf f f f p= = −                                                           (4) 
where, 
p is number of pole pairs. 
[28] discussed the existence of a frequency which has a 
relation with the number of rotor bars (fnrb=RBPF) in the 
vibratory signal spectrum. They are called the slot harmonics 
or rotor bar pass frequency (RBPF) which are equal to the 
rotation frequency multiplied by the number of rotor bars, 
such as: 

.nrb rb rf RBPF n f= =                                                            (5) 

This relation is valid for a number of rotor bars nrb [16-60]or 
more. 

Other frequencies in the form of sidebands have the following 
formula: 

2.BRB nrb sf f f= ±                                                                   (6) 
Example: for a rotor frequency fr=24.15Hz, we find 
RBPF=676.2Hz. 
Therefore, the analysis of vibratory signals, below, will focus 
on the equations and formulas of the characteristic frequencies 
under BRB faults, which have been found in the literature. 

A. No-Load Operation of Induction Motor 
 

The spectrums of the vibration signal for two broken rotor 
bars (2 BRBs) and under 0% of load motor is shown in figures 
(6) and (7). 

Characteristic frequencies did not appear clearly. We 
see some frequencies and others that do not have an 
explanation indicated by the circles dotted in green in the 
figure (7-d). 

An overlap has also been reported in figure (6-b) 
between the frequency of 5× and the frequency of the formula: 
[(1-s)/p+2]fs 

It is important to present another series that 
characterizes the BRB fault is 1×, 1.5×, 2×, 2.5×, 3×, etc. and 
among them, we found 1×, 2×, 3×, 4×, 5×, 6×, 7× (even in 
healthy condition). 

These frequencies of (k'/2).fr for k'=2,3,4, ... have 
values close one of the other, which requires on the one hand 
an overlap with the noises and, on the other hand a problem of 
confusion with other defects or natural phenomena of the 
electrical machine; for example: misalignment (radial or 
angular), clamping fault, problem on the blades, eccentricity 
fault, etc. 

This indicates the existence of many components of 
BRB faults of fr±2sfs such as: 70.3Hz, 79.3Hz, 209Hz, 
214.1Hz, 258.9Hz, and others. We find several additional 
frequencies in the spectrum of the vibratory signal, such as: 
517.6, 527.2, 536, 537.4, 552.1, 557.3, 569.4, 575, 582.3, 
1022, 1154, 1184, 1256, 1380, 1453, and 1637. 
Nevertheless, several frequencies have been removed from the 
healthy state as: 20.1, 35, 127, 189.4, 314.3, 319, 328.8, 783.3, 
832.2, 850.1, 847.1, 909.9, 958.1, 966.7, 967.9, 981.7, 1008, 
1013, 1028, 1043, 1053, 1058, 1186, 1188, 1216, 1218, 1278, 
1377, 1440, 1490, etc. 
Frequency related to the number of rotor bars 
RBPF=nb.fr=697.8Hz=28.fr is very clear with its sidebands 
RBPF±2kfs. This frequency depends on the number of rotor 
bars that equals 28. 

Another reasoning that is based on the analysis of 
frequencies with two broken rotor bars (2BRBs), which is in 
this case a new value equal 26 bars. The frequency which 
corresponds to this value is (nrb-2). fr=646.8Hz=26.fr with 
sidebands of (nb-2).fr±2kfs (figure 7-b). We found this new 
harmonic series in correspondence with the multiple of fr ? So 
this case is a bit difficult to diagnose. 
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Fig. 6. Spectrum of the vibratory signal for different frequency ranges 

(2BRBs, s=0.004); (a) and (b):0-200Hz, (c) and (d):200-400Hz, (e) and 
(f):400-600Hz. 

 

  

 
Fig. 7. Spectrum of the vibratory signal for different frequency ranges 
(2BRBs, s=0.004); (a) and (b):600-800Hz, (c) and (d):1100-1300Hz. 

 
The evolution or abnormal amplitude of sidebands 

around the RBPF frequency by a piece frequency of 2ksfs is 
invisible. The detection of this fault is often requires a 
powerful zoom capable of highlighting the slip frequency, 
which can be very low in case of lightly loaded motor (s 0).  

It is important to report the amplitudes of the 2kfs 
series throughout the frequencies in the vibratory signal 
spectrum. These frequencies are damped when compared with 
the healthy state of the machine (figure 8). 

 
Fig. 8. Amplitude evolution of 2kfs (2BRBs, s=0.004). 

 
Any rotor fault (for example, broken rotor bars or 

bar-link failure) or any dynamic variation of air-gap will 
induce a modulation of the amplitude and / or the frequency of 
rotation and its harmonics [29]. 

The vibratory image of a fault is reflected by the 
appearance of sidebands around the first harmonics, whose 
piece frequency corresponds to the slip frequency fg=s.fs/p 
multiplied by twice the number p of poles pairs, which is 
2p.fg=2ksfs. 
This observation requires the use of a powerful zoom for a 
very low slip (lightly loaded motor). 

B. Operation of Induction Motor at 75% of Load 
We will now diagnose the state when the motor operates at 
load (s = 0.034). 

Indeed, the variations observed in the figure (9).  This 
spectrum is rich in information on the presence of BRB, and 
around the rotational frequency fr=24.15Hz 24.2Hz, such as 
13.95, 17.35, 20.55, 27.55 and 30.95 which verify the formula 
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fr±2ksfs. The results obtained from the [0-200 Hz] band show 
interesting signatures on the existence of the fault. 

We see the sidebands frequencies (SBFs) of 
2sfs=3.4Hz around multiple of fr for two states (healthy and 
defective). 

Other peaks due to the number of rotor bars (nrb) has 
the frequency value nrb.fr=676.2Hz. In order to detect 
information about BRB fault, the frequency range is increased 
to 1300 Hz as shown in figure (10). 

 

 

 
Fig. 9. Spectrum of the vibratory signal for different frequency ranges 

(2BRBs, s=0.034); (a) and (b):0-200Hz, (c) and (d):200-400Hz, (e) and 
(f):400-600Hz.

 
Fig. 10. Spectrum of the vibratory signal for different frequency ranges 
(2BRBs, s=0.034); (a) and (b):600-800Hz, (c) and (d):1100-1300Hz. 

     
As explained in the previous section, the fault components 
fr±2sfs, RBPHs, and others, will be tracked in the frequency 
bands. 
It should be noticed that the series of frequencies due to the 
number of rotor bars are checked in the spectrum in the 
following equation: 
 

2RBPF sf RBPF kf= ±                                                              (7)         

All signals were recorded in steady state with a slip 
of 0.034. The analysis of the characteristic frequencies 
presented in the figures (9) and (10), with a healthy and faulty 
motor, shows the SBF due to the BRB fault around fr 
frequency. 

 
The harmonics spaced 2sfs from the frequency of 

rotation are observed with difficulty. 
From the analysis of the characteristic frequencies of the BRB 
fault, we bring to a serious difficulty in this part to decide the 
existence of the BRB fault. 
The additional peak values which characterize the BRB fault 
with its amplitudes can be summarized in the following table: 
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TABLE I.  SUMMARY OF SOME HARMONICS OF THE VIBROTORY SIGNAL 
SPECTRUM (2BRBS) 

Formula of 
frequency 

(BRB) 

Theoritical
Values 
[Hz] 

Practical 
Values 

[Hz] 

Amplitude [dB] 

healthy 2BRBs 

1 rf×  Taken from 
the 

spectrum 

24.15 30.51 36.21 

2 rf×  Taken from 
the 

spectrum 

48.3 27.63* 32.03 

3 rf×  Taken from 
the 

spectrum 

72.5 31.74 28.54* 

2r sf sf+  27.55 27.5 / -5.73 

2r sf sf−  20.75 20.8 / 8.41 

2(2)r sf sf+
 

30.95 30.9 / -12.77 

2(2)r sf sf−
 

17.35 16.9 / -13.45 

RBPF  676.2 676.2 13.82 37.27 

2 sRBPF f+
 

776.2 776.2 42.34 33.58 

2 sRBPF f−
 

576.2 576.2 37.05 24.05 

Finally, the image of vibrations gives limited 
information on the existence of the BRB faults. 
In spite of this, the fault indicators appeared in frequency 
series in the form of sidebands; we noticed that they do not 
have remarkable amplitude. 

In addition, the detection of the characteristic 
frequencies of BRB has been noticed in an advanced ranges 
frequencies (0-500Hz) with a large number of frequencies 
which have disappeared as: 183.4, 246.1, 280.1, 294.4, 304.4, 
308.8, 318.3, 342.4, 348.6, 398.3, 405.3, 415.6, 597.2, etc. 

IV. CONCLUSION 
Any anomaly is translated by a frequency corresponding to 

a phenomenon that causes it, hence the spectrum analysis, 
allows us to diagnose rotating machines. 

The amplitude measurement of certain peaks in the 
spectrum will allow the tracking of the broken rotor bars fault. 

The phenomena at the origin of the vibrations depend on 
the machine constitution and its operating parameters. 
Consequently, the distribution of the magnetic energy density 
in the air-gap, which is necessary to generate the torque of an 
electric machine, must inevitably, be fluctuating in time and 
space. On the peripheral surface of the rotor and on the side of 
the stator air gap, the variation of the spatial distribution of the 
magnetic energy density as a function of time results in 
tangential and radial forces (excitations) which are applied at 
different locations. These forces have an important part of the 
vibration or noise. 

The magnetic distribution of the magnetic permeance of the 
air-gap, the design, the distribution of the winding, and the 

shape of the stator current during the power supply are 
considered as vibration factors. 

Our study found a very hard overlap between characteristic 
frequencies of BRB faults and the characteristic frequencies of 
other faults. In addition, the additional harmonics have very 
low amplitude. We also found that several harmonics in the 
spectrum which caused by the noise phenomena. 

Finally, the image of vibrations gives limited information on 
the existence of the BRB faults. 

We propose to exploit this signal by other techniques that 
can distinguish between harmonics. Filtering by the signal 
processing methods is required in order to clarify the spectral 
content. 
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Abstract—Permanent Magnet Synchronous Machines 

(PMSMs) are getting popular in the automotive applications 

which are necessary for high power density in low volumes. 

Also they have a huge usage potential in other industrial 

applications like robotics, naval applications, space 

applications etc. In this paper, design parameters of a special 

PMSM are analyzed which has two independent winding set 

for motor and generator operations in a simple stator instead 

of two separate electrical machine. Important design 

parameters like skew, airgap length, slot-pole combination, 

magnet height-width which affect the output performance are 

investigated for multi tasked PMSM. Performance output 

values are analyzed for two operation situation of multitasked 

PMSM and optimum design values are determined. These 

values are obtained from Maxwell-Simplorer softwares where 

co-simulation analysis has been run.  

Keywords—permanent magnet synchronous machine; 
optimetric analysis; dual winding machine; mild hybrid electric 
vehicles; electric vehicles 

I. INTRODUCTION 

For the advantages like high output torque and high 
power density, PMSM have a wide range of usage. 
Especially, PMSMs have an important role for investigating 
of new age traction and battery charge systems for electric 
cars [1]. There are many studies for design and improving 
performance of PMSM. For this purpose, not only special 
applications but also improving output performance, usage 
of double winding set has a significant effect. Using of dual 
winding set for backup of each other improves the fault 
tolerance [2]. One of the winding sets is improved rated 
torque and the other winding set is developed the starting 
torque of PMSMs in another studies [3]. 

When the modern automotive applications are examined, 
it can be seen that, the dual winding PMSMs have designed 
for being an alternative of low efficient alternators. One of 
the winding sets of PMSM is used for generator operation 
mode. The other winding set of the machine controls the 
airgap flux density to regulate the output voltage. Thus, the 
output voltage remains constant even shaft velocity is 
variable. In order to do that, dual winding PMSMs provide 
high output power for low velocity conditions [4]. In this 
study, multitasked PMSM has designed with dual winding 
sets. One of the winding sets provides motor operation; other 

winding set provides generator operation. For this purpose, 
not only motor operation but also generator operation is 
provided in a single stator core. Therefore, it is called 
Multitasked Permanent Magnet Synchronous Machine 
(MTPMSM). The machine provides not only traction 
operation but also battery charging operation with a single 
structure for electric and hybrid electric cars. This structure 
also provides on gain for volume and mass [5]. 

In this study, important design parameters like skew, 
airgap length, slot-pole combination, magnet height-width 
have been investigated with finite element optimetric 
simulations Optimization of these parameters for 
conventional PMSMs has widely studied before. [6-8]. The 
parameter design of the proposed machine have to be 
optimized for both motor and generator operations unlike 
classical PMSMs. 

II. BASIC DIMENSIONS OF THE MULTITASKED PMSM

Table 1 gives fundamental dimensions of a radial PMSM
which provides 9 kW output power at 1500-6000 rpm 
angular velocity range [9]. There is an electrical and 
magnetic isolation between two winding sets in order to 
reduce magnetic coupling into minimum level. Thus, a 
simple stator core of the machine provides motor and 
generator operation simultaneously [10]. Fig. 1 shows the 
structure of multitasked PMSM.   

Pre-performance values are obtained from a FEA 
(ANSYS-MAXWELL) program. Table 1 shows data used by 
FEA. The data is calculated by general machine dimension 
equations. 

Fig. 1. Single layer concentrated winding structure. 
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TABLE I.  BASIC ELECTRICAL & GEOMETRICAL PARAMETERS OF 
MULTITASKED PMSM 

 Basic Parameters Values 

Total shaft power (kW)(Mot+Gen) 6+3 = 9 

Shaft speed  (rpm) 1500 – 6000  

Frequency (Hz) 275 – 1100  

Stator inner diameter (mm); Rs 140 

Rotor outer diameter (mm); Rm 138 

Stator and rotor core length (mm); Ls 120 

Number of stator slots 24 

Number of pole pairs 22 

Br (T) 1.1 

 

III. PARAMETRIC ANALYSIS OF THE MULTITASKED PMSM 
Fundamental dimensions, slot-pole combination and 

electrical parameters of the MTPMSM have investigated via 
FEA analysis. Optimum values of slot opening width, skew 
width of stator, airgap length and magnet height are 
determined in this chapter. Effects of these values on output 
performance of the machine have been determined by FEA 
analyses. 

A. Optimization of Skew Value 
In order to minimize cogging torque on PMSMs, either 

stator slots are manufactured according to specific values of 
angular mechanical degrees or rotor magnet poles are 
skewed on rotor face. In this study, stator slots are skewed 0-
15 mechanical degree (0-1 slot pitch). Magnetic analyses will 
be conducted for this value. Fig. 2 shows the output power in 
generator mode according to the skewing angle. The skewing 
angle increases, the output power in generator mode 
increases too. As shown by Fig. 2, in order to increase the 
output power in generator mode, smaller power angle is 
required.  

Fig. 2 shows that while cogging torque decreases, 
skewing angle increases. Cogging torque reaches zero at 
skewing angle of 15 degrees. Furthermore, on rated speed of 
1500 rpm and no load conditions, the induced phase voltages 
are given by Fig. 2. If the phase voltages are examined, it is 
seen that the phase voltages are changed with the effect of 
skewing angle. In this paper, it is aimed that the induced 
phase voltages have to be as possible as sinusoidal. 

In order to determine the effects of skewing angle 
variation on the output power at motor operation, the results 
of magnetic analyzing have to be shown. It is obtained by the 
values of torque and torque ripple as shown by Fig. 2. The 
mean output torque decreases while the skewing angle 
increases. If the Fig. 2 has examined detailed, it is seen that 
the skewing angle does not have significant effect on torque 
ripple. However, in specific skewing angles have smaller 
effect on torque ripple than the others.  

 In the light of all these considerations, choosing of 
skewing angle should be made with regard to the 
performances not only motor operation mode but also 
generator operation mode. Skewing angle has determined 
11.1 mechanical degrees for THD of the induced phase 

voltage, torque ripple and maximum output power from FEA 
simulations.   

 

 

 

 

 

Fig. 2. Variation of output parameters for motor – generator operation 
according to skew values. 
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B. Optimization of Airgap Value 
 Airgap length is an important value for electric motor and 

generator performance. Alternating of airgap value causes 
effect on airgap flux density and induced phase voltages. Fig. 
3 shows that the effects of airgap lenght on airgap flux 
density and induced phase to phase voltages. Decreasing of 
airgap length causes a decrease on airgap flux density. 
Therefore, induced phase voltages are decreases too. 
Decreasing of magnetomotive force affects the output power 
of the machine. Fig. 3 shows that increasing of the airgap 
length decreases the output power of the machine. On the 
other hand, some values of the airgap length, cogging torque 
takes low values. Decreasing of the airgap length increases 
the induced electromagnetic torque. Fig. 3 shows the effect 
of airgap length on machine’s torque ripple. However, it 
should always be considered that changing of the airgap 
length affects the parameters like rotor outer diameter, 
magnet pole face area etc. As a result of these analyses, 
airgap length has chosen 1 mm. 

C. Optimization of Slot Opening Value 
When the stator slot geometry is investigated, current 

density has to be determined. Conductor cross section 
directly affects the current density of a slot. Additionally, 
stator tooth flux density and stator yoke flux density values 
must be chosen to avoid the magnetic saturation. In this 
study, stator slot dimensions are determined by considering 
the slot fill factor and total conductor cross sectional area. In 
literature, there are some studies about calculating the slot 
opening value. In this study, slot opening value is optimized 
in the 2.5-8.25 mm dimensional range. Fig. 4 shows the 
effect of slot opening on cogging torque. In Fig. 4, some 
values of the slot opening (2.75 mm – 3.30 mm) increases 
the cogging torque but, other values of the slot opening (3.85 
mm – 5.50 mm) decreases the cogging torque. When the 
torque profiles are examined, correct choosing of slot 
opening values helps to decrease the torque ripple. However, 
increasing of the slot opening value affects the mean output 
torque value a bit negative.    

D. Optimization of Magnet Width Value 
Another important parameter for the PMSM machine 

design is magnet pole width. Fig. 5 shows variations of the 
output power, cogging torque, airgap flux density, generator 
induced phase voltages relative to magnet pole width. In Fig. 
5, increasing of the magnet pole width increases the 
generator winding power. Altering of airgap flux density, 
causes to change on generator induced phase voltages. When 
the THDs of the phase voltages are examined, magnet pole 
width variation helps the wave shape of the induced voltage 
more sinusoidal. When the magnet pole widths optimized 
between 14-16 milimeters, THD of the induced phase 
voltages have lower values. Higher values than 16 mm of 
magnet pole widths causes the increase on cogging torque. 
Despite, lower values than 16 mm of magnet pole widths 
causes the decrease on cogging torque. However, decreasing 
of magnet pole width causes on negative effect on mean 
output torque. For this purpose, it should not be a suitable 
chooses for magnet pole width only thinking about cogging 
torque. Fig. 5 shows the mean output torque and torque 
ripple values depend on magnet pole width variation. Magnet 
pole width value has determined 16.74 mm for optimum 
torque ripple and THD of induced phase voltages. 

 

 

 

Fig. 3. Variation of output parameters for motor – generator operation 
according to airgap values. 

 

 

Fig. 4. Variation of output parameters for motor – generator operation 
according to slot opening values. 
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Fig. 5. Variation of output parameters for motor – generator operation 
according to magnet width values. 

IV. CO-SIMULATION OF MULTITASKED PMSM 
To achieve the obtain performance parameters of 

multitasked PMSM, optimized design parameters are used in 
Simplorer-Maxwell synchronous simulation. Fig. 6 shows 
that control strategy of target machine.    

Motor windings of multitasked PMSM generate the 
required traction power on its own without another outer 
traction device. This traction power transferred magnetically 
(total airgap flux distribution) to the generator windings and 
multitasked machine generates the phase voltages too. Table 
2 shows the simultaneous motor-generator operation data. In 
this study, motor windings are fully loaded. When the 
electrical power decreased which is dissipated from 
generator windings, mechanical output power is increased, 
conversely electrical power increased which is dissipated 
from generator windings, mechanical output power is 
decreased. When the efficiency data from table 2 is 
examined in detail, if the electrical machine is mechanically 
loaded only or if the electrical machine is loaded both 
mechanically and electrically, there is a little change (%1-2) 
on machine’s output performance. 

Fig. 7 shows the torque and power variations that depend 
on unloaded generator and fully loaded motor windings. 
Observing the electromagnetic torque in detail, it can be 
calculated that the multitasked electrical machine’s total 
torque ripple percentage. The difference between maximum 
and minimum values of torque graph is near 1 Nm and mean 
torque value is 37.8 Nm on Fig. 7. For this purpose, the 
torque ripple of multitasked PMSM is %2.6 for ideal driving 
conditions. 

Fig. 8 shows the DC link voltage and current and induced 
electromagnetic torque variation that depend on loaded 
generator and unloaded motor windings. For the 2900 W 
electrical loading of generator windings, torque ripple value 
is %13.8. This value can be minimized with the optimum 
control of generator terminal’s rectifier device. 

Fig. 9 shows that the performance data from 
simultaneous operation of multitasked PMSM. Generator 
windings are loaded 780 W mean power, motor windings are 
loaded about 4300 W mean power. Torque ripple on this 
operating condition is about %9. 

TABLE II.  SIMULTANEOUS MOTOR – GENERATOR OPERATION 
PERFORMANCE DATA  (1500 RPM) 

Motor – Generator Operation Mode 

Motor windings fully 

loaded and Generator 

Windings: 

Half 
Loaded 

Fully 
Loaded 

Shaft Torque (Nm) 26.85 16.05 

Input Power (W) 6530 6563 

Motor Output Power (W) 6080 6080 

Generator Input Power (W) 1865 3560 

Mechanical Power (W) 4215 2520 

Total Copper Losses (W) 156.68 192.49 

Total Core Losses (W) 184.32 174.55 

Efficiency (%) 93.10 92.64 
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Fig. 6. Control strategy of multitasked PMSM for motor and generator operation modes. 

 

 

Fig. 7. Power parameters and torque graphs of multitasked PMSM that 
depends on ideal driving conditions. 

 

 

Fig. 8. Generator performance of multitasked PMSM (1500 rpm). 

 

 

Fig. 9. Output performance of multitasked PMSM for Motor-Generator 
simultaneous operation (1500 rpm). 
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V. CONCLUSION 
In this study, a special multitasked machine has discussed 

which has two individual winding set in a simple stator core. 
It has provided that not only motor operation but also 
generator operation simultaneously with designed 
multitasked PMSM. Conducting these two operations for not 
to affect each other, individual winding sets have to be 
isolated electrically and magnetically from each other. To 
achieve the magnetic decoupling between the winding sets, 
single layer concentrated winding topology can be used. 
However, to minimize the negative effect of single layer 
concentrated winding topology on torque ripple and induced 
phase voltage harmonics, design parameters (skewing angle, 
airgap length, magnet pole dimensions, slot geometry etc.) 
have to be optimized. In this study, performance parameters 
of multitasked PMSM for two operation mode (motor-
generator) have been investigated. To achieve this, optimized 
design parameters has been used. Optimized design 
parameters and manufactured multitasked PMSM’s 
parameters has been recorded respectively. For this purpose, 
experimental and design data has showed that, two mode 
operations can be achieved in a single stator core of 
multitasked PMSM. 
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Abstract—There is an exponential growth of solar 
photovoltaic technology for energy generation in comparison 
with the conventional and other renewable energy sources. Sun 
energy is the best option for power generation as it is available 
everywhere and is free to operate. Shading is one of the most 
important aspects that affect performances of PV systems. The 
first purpose of this paper is modeling and simulation of a five 
parameters photovoltaic cell and illustration of its electrical 
characteristics under standard test conditions (STC) and under 
environment condition variation using Matlab/Simulink 
software. The second purpose is to study influence of partial 
shading on the current-voltage characteristics and on output 
power of the PV system with and without bypass diode. 

Keywords—renewable energy, photovoltaic energy, PV 
modeling, partial shading. 

I. INTRODUCTION

Photovoltaic (PV) energy technologies are becoming 

increasingly prominent in the global energy. Solar 

photovoltaic modules are manufactured by semiconductor 

materials and they turn the radiant energy coming from the 

sun into direct current and therefore, electricity. PV systems 

are frequently mounted on building roofs, facades, or 

generally in urban environments, where partial shading can 

be frequent [1]. It is not possible to have uniform 

illumination of PV panel all the time because of buildings or 

trees shades, atmosphere fluctuation, and existence of 

clouds, dishes satellite, chimneys, and daily sun angle 

changes as shown in Fig. 1. 

The performance of a solar cell is determined by the 

maximum amount of power delivered to the load. Another 

performance measure is the efficiency, which is given as a 

ratio of the output power across load to the incident input 

power [2,3]. Analysis of photovoltaic array characteristics 

plays an important role in developing an algorithm based 

devices for Maximum power point tracking (MPPT). Such 

devices play an important role in efficient usage of available 

solar energy power [4,5]. 

Partial shading in solar modules posts a great problem in 

creating failure in local overheating of shaded area and 

causes malfunction to the entire string of module [6]. 

In PV installations it is necessary to series connect a 

large number of solar cells to achieve sufficiently high 

voltage. When the cells are series connected the cell which 

delivers the lowest current will limit the current in the 

string. This means that a shadow on one cell will determine 

the performance of the whole circuit. The negative impact is 

partly minimized by connecting bypass diodes parallel to a 

number of cells. The diodes will conduct the current around 

the shadowed cell. 

The present work is devoted to study behavior of PV 

systems when subjected to partial shading conditions and 

the influence of shading on the current-voltage 

characteristics and on output power of the PV module. 

Fig. 1. Partial shading on the PV Panel 

II. MODELING OF PV DEVICES

A photovoltaic cell is an electrical device that converts 

energy of light into electricity. The PV cell equivalent circuit 

is presented in Fig. 2. It is a single diode model with a 

current source, a diode, a shunt resistance  and a series 

one 	 . One diode model is widely used in literature 

because it is easier to use than two-diode model to 

mathematically model the operation of PV cells and 

modules. The accuracy of this model is high enough for 

comparison of different designs in terms of partial shading 

[7,8,9].   

Fig. 2. PV cell equivalent circuit 

Output current generated by the non-ideal PV cell is 

expressed by: 
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The light generated current mainly depends both on 

irradiance and temperature [7]. It is measured at some 

reference conditions. Thus, 

 

 
(2) 

 

 

 

The short-circuit current Isc is the highest value of the 

current produced by the cell. 

The short-circuit current Isc for v=0 is given by: 

 

 

 

The module-reverse saturation current Irs is given by: 

 

 
(3) 

 

The module saturation current varies with cell temperature 

which is given by: 

 

 
(4) 

 

A PV array is a group of several PV cells which are 

electrically connected in series and parallel circuits to 

generate the required current and voltage. The PV array 

implemented in Matlab/Simulink software is built from 

modules which are added in series to form strings, and then 

combined in parallel to form arrays Fig. 3. 

 

The output current of PV generator is: 

 

 

(5) 

 

Fig. 3. Photovoltaic system 

 

The Soltech 1STH-215-P is the PV system considered 

in this paper. It is composed by 60 cells per module; one 

series module; one parallel string to provide a power (P) of 

213 W at a terminal voltage (Vpvm) of 29 V. The detailed 

informations about the electrical parameters are given in 

Table I. 

TABLE I. MAIN PARAMETERS OF PV MODULE 

Parameters Values 
Open-circuit voltage  (V)  36.3 

Short-circuit current r (A)  7.84 

Voltage at MPP  (V)  29 

Current at MPP  (A)  7.35 

Maximum power  (W)  213.15 

Ideality factor  1.6 

Ns 60 

 

 

                    Fig. 4. I-V and P-V curves at constant insolation (1KW/m
2
)      

                       and three different temperature values 

 

              Fig. 5. I-V and P-V curves at constant temperature (25°C) and               

                      three different insolation values 
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Fig.4 and Fig.5 show electrical characteristics of PV 

module used in this research under standard test conditions 

(STC) which means the irradiance G =1KW/m2, 

temperature T= 25˚C and for climatic variation conditions. 

It can be seen that increasing temperature decreases voltage 

and increases current and power. For different irradiance 

intensities, current and power, increase with increasing of 

solar irradiation. 

III. SHADING OF SERIES-CONNECTED CELLS 

Since the maximum voltage given by a solar cell is 

approximately 0.605V, cells are connected in series in order 

to collect higher voltage or in parallel to generate higher 

current, forming PV modules with the desired output. When 

one of cells is partially shadowed, it will produce less 

current than the rest of cells in the string. The other cells 

will try to push more current through the poor cell than it 

delivers. This is, however, not possible, since in this case the 

cell acts as a diode in the reverse direction. Then, the current 

of this cell will limit the current of the whole string [9]. The 

conventional solution to mitigate shading problems is the 

bypass diodes. 

Bypass diodes are connected in reverse bias between a 

solar cells (or panel) positive and negative output terminals 

and has no effect on its output. Ideally there would be one 

bypass diode for each solar cell, but this can be rather 

expensive so generally one diode is used per small group of 

series cells [10,11]. 

In this section we studied behavior of two modules 

connected in series each module is composed by six series 

connected cells. Fig. 6 and Fig. 7 show simulation results 

under standard test condition STC, and under shadow with 

and without bypass diode connected in parallel with each 

module.  

 

 
Fig. 6.  P-V characteristic of PV modules under STC and for partial 

shading condition (1000W/m
2
, 800W/m

2
) with and without bypass diode. 

 

 
Fig. 7.  I-V characteristic of PV modules under STC and for partial shading 

diode.without bypass ) with and 
2

W/m, 800
2

W/mcondition (1000 

 

a) 

 

b) 

c 

Fig. 8. Comparison of Current, voltage and power for:      uniform 

irradiance,       partial shading (with bypass diode) and      partial shading 

(without bypass diode) 

 

Fig. 8 shows comparison of current, voltage and power for 

uniform irradiance, partial shading (with bypass diode) and      

partial shading (without bypass diode). 

 

IV. SHADING OF PV ARRAY 

In this case also, three 60 cells modules are connected in 

series, and receive irradiance of 1KW/m2, 0.8KW/m2, while 

the third receives an irradiance of 0.5KW/m2.  

The connection is done as shown below in Fig. 9. Electrical 

characteristics are shown in Fig. 10 and Fig. 11 as I-V and 

P-V respectively. 

 

 
Fig. 9 shading of solar PV array  

690

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

Fig. 10.  I-V, P-V characteristic of PV modules under STC and for partial  

shading condition (1KW/m
2
, 0.8KW/m

2
, , 0.5KW/m

2
) with bypass diode. 

 

Simulation results show how the maximum power point 

differs in shadowed PV array with and without bypass 

diodes. Multiple maxima in the P-V curve are present. The 
output power of a photovoltaic (PV) panel drops 

significantly under partial shading. It can be seen that 

current, voltage and output power are lower in comparison 

with those generated in standard test condition. Shadow 

modules with bypass diodes have better electrical 

characteristics. 

 

V. CONCLUSION 

This paper focuses on modeling and simulation of PV 

array and illustration of its electrical characteristics under 

standard test conditions (STC) and under environment 

condition variation using Matlab/Simulink software. 

Studying of influence of partial shading on the current-

voltage characteristics and on the output power of the PV 

system was done. 

Each PV generator has an individual operating point 

where it can provide the highest electrical power; the 

amount of power depends mainly on irradiation. If 

individual PV modules of a string inside the PV array are 

shaded, its electrical properties change significantly. The 

use of bypass diode can minimize effect of shadow on PV 

system. 
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Abstract—Doubly-fed induction generator (DFIG) based 
wind turbine (WT) has been widely used in wind power 
production due to its good energy capture performance, fine 
controllability and simple realization. In conventional Direct 
Torque Control (DTC) scheme of the DFIG, the reduced model 
with both stator flux dynamics and saturation effect neglected 
was employed to construct the electromagnetic torque and 
rotor flux estimators of the DFIG, which can perform well in 
normal grid condition. However, once grid voltage dip occurs, 
the performance of DFIG wind energy conversion system 
(WECS) is degraded. In this paper, an accurate mathematical 
DFIG model is proposed. The model taking into account 
magnetic saturation and its influence on the performance of 
the DTC applied to the DFIG during grid voltage dips is 
analyzed. Finally, simulation was carried out on a 7.5 KW WT 
driven DFIG system. The validity of the developed saturated 
model and the influence of flux saturation on the performances 
of DFIG controlled by a conventional DTC under grid voltage 
dip fault are all confirmed by the simulated results. 

Keywords—Doubly Fed Induction Generator (DFIG), Direct 
Torque Control (DTC), Accurate model, Saturation effect, Wind 
turbine (WT). 

I. INTRODUCTION

Nowadays, the integration of DFIG in WECSs has great 

interests since they are able to generate controllable high 

power thanks to reduced rated power converters [1-2]. 

However, these new power generators add risks to the 

control of the grid and moreover may decrease the quality of 

electrical network services. The control of DFIG has some 

restrictions mainly in case of over currents and DC bus 

variations. In fact, when a voltage dip occurs, the rotor 

currents are very high and the DC bus voltage varies. In 

order to study these phenomena, this paper presents some 

operating cases of the WECS in a particular distribution 

network during voltage dips. 

The prediction of DFIG performance has traditionally 

been based on constant parameter model which have yielded 

good engineering results for both steady state and most 

transient conditions as in [1-3]. However, the model has 

frequently not been sufficiently accurate for certain large sig-

nal transient conditions and the saturation effect is always 

neglected in these models. Nevertheless, this phenomenon is 

present in all real electrical machines [4-7]. Because of this 

reason and in order to realize an accurate representation of 

the DFIG, saturation must be taken into account in their 

mathematic modeling. 

The conventional control scheme used for the DFIG-

based WT is the field oriented control (FOC) based on 

proportional-integral (PI) controllers [8-9]. This strategy, 

however, has a few disadvantages which limit its use, such as 

robustness to parameters variation [1-2]. Direct torque 

control (DTC) has increasingly become the best alternative 

to this field orientation method. The DTC scheme is very 

simple; in its basic configuration it consists of hysteresis 

controllers, torque and flux estimator and a switching table. 

The configuration is much simpler than the vector control 

system due to the absence of coordinate transformation 

between stationary frame and synchronous frame and PI 

regulators. It also does not need a PWM. DTC based drives 

are controlled in the manner of a closed loop system without 

using the current regulation loop [5]. This structure will be 

used to control the rotor-side converter (RSC) of the 

investigated DFIG incorporated in the WECS. However, a 

voltage dip could cause over-voltage in rotor winding and 

consequently damaged the rotor side converter. So studying 

the transient behaviour of DTC applied to the DFIG-based 

WT during the voltage dip is very important. 

The main goal of this work is to present a new 

comparative study among DTC of a DFIG-based WECS 

with conventional model and that accompany with saturation 

effect during voltage sag. The study elaborated in this article 

has not been done in antecedent work, in fact, the test of the 

DTC control of a DFIG during a voltage sag with and 

without magnetic saturation aims to make appear the system 

behavior (DFIG + DTC + turbine) during a severe diet like 

the one applied in this article. In this context, the present 

paper is organized as follows: we present, in section II, the 

modeling of the WT and the DFIG using an accurate model 

taking account the saturation effect. In section III, the DTC, 

is applied to control the DFIG-RSC. In section IV, we 

present the results of DTC strategy applied to the DFIG 

based WT using the conventional model and the accurate 

model under grid voltage dips. Finally, we conclude our 

work in Section V. 

II. WIND ENERGY CONVERSION SYSTEM (WECS) MODELING

The WECS adopted in this work is based on WT driven a

DFIG. In such configuration, the stator is directly connected 

to the grid, whereas, the rotor is fed by the grid via two 

converters (AC/DC) and (DC/AC). In addition, the rotor side 

converter (DC/AC) is used to control independently the 

DFIG active and reactive powers. 

A. Modeling of the wind turbine (WT)

The mechanical power captured from the WT, is

expressed as below:  

( ) 32
50  vR,βC.P

Pt
=   (1) 

Where: 

R: radius of turbine (m), : density of air (kg/m3), v: speed of  
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wind (m/s) and CP: the power coefficient. 

According to [5], the power coefficient Cp is function of 

the tip speed ratio  and the pitch angle β (deg), as follows: 

( ) .β..
ii

P
,βC 00680)

21
(exp)540

116
(51090 +−−−=         (2) 

With: 

1

0.035

0.08

11
3 +

−
+

=
ββi

                    (3) 

The tip speed ratio  is given by: 

v

Rt=                               (4) 

Where:  t is the WT rotational speed. 

B. DFIG Modeling 

1) Conventional DFIG model 

In steady state and by aligning the q-axis of synchronous 

rotating reference frame on stator flux vector, the 

conventional DFIG model is given as follows [5]: 
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2) Accurate DFIG model 

The d and q equivalents circuits for the DFIG are shown 

in Fig.1 [6]. Based in these schemas and for better 

representation of the DFIG, saturation effect should also 
include the variation in the magnetising inductance (Lm), in 
stator leakage inductance (Ls ) and in rotor leakage 
inductance (Lr ) due to the saturation in main and leakage 
flux path. The effect of this saturation is considered by 
modifying Lm, Ls  and Lr  with, respectively, saturation 
factors Ksm , Ks  and Kr .  

 

Fig. 1. Equivalent circuits of a DFIG: (a) on d-axis, (b) on q-axis. 

The saturated mutual inductance Lms, which is a function 

of the magnetizing current im, can be written as follows: 

¯
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With Ksm can be represented by the function [5]-[7]: 
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Where Imsat represents the magnetizing current at which the 

saturation starts. It is around 0.5 pu [5]-[7],[10]. 

The stator and rotor leakage inductances are given as 

function of their corresponding currents as follows: 
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The saturation coefficient  Ks  can be represented by the 

function [5]-[7]: 
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Saturation is taken into account at values of the current 

Isat in the range 1,3-3 pu [5]-[7]. 

III. DIRECT TORQUE CONTROL OF DFIG 

The basic concept of DTC applied the DFIG is to control 

directly both its rotor flux and electromagnetic torque 

simultaneously by the selection of optimum inverter 

switching modes. The DTC controller consists of two 

hysteresis comparator and a switching table to select the 

switching voltage vector in order to maintain flux and torque 

between upper and lower limit [11,12]. 
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                            (a)                                                        (b) 

Fig.2. Hysteresis comparator for: (a) rotor flux, electromagnetic torque. 

Hysteresis comparators for rotor flux and electromagnetic 

torque are shown respectively by Figs (2.a)-(2.b).  

On the basis of the torque and flux hysteresis status and 
of the rotor flux switching sector, which is denoted by  (k, 
k=1,2..6), DTC algorithm selects the inverter voltage vector 
to apply to the DFIG from the Table 1 (Appendix). 

In the reference system (α, β), the components of the 

rotor flux are estimated as follows: 
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Where: irα, irβ are the components of the rotor current vector.  

The αβ components of the rotor voltage vector are 

obtained from the states of the switches:     
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From these two expressions we can estimate the module 

of the rotor flux and the angle : 
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The electromagnetic torque can be estimated from the 

estimation of the rotor flux and the measurement of the rotor 

current using equation (15) expressed by : 

)(
___ αββα ψψ restrrestrestem iipT −−=                (19) 

IV. SIMULATION RESULTS 

In this section, simulations are carried out using Matlab–

Simulink with a 7.5 KW DFIG coupled to a (311V, 50 Hz) 

grid. The consideration of saturation into account for the 

mutual flux of investigated DFIG is realized by taking Imsat 
in (10)-(11) to be equal to 0.7× In = 6 A. In this equality, In 

is the rated current given in Appendix (Table 2). The mutual 

flux saturation coefficient Ksm used in the determination of 

the saturated value of the mutual inductance Lms is sketched 

in Fig. 3. Likewise, the consideration of the leakage flux 

saturation, Isat in (12)-(14) was assumed to be equal to 

1.8×In =15.8 A, where the leakage flux saturation 

coefficient Ks  is shown in Fig. 4.  

For the whole system (Fig. 5), simulations are realized 

under a wind speed profile of (8 m/s) mean value, as shown 

in Fig. 6 and the rated system parameters are listed in 

Appendix (Table 2). The DC-Link voltage (VDC), which is 

intermediate between the two static converters, is fixed 

equal 620 V. Fig. 7 presents the actual and reference rotor 

speeds. It can be noticed in this figure, when the wind speed 

varies, the PI controller drives the DFIG rotor speed ( g) to 

follow its reference value ( g_ref = opt.v/R). It can be seen 

that the measured and reference angular speeds are agreeing 

well. Moreover, this proves that the MPPT has been 

achieved. The rotor flux locus is presented in Fig. 8. It can 

be noted that the trajectory of the rotor flux vector draw 

circular form. The rotor flux sector where the rotor flux 
vector is located is plotted in Fig. 9. It is obvious that we 

have six sectors corresponding to six active rotor flux 

vectors applied to the inverter switches. Figs.10 and 11 

show the effectiveness of DTC in the adjustment of the 

electromagnetic torque and the rotor flux using conventional 

and accurate model respectively. The estimated torque and 

rotor flux follow their references with great dynamic and 

static performances before and after the grid voltage dip for 

the two models. In this case, the decoupling of these 

grandeurs is perfectly realised which proves the efficient of 

the proposed strategy. On the other hand, it can be seen 

from Fig 11, that during the voltage sag, the decoupling 

between electromagnetic torque and rotor flux is more 

affected when we use the accurate model.  
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Fig.3 Mutual flux saturation coefficient Ksm. 
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Fig.4 Leakage flux saturation Coefficient Ks . 

694

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

                                                                                                    

 

Fig. 5 Direct Torque Control of DFIG-based WT. 
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Fig. 9 Rotor flux sectors. 
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Fig. 10 DFIG electromagnetic torque and rotor flux under 50% voltage dip 

between 2s and 4s using conventional model. 
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Fig. 11 DFIG electromagnetic torque and rotor flux under 50% voltage dip 
between 2s and 4s using accurate model. 
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Fig. 12 DFIG Three-phase stator current under  50% voltage dip 

 between 2s and 4s using conventional model. 
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Fig. 13 DFIG Three-phase stator current with 50% voltage dip  

between 2s and 4s using accurate model. 
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Figs.12 and 13 show the DFIG three-phase stator 

currents with 50% voltage dip between 2s and 4s using 

conventional and accurate model respectively. It can be 

depicted from this figure that the stator currents increase 

significantly when we use the accurate model during the 

voltage sag because of the magnetic coupling between the 

stator and the rotor, the fault current will pass through the 

rotor and its power converter which makes it possible to 

drive an over-current in the rotor or an overvoltage to the 

DC-link. 

V. CONCLUSION  

In this paper, we have investigated a DTC during grid 

voltage dips of DFIG-based WT using an accurate model. In 

the first place, the modeling of the DFIG has been carried 

out by taking account the saturation effect in magnetizing 

flux and in leakage fluxes paths. Then a DTC method has 

been developed to control independently the 

electromagnetic torque and the rotor flux. The main findings 

can be summarized in the following points: 

• The decoupling between electromagnetic torque and 

rotor flux realized by the classical DTC method applied 

to the DFIG, during grid voltage dips, is affected when 

we use the accurate model.  

• The stator and rotor current of DFIG calculated by 

considering the saturation effect are significantly higher 

than the ones that ignores it when the faults occurs. 

• It's crucial to incorporate the saturation effect to study 

DFIG performances during grid voltage disturbance, 

but it's not important for stable grid voltage. 

• From the simulation results, the saturated DFIG model 

approaches more to the real DFIG in the practical 

generation system. 

APPENDIX 

TABLE 1. SWITCHING TABLE OF INVERTER VOLTAGE VECTORS. 

H r HTem 
Sector 

1 2 3 4 5 6 

1 

1 V2 V3 V4 V5 V6 V1 

0 V7 V0 V7 V0 V7 V0 

-1 V6 V1 V2 V3 V4 V5 

0 

1 V3 V4 V5 V6 V1 V2 

0 V0 V7 V0 V7 V0 V7 

-1 V5 V6 V1 V2 V3 V4 

 

 

 

 

 

 

TABLE 2. DFIG PARAMETERS 

Parameters Rated Value Unit 
Nominal power Pn 7.5 KW 

Stator  voltage Vn 220 V 

Stator voltage amplitude Vs 311 V 

Stator current In 8,6 A 

Number of pairs poles p 2  

Stator  resistance Rs 1.2  

Rotor  resistance Rr 1.8  

Mutual  inductance Lm 0.15 H 

Leakage stator  inductance  L s 0.0054 H 

Leakage  rotor  inductance  L r 0.0068 H 
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Abstract—In recent years, wind energy systems have taken 
a lot of concentration by industrial and academic researchers. 
In this paper, a sliding mode control (SMC) based on neural 
network of a 1.5 MW doubly-fed induction generator (DFIG) 
wind turbine. In order to command the energy following 
between the stator of the DFIG and the grid, a proposed 
command design uses neural network technique is applied for 
implementing a neural command law to remove completely the 
chattering phenomenon on the traditional SMC command. The 
use of this technique provides very satisfactory performances 
for the DFIG command. The DFIG is tested in association with 
a wind turbine. The simulation tests were developed in 
Matlab/Simulink environment and the simulation results are 
presented and discussed for the whole system. 

Keywords—Wind energy, DFIG, power, SMC, neural 
network. 

I. INTRODUCTION

Doubly fed induction generator (DFIG) is one of the 
most popular generator in wind power [1]. The DFIG offers 
some advantages, such as reduced inverter and output filter. 
Castes due to low rotor-and grid side energy conversion 
ratings (25%-30%) [2]. However, the DFIG has the 
distinction of having two three-phase windings in rotor and 
stator [3]. Energy electrical inverter which encompasses back 
to back (AC-DC-AC) energy source converter a DC link 
capacitor. The rotor side inverter (RSC) has to command the 
reactive and active powers on the stator side. And the grid 
side inverter (GSC) is to regulate the DC bus voltage and to 
command the energy factor. 

Many different structure and methods can be used for 
command of energy inverter. One of the most common 
command methods is space vector modulation (SVM) in (α, 
β) reference frame which obtain reactive and active energy 
command of DFIG separately. In this paper, we proposed a 
novel method of SVM technique based on calculates of min 
and max of three reference signals. 

Since Direct Vector Control (DVC) using two 
proportional-integral (PI) regulators is the conventional 
command scheme and simple command used for DFIG 
based WTS [4]. In this command scheme, the decoupling 
between q-axis and d-axis current is achieved with feed 
forward compensation, and thus the DFIG model becomes 
less difficult and PI regulators can be used [4]. In the 
conventional DVC command, reactive and active power can 
be directly controlled by using pulse width modulation 
technique (PWM). Nevertheless, a few disadvantages limit 
the use of this technique such as active and reactive powers 
ripples. In many research papers on vector control, these 
adverse effects are reduced by using the SVM technique. 
However, the robustness of the command is scarified. 

Since, the sliding mode control technique (SMC), with is 
built on variable structure control (VSC) theory [5]. The 
SMC is used for robust command of nonlinear systems. 
However, the SMC achieved simple command and robust 
command by adding a discontinuous command signal across 
the sliding surface, satisfying the sliding condition [6]. On 
the other hand, the SMC have disadvantage, which is the 
chattering phenomenon caused by the discontinuous 
command action [7]. To treat these difficulties, several 
modifications to the original SMC command low have been 
proposed. 

Artificial neural network (ANN) is one of the most 
popular intelligent commands for industrial. ANN technique, 
an exact mathematical model is not necessary and has many 
models, such a neural network contains three layers : input 
layers, hidden layers and output layers [8].  

On way to improve sliding mode controller performance 
is to combine it with neural network to from a neural-sliding 
mode controller (NSMC). The design of a NSMC in 
achieving reduced chattering, simple layers structure, and 
robustness against disturbances and nonlinearities. 

In this paper two different DVC schemes will be 
compared with each other. These two command schemes are 
SMC-DVC command with SVM inverter (SMC-SVM-DVC) 
and NSMC-SVM-DVC command. The proposed scheme is 
described clearly and simulation results are reports to 
demonstrate its effectiveness. The proposed commands 
schemes are implemented with Matlab/Simulink.  

II. MODEL OF DFIG
A DFIG is used to produce energy power at constant 

frequency whatever wind and shaft speed conditions. We 
used the dq modelling of the DFIG in the Park reference 
frame [9, 10]. 
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Rotor and stator fluxes: 
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The stator and rotor angular velocities are linked by the 
following equation :  

rs ωωω +=                                    (3) 

The mechanical equation is : 

Ω⋅+Ω⋅+= f
dt
dJTT re

                          (4) 

The torque depends on dq flux and current : 
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III. SVM TECHNIQUE FOR TWO-LEVEL INVERTER 
The output voltages of a three-phase two level inverter 

are expressed by [11] : 
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Where: gi  Switching function (i= A, B, C). 

In our work, the command of the switch of the 
converter is achieved by the use of the SVM technique. The 
SVM method was originally developed as a vector approach 
to PWM technique for three phase converter [12, 13]. The 
principle of SVM technique is that the control voltage 
vector is approximately calculated by using three adjacent 
vectors [14]. It can optimize switching sequences. The 
proposed SVM method is shown in Fig. 1. This technique is 
simple scheme and easy implementation, based on following 
steps : 

• Calculates the minimum voltages (min (V1, V2, V3)) 
• Calculates the maximum voltages (max (V1, V2, V3)) 
• Add the maximum and minimum voltages (max (V1, V2, 

V3) + min (V1, V2, V3)) 
• The last step is to compare step-3 waveforms with Vp 

(VTriangle), and generates the pulses for that switch 
presents in the three phase voltage source converter 
circuit. 

IV. DIRECT VECTOR CONTROL OF DFIG 
In this section, by choosing a reference frame linked to 

the stator flux, rotor currents will be related directly to the 
stator reactive and active energy. An adapted command of 
these currents will thus permit command the energy 
exchanged between the stator and the grid. If the stator flux 
is linked to the d-axis of the frame we have : 

 
Fig. 2 Simulation block of proposed SVM technique. 
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By neglecting Rs the stator voltage will be expressed by: 
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The reactive and active powers are imposed by the direct 
component Idr by: 
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Stator flux can be expressed : 

ω
ψ

s

s
s

V=                                     (11)
 

Where Vs : is the rms value of the grid voltage.
 

     
The rotor voltages can be expressed [15] : 
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In steady state, the second derivate terms of the two 
equations in (12) are nil. We can thus write : 
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The electromagnetic torque can then be expressed by: 
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V. SLIDING MODE CONTROLLER (SMC) 
 The SMC method is developed from variable structure 
command (VSC) to solve the disadvantages of there stylize 
of nonlinear command systems [16]. The SMC is a method 
to adjust feedback by formerly defining a surface. The 
system which is controlled will be required to that surface, 
than the behavior of the system solids to the desired balance 
point [17]. Since the robustness is the best advantage of a 
SMC, it has been widely employed to command nonlinear 
systems that have model uncertainty and external 
disturbance [18]. Fig. 3 represents the SMC command 
scheme of DFIG driven by a two-level SVM inverter. 

A. Design of the sliding mode controllers 
The paper designs the following sliding mode, let : 

°̄
°
®


−=
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ssrefq
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Where Ps ref and Qs ref are the expected active and reactive 
power reference. 

The first order derivate of (15), gives : 
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Replacing the expression of the power by their 
expressions given in (10), the equations below are 
expressed : 
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It takes the current expression of 0=drI� and 0=qrI� , with the 
voltage equation (13) and taking into consideration the SM 
in the steady state (S=0, 0=S� ). The equivalent command 
vector Veq can expressed by : 

°
°
°

¯

°°
°

®



+−−+=

−
+−−

−
−=

L
VMgI

L
MLgPMV

LIRV

M
L
ML

I
L
MLg.

QM
L
ML

LIRV

s

s
dr

s
rs

srefs

s
qrr

eq
qr

s
s

r

qr
s

rs
srefss

s
r

sdrr
eq
dr

..)..(...

)(
)..(.

)(
.

2

2

2

2

ω

ωω
ωψ

  

(18) 

To obtain good performances, dynamic and 
commutations around the surface, the command vector is 
imposed as follows : 

VVV n
dq

eq
dqdq +=

                            
(19) 

V n
dq  is the saturation function defined by : 

)(. SsatKV dq
n
dq −=                          (20) 

Where K determine the ability of overcoming the chattering 
The SM will exist only if the following condition is 

met : 

0.
.
ESS

                               
(21) 

VI. NEURAL-SLIDING MODE CONTROL 
The disadvantage of SMC is that the discontinuous 

command signal produces chattering. In order to improve 
the SMC command and eliminate the chattering 
phenomenon, we propose to use the artificial neural 
network. The Neural-Sliding Mode Controllers (NSMC) is a 
modification of the SMC, where the switching regulator 
term sat(S(x)), has been replaced by neural controller input 
as given below. 

VVV Neural
dq

eq
dq

com
dq +=                       (22)   

For the two proposed neural-sliding mode controllers, 
the structure of the neural network with one linear input 
node, 8 neurons in the hidden layer and one neuron in the 
output layer, as shown in Fig.4. 

The training used is that of the algorithm, Gradiant 
descent with momentum & Adaptive LR. The number of 

               

 
Fig. 3 SMC control of a DFIG using SVM technique. 
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iteration count maximum 2000 with an iteration step of 50. 
The structure of Layer 1 and layer 2 is shown in Fig. 5 and 
Fig.6 respectfully. 

 
Fig.4 Neural network structure for reactive and active powers. 

 

 
Fig.5 Layer 1. 

 
Fig.6 Layer 2. 

VII. SIMULATION RESULTS 
In this section, simulations are investigated with a 1.5 

MW DFIG connected to a 398V/50Hz grid. The DFIG 
parameters are presented in the Table 1. The proposed 
command schemes will be tested and compared in two 
different configurations: robustness against parameters 
variations and reference tracking. 

TABLE. 1 The DFIG parameters. 

Parameters Rated Value Unity 

Nominal power 1.5  MW 

Stator voltage 398 V 

Stator frequency 50  Hz 

Number of pairs poles 2  

Stator  resistance 0.012  

Rotor  resistance 0.021  

Stator  inductance 0.0137 H 

Rotor  inductance 0.0136 H 

Mutual  inductance 0.0135 H 

Inertia 1000 Kg m2 

Viscous friction 0.0024 Nm/s 

 

A. Reference tracking test 
The objective of this test is the study of the two 

controllers (SMC and NSMC) behavior in reference 
tracking. The simulation results are presented in Figs 7-9. 
As it’s shown by Fig. 7, for the two controllers, the reactive 
and active powers tracks almost perfectly their reference but 

with an important response time for the conventional SMC 
controller compared by NSMC controllers. Therefore it can 
be considered that the two proposed types of SMC’s have a 
very good performance for this test. On the other hand, Fig. 
8 shows the harmonic spectrum of the one phase of stator 
current. Table 2 shows the comparative analysis of THD 
value. See Table the THD value is significantly reduced 
when the NSMC controller is in use. Fig. 9 shows the zoom 
in the active power, reactive power, torque and stator 
current respectfully. This figure show that the ripple of 
reactive, active powers, torque and stator current in the 
NSMC command scheme has been reduced compared to the 
classical SMC controller. 

TABLE 2. Comparative analysis of THD value. 

 

THD (%) 
SMC NSMC 

Stator 
current 

0.24 0.17 

Active power 902.16 837.48 
Reactive 
power 

922 876.13 

 

B. Robustness test  
In order to test the robustness of the used regulators, the 

DFIG parameters have been intentionally modified with 
overkill variations : the value of the Rr and Rs are doubled, 
and the value of Lr, Ls and M are divided by 2. The gotten 
results are represented on Figs 10-11. Fig.10 shows the 
SMC and NSMC strategy responses. Fig.11 shows the zoom 
in the active, reactive power, torque and stator current 
respectfully. Fig.11 shows that the NSMC is more robust 
compared to the classical SMC. 

 

 
Fig. 8 THD of one phase stator current for a DFIG (reference tracking test).

SMC 
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Fig.7 SMC and NSMC strategy responses (reference tracking test). 

 

Fig. 9 Zoom in the reactive, active powers, torque and stator current (reference tracking test). 

 

 
Fig.10 SMC and NSMC strategy responses (robustness test). 
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Fig. 11 Zoom in the reactive, active, torque and stator current (robustness test). 

VIII. CONCLUSION 
This paper presents simulation results of a NSMC for 

active and reactive power control a DFIG-based wind 
turbine using a SVM inverter. With results obtained from 
simulation it’s clear that for the same operation conditions, 
the DFIG active and reactive powers control with NSMC 
using SVM method had better performance than the SMC 
using SVM method and that is clear in the spectrum of 
active, reactive and stator phase current harmonics which 
the use of the NSMC control scheme has reduced the THD 
more than traditional SMC command. 
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Abstract—The share of wind energy in electric energy 
generation increase day by day. The penetration of wind power 
plant in power systems has come to considerable size. On the 
other hand, power quality concerns are on rise. In this study, 
the data obtained by measurements of power quality 
parameters performed on a real power system are studied. The 
data are evaluated by the available legislations related on 
power quality 
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I. INTRODUCTION

Increasing world population, evolving technology and 
rising living standards are increasing the need for global 
energy. On the other hand, the rising economic and 
environmental concerns increase the tendency to meet this 
energy demand with efficient systems and clean energy 
sources. Electric energy is an ultimate energy form that is 
easy to transport and distribute and does not leave any waste 
after consumption. Because of these features, it is the kind of 
energy that is expected to increase the share in the highest 
amount in the rising global energy need. The projections 
show that 70% of the expected global final energy need 
increase over the next 25 years is expected to take place over 
electric energy. Increasing accessibility of electric energy 
and transition from consumption of different energy sources 
in various sectors to consumption of electric energy are the 
triggers of this increase [1].  

In addition to the concerns on energy supply, the 
sensitivity on sustainability, reliability and quality of energy 
is also as high as ever before. This situation is also felt in the 
electric energy systems. In recent years, there is been an 
increase regarding with these areas in industrial and 
academic studies [2]. 

Renewable energy sources distinguishes than other 
conventional energy sources by virtue of their economic and 
environmental advantages. Therefore the interest on 
generation electric energy by using renewable energy sources 
is rising day by day. Today, the number of that kind of 
facilities is considerably high and it is expected to be going 
to increase further [1]. 

Renewable energy sources such as wind and solar come 
with various disadvantages on power systems as well. 
Because of their intermittent nature of these sources, they 
give variable and unpredictable power output in energy 
generation. This may cause difficulties on providing supply 
demand balance in power systems. In addition, these 
facilities need special sub-systems in order to start up and 
control the system. These sub-system are mostly composed 
of semiconductor elements and they may cause various 
effects on power system. In order to prevent these effects 
from causing any damage to the power system components 
and the consumers in the system, various limitations are 

specified through the parameters determined by legislations 
[3]. 

In this study, the quality problems caused by the facilities 
that generate electric energy from wind, are studied. A power 
plant in Turkey which comprises from two wind turbine with 
2,5MW installed capacity has been taken as the measurement 
site and quality parameters have been measured during a 
week. The compliance of the parameters to the limits 
specified in the legislation is investigated and the findings 
are shared. 

In the next section of the paper, a brief information about 
power quality parameters are given. In the third part, 
configuration of the power plant and the measurement 
infrastructure is shared. After that data obtained through the 
system have been examined in the light of the limit values 
stated in the current legislation. In the conclusion part, some 
important findings and results are remarked. 

II. POWER QUALITY PARAMETERS AFFECTED BY ENERGY 
PRODUCTION FROM WIND TURBINES 

The wind turbines generate electric energy from the 
wind, which are an intermittent energy source. As it is 
mentioned before, the energy outputs are unstable and 
difficult to predict precisely. This uncertainty in the result of 
the intermittency of the energy source may cause various 
power quality problems in power systems. Within the 
structure of wind turbines, semiconductor elements are used 
to start up the system or to control frequency at the energy 
output. These semiconductor elements cause harmonic 
distortions on power system [4].  

In addition, wind turbines are often integrated into power 
systems from distribution or sub-transmission sections. This 
kind of integrations are conceptualized in the literature as 
distributed generation. Distributed generation is contrary to 
decentralized generation infrastructure of conventional 
power systems which is designed based on unidirectional 
power flow. Therefore, such participations may cause bi-
directional power flow in the power systems and so it may 
cause problems on voltage regulation [5]. 

The severity of the effects of wind power plants on the 
power system depends on the size and flexibility of the 
power system. The wind power plants integrated into large 
power systems from strong buses have low disturbing effects 
on the power system. On the other hand, wind power plants, 
which are integrated into small power systems from weak 
buses, may have noticeable disturbing effects on the system 
in case of having sufficient installed power[5]. 

Most of the wind power plant technologies need reactive 
power. The facilities installed to provide the reactive power 
needed by wind power plants may cause excessive excitation 
within the power system after the wind power plants are shut 
down due to any reason. Switching of these facilities also 
creates power quality problems. 
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In this section, information about the limits defined by 
the legislation on the power quality parameters effected from 
wind power plants are given. As the legislation, the current 
national regulation in Turkey, "Electricity Grid Code" is 
taken into consideration. 

A. Voltage 
In the operation of power systems, the RMS voltage 

value is controlled within certain limits. As a result of the 
fluctuation in the load or the generation within the system, 
the RMS value of the voltage may vary. Upper and lower 
voltage limits are specified by legislation in order to prevent 
damaging on the power system components or the consumers 
connected to the system. In the National Electric Network 
Code, 10% variation of RMS voltage value is allowed. In the 
literature, exceeding the upper limit of the voltage is defined 
as overvoltage, while the voltage below the lower limit is 
defined as voltage sag. The RMS voltage values between 
these limits are considered normal operation conditions [6]. 

Outputs of wind power plants fluctuates depending on 
turbine structure and intermittency of wind speed. This 
fluctuations in energy generation may cause voltage 
variations within the system. In addition, the loss of 
generation resulting from the emergency shutdown of wind 
power plants due to the inadequate or excessively high wind 
speed must be met by the reserve capacities predefined by 
the power system operators. Voltage sags may occur as a 
result of imbalances that occur during the period until the 
balance between the supply and demand reestablished.  

B. Frequency 
It is important that the frequency of the grid remains 

stable so that power systems can be operated steadily. The 
frequency of the output of the wind power plants must be 
equal to the frequency of the grid. Otherwise, the frequency 
change must remain within the permitted limits. In the 
National Electric Network Code, the frequency is limited 
between certain values for different time ranges. These limits 
within ranges are given in Table – I. Wind power plants must 
satisfy these values in frequency otherwise have to be 
disconnected from grid [6]. 

TABLE I.  FREQUENCY LIMITS IN NATIONAL ELECTRIC CODE 
REGULATION 

Frequency Ranges Minimum Operation Time 
51,5 Hz f  52,5 Hz 10 min. 
50,5 Hz f<51,5 Hz 1 hour 
49 Hz f<50,5 Hz continuously 
48,5 Hz f< 49 Hz 1 hour 
48 Hz f< 48,5 Hz 20 min. 
47,5 Hz f< 48 Hz 10 min. 

C. Flicker 
In its simplest terms, Flicker is defined as the sustained 

oscillate of voltage in a low frequency band. Flicker is an 
important phenomenon and must be studied carefully 
because it is the only quality problem that directly affects 
human health as well as the equipment in the system. 
Fluctuating wind speed, shadowed turbines or mechanical 
problems may cause flicker. The widening of control 
intervals of wing angle controlled turbines can lead to flicker 
problems. Wind power plants that are integrated into power 

systems from a weak point are more susceptible to flicker 
distortion. 

Flicker levels for the output of wind turbines are set forth 
by standards and regulations. There are two different index 
for flicker analyzes. These are the one that for long term 
flicker screening (Plt) and the other one is for the short term 
flicker (Pst). In the National Electric Network Code, 
calculation of these indices are given by formulas. Plt 
corresponds to the average of the flicker values calculated 
over the voltage variations measured over 10 minutes. Pst is 
the average of the 2 minutes flickers. The limit values for 
these indices are shared in tables 2 and 3 according to the 
nominal voltage levels of the system [6]. 

TABLE II.  FLICKER SEVERITY LIMITS 

Voltage Level (V) 
Flicker Severity

Pst (short term) Plt (long term)

 V > 154 kV 0,85 0,63
 35 kV < V  154 

kV
0,97 0,72

1 kV <V  35 kV 1,0 0,8

According to the National Electric Network Code, at 
least 95% of the short-term flicker values, after the filtering 
of the temporary events occurring during the measurement 
period of power quality and short-term interruption, voltage 
dip, voltage peak, etc are filtered out from the values given in 
Table or 99% of the short term flicker values must be equal 
to 1.5 times of the regarding limit or less than that value. 

Long term flicker severity can be calculated by the 
formula given below, 

3

12

1

3

12
1 ¦

=
=

j
stlt j

PP  (1) 

D. Transients 
Switching performed to cut-off and cut-in of the power 

plant or the switching of the compensation systems that 
provide reactive power to the system may cause transients in 
the power system. Especially, the switching between 
generators may cause severe transients. Transients can cause 
the sensitive components in the system to malfunction or 
malfunction. IEC 61400 standards are defined for transients 
in power systems [5]. 

E. Harmonics 
The waveforms at the frequencies different from the 

waveforms of the main component of the power system, 
which are caused by nonlinear loads, are defined as 
harmonics. The distortion values for the connection points in 
the system are limited over some special indices. These are 
total harmonic distortion (THD) and total demand distortion 
(TDD). Generally, THD is considered on voltage evaluations 
and TDD is more determinant for current distortion 
evaluation. IEC 61000-3-2 or IEEE-519 standards specify 
limit values for that indices. The National Network Code are 
also based on those standards. The formulas for the 
calculation of THD and TDD values are given by (2) and (3) 
[7]. 
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TABLE III.  HARMONIC LIMITS ACCORDINT TO VOLTAGE RANGES 

Bus voltage at 
PCC 

Individual 
Harmonic (%) 

Total Harmonic 
Distortion (%)

V 1 kV 5.0 8.0
1 kV < V  69kV 3.0 5.0

69 kV < V  
161kV 1.5 2.5 

161 kV < V 1.0 1.5*

* High-voltage systems can have up to 2.0% THD where the cause is an HVDC terminal whose 
effects will have attenuated at points in the network where future users may be connected. 

Wind power systems with constant-speed turbines do not 
cause significant harmonic distortion in power systems. 
However, most of wind power systems contains drivers and 
converters which are comprise of semiconductor devices and 
these components cause harmonic distortions. Harmonic 
filters are used in wind power plants to obtain values at the 
connection points below the relevant limits. 

F. VAr kontrol 
A significant part of wind turbines consist of induction 

generators. Induction generators are preferred in wind power 
plants due to their lower maintenance need, lower cost and 
higher robustness than other generators. However, these 
generators absorbs reactive power in operation [5].  

In order to supply the need, different compensation 
technologies are used in the wind power plants.  During the 
operation of the wind power system, the compensation 
systems are switched on and off as needed. However, if the 
system is shut down for any reason and the compensation 
system is not as agile as it is, it can lead to overcompensation 
in the system. On the other hand, if the reactive power 
requirement can not be met, the reactive power is absorbed 
from the power system. This causes the lines to be 
unnecessarily loaded and increases power losses [5]. 

Reactive power is a very important tool in controlling 
voltage and frequency in the power systems. For this reason, 
a dynamic power factor control is required. 

III. INVESTIGATION OF PARAMETERS OF THE 
MEASURED MEASUREMENTS AND POWER 

QUALITY 

A. Wind Power system and measurement infrastructure 
A schematic representation of the wind power plant from 

which measurements are taken is given with Fig - 1. The 
power plant consists of two 2500 kW wind turbines and it is 
connected to the network from 154 kV. Measurement 
Infrastructure is set at the point from 34.5kV, upstream of 
domestic supply. Measurement are taken from a 3-Phase 
class A power quality analyzer. The data to be analyzed in 
the study, is constituted from one-week measurement taken 
from the given point on schematic diagram of the wind 
power plant 

 
Fig. 1.  Schematic representation of the power plant 

B. Analyzing measured data 
Define abbreviations and acronyms the first time they are 

used in the text, even after they have been defined in the 
abstract. Abbreviations such as IEEE, SI, MKS, CGS, sc, dc, 
and rms do not have to be defined. Do not use abbreviations 
in the title or heads unless they are unavoidable. 

1) Voltage 
The received voltage measurements are plotted with the 

upper and lower limit values specified in the National 
Network Code [6]. The measured voltage data per phase are 
given below.  

Minimum and maximum values are given together. As it 
can be seen from the Fig. 2, all voltage swells and dips are 
instantaneous. Simultaneous voltage swells and dips may 
refer a transient in the system. One-sided border crossings 
may have been the result of changes in elements such as 
wind speed or reactive power demand supply balance in the 
system. 

 

 
Fig. 2.  Voltage measurements taken from the wind power plant 

2) Frequency 
The values obtained from the frequency measurements 

are given in Fig. 2. As it can be seen, no frequency is 
measured outside normal operation conditions. 
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Fig. 3.  Frequency measurement 

3) Flicker 
Long term and short term flicker measurement are given 

in Fig. 4 and 5 respectively. Although there are measures 
exceeding the limit values, it is possible to provide more 
than 95% of the limit values in the overall evaluation.  

 

 
Fig. 4.  Long term flicker measurement 

 

 

 
Fig. 5.  Short term flicker measurement 

The percentages of the measurements that below the 
limit value are given in Table IV. As it can be seen that the 
values remains after the faulty measurements eliminated 
provide the limits. All of the long-term and short-term 
flicker parameters measured for the whole phases provide 
the limits for the majority of over 95%. 

 

TABLE IV.  PERCENTAGE OF FLICKER MEASUREMENTS BELOW LIMITS 

 Plt Pst 

Phase 1 95.24% 99.01% 
Phase 2 95.24% 98.91% 
Phase 3 95.24% 98.81% 

 
4) Harmonics 

a) Total Harmonic Distortion for Voltage 
Total harmonic distortion for voltage of three phase are 

given by Fig. 6. Although there are measures exceeding the 
limit values, it is possible to provide more than 95% of the 
limit values in the overall evaluation. The percentages of the 
measurements that below the limit value are given in Table 
V.  

 

 
Fig. 6.  Total harmonic distortion for three phase 

When the values given in the table are examined, the 
compatibility rate of the measurements taken for all three 
phases is over 95%. 

TABLE V.  PERCENTAGE OF THE HARMONIC MEASUREMENTS PROVIDE 
LIMITS 

 %THDV > 5 

THD V1N 96.43% 
THD V2N 96.43% 
THD V3N 96.53% 

 
Fig. 7.  Measured data for power factor 
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5) VAr Kontrol 
Measured power data are plotted in Figure 7 with the 

boundary curves specified in Appendix-18 of the National 
Network Code. As can be seen, all of the operation points 
are between the specified curves. Only there are some 
negative active power values. These values correspond to 
the power absorb from the network in order to meet the 
internal requirements of the facility when the wind turbine is 
not in operation. 

IV. CONCLUSION 
In this study, one-week power quality measurement of a 

5 MW wind power plant connected to the grid were 
examined. According to the findings obtained as a result of 
the examination of the shared data, it is understood that the 
power plant has output power which is in accordance with 
the power quality standards. However, in numerous and 
different technologies, it is likely that different results will 
be obtained in the cumulative evaluation of wind power 
plants. Power plants with different technologies and 
different configurations may have different behaviors in 
terms of power quality. The response given to the variation 
of the wind speed, or the distrtion caused by the wind power 
plant on the in the form of the voltage waveform may differ 
than each wind power plant. As a future study, it is planned 
to examine the power quality parameters with measurements 
taken from a wind power plant that is composed of different 
technologies and spread over a wider area.This study can 
provide insight into the future of the power quality in 
national grid which has increasing number of wind power 
plants. 
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Abstract—This paper presents an overall control approach for 
a grid connected photovoltaic (PV) system based on three-level 
DC-DC boost converter (3LBC) on the front of a three-level t-
type inverter (3LT2I) acting as active power filter. The neutral-
point (NP) voltage balancing is ensured by a new control strategy
applied for 3LBC; this avoids the need to change the
conventional three-level space vector modulation (SVPWM)
algorithm or to add additional components. The capability of the
proposed system to control the current injected into the grid,
compensate the harmonics and the reactive power demand, and
also guarantee the DC-link capacitors voltages balancing is
demonstrated through variety of simulations.

Index Terms—Photovoltaic system; Three-level t-type inverter; 
Three-level boost converter; Neutral-point voltage balancing; 
Active power filter 

I. INTRODUCTION 

Multilevel inverters topologies offer several advantages 
compared with their conventional counterparts. Mainly, they 
are able to generate voltage waveforms with less distortion and 
lower electromagnetic interference (EMI) [1], [2]. In [3], a new 
multilevel topology named t-type inverter has been introduced. 
The proposed topology can combines the positive aspects of 
the two-level voltage source inverter (VSI) such as low 
conduction losses, small part count and a simple operation 
principle with the advantages of the three-level inverter 
mentioned earlier. Compared to the three-level neutral point 
clamped (NPC) inverter, the t-type inverter has two active 
bidirectional switches connected to the DC-link voltage neutral 
point (see Fig. 1), which results in two clamping diodes per 
phase leg less.  In addition, each of the two bidirectional 
switches connected to the DC-link neutral point blocks only the 
half of the total DC-link voltage; as a result, they can be 
implemented with lower voltage rating. 

However, similar to NPC inverter, the major concern for 
3LT2I is the fluctuation in the NP voltage. To take full benefit 
of this inverter, the neutral-point voltage must be actively 
balanced. In order to overcome this problem, a great deal of 
research has been done using either additional voltage-
balancing circuits [4]–[8] or by properly selecting the 
combinations of the switching states [9]–[11]. However the 
design of this kind of controllers is complicated and required to 

modify the conventional SVPWM algorithm, thus, the penalty 
of increased cost and computing time considerably.  

The primary aim of this paper is to show that the imbalance 
issue between the DC-link capacitor voltages of the 3LT2I can 
be solved without modifying the conventional SVPWM 
algorithm or adding additional hardware components. The idea 
consists of using the 3LBC to balance the DC-link capacitor 
voltages. So, the proposed 3LBC control method is not limited 
only to extract and boost up the PV voltage, but also to ensure 
equal balancing of the DC-link capacitor voltages. In addition, 
an appropriate decoupling control strategy for the 3LT2I has 
been proposed in this paper in order to: (i) inject the produced 
photovoltaic power to the grid; (ii) compensate both harmonics 
and reactive power demand.  

The paper is organized in the following way. Section II is 
devoted to the modeling of the overall PV system, with a focus 
on the dynamic models of both of the DC and the AC sides. 
The control design of the overall system including the 
proposed NP voltage balancing strategy and harmonics 
elimination is presented in Section III. The obtained results for 
different test conditions are presented and discussed in Section 
IV. Finally, conclusions are summarized in Section V.

II. SYSTEM MODELING

A. photovoltaic generator

The main equation expressing the output current of a
photovoltaic (PV) module is given by: 

M M
_

M _ 0 | ( 1)

s cell
s p

pn b

v I
R

N N

n k T
q

ph cell p p Ti I N N I e

+

= − −  (1)

where, Mv  and Mi denote the output voltage and current of the 
PV module, respectively; _ph cellI  is the cell photocurrent ; 0 T

I  
is the cell reverse saturation current at the temperature T ; q  is 
the charge of an electron; bk  is Boltzmann’s constant; pnn  is 
the p-n junction ideality factor; T is the cell temperature in 
Kelvin; _s cellR is the cell series resistance; pN and sN  are the 
numbers of the parallel and series cells, respectively. 
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Fig. 1.  Schematic diagram of the proposed PV system made-up by 3LBC and 3LT2I. 

This model, developed for a single module, can be 
extended to the case of series/parallel connection of PV 
modules inside a PV generator (PVG). Considering pM  
modules in parallel and sM modules in series, the equation for 
the PVG is given by: 

_

_ 0 | ( 1)

pv pv
s cell

s s p p

pn b

v i
R

N M N M

n k T
q

pv ph cell p p p p Ti I N M N M I e

+

= − −  (2) 
where pvi , pvv are the output current and voltage of the PVG, 
respectively. 

B. Three-level boost converter (3LBC) 

1) Brief description of 3LBC 

The DC-DC boost converter is typically used in PV 
energy conversion systems to maximize the energy capture; 
often it uses a simple topology and control scheme. 
Especially, by using the 3LBC two advantages can be 
achieved. First, the voltage rating of the power 
semiconductors is reduced by half of the output voltage. 
Second, the input current ripple can be reduced by interleaving 
the switching cycles. If the input current ripple is kept 
constant, both the size and the inductance value of the boost 
inductor can be greatly reduced [12]–[15]. 

In [13], it is found that the 3LBC is much better than the 
conventional boost converter and also the two-interleaved 
boost converter in terms of the converter efficiency, inductor 
size, and switching losses. However, due to the asymmetries 
in the converter devices or in its control parameters, a voltage 
unbalance across the output capacitors can appear. This 
problem becomes more serious if the 3LT2I is connected as 
shown in Fig. 1, where the NP balance can be affected during 
the inverter operation. To ensure equal voltages of the two 
capacitors, a voltage balancing control is crucial. In this paper, 
the aim of the proposed control strategy of the 3LBC is to 
balance the DC-link capacitors voltages independently of the 
3LT2I operation.  

2) Modeling of three-level boost converter   

The 3LBC circuit is depicted in Fig. 1. Depending on the 
switches states, 3LBC has four operation modes: mode I, and 
IV, which occur when 1s and 2s are both turned ON, or turned 
OFF, respectively. When either 1s  or 2s  is turned ON the 
converter operates in mode II or III, respectively [12], [13]. 

It should be pointed out that there are two regions where 
this converter can operate, depending on whether the value of 
duty cycle 1D  is higher or less than 0.5. Region 

1R ( 10.5 1D< < ) allows the converter to operate in mode I, 
mode II, and mode III. In region 2R  ( 10 0.5D< < ), the 
converter operates in mode II, mode III, and mode IV. The 
averaged model that describes the dynamic behavior of the 
input capacitor voltage pvv , the inductor current lpvi , and 

input neutral point current 1NPi  in all modes is given by:  

( ) ( )

( )

1 1 2 2

1 1 2

1 - 1  -

-

-
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pv pv c c

pv
pv pv lpv

NP lpv

d
L D v D v

dt
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D D

i
v

i i

i i


− −°

°
°°
®
°
° =
°
°̄

=

=   (3) 

where, 1cv  and 2cv  are the voltages across the capacitors 1C  
and 2C , respectively; 1D and 2D  are averaged continuous-
time duty cycles of the switches 1s and 2s , respectively. 

C. Three-level t-type inverter (3LT2I)  

The structure of the 3LT2I is shown in Fig. 1. To facilitate 
analysis of the structure, the negative side of the DC bus 
voltage (N) is selected as voltage reference. Then the model of 
the 3LT2I in the three-phase stationary coordinate system can 
be represented as: 
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where, ,a bv v and cv  are the phase voltages at the point of 

common coupling (PCC); , ,ca cb ccv v v and , ,a b ci i i  are  the 
phase voltages and currents of the  3LT2I, respectively;  

fL and fR  represent the inductance and equivalent series 
resistances of the inductor filters, respectively. 

III. SYSTEM CONTROL 

A. Three-level boost control and proposed neutral point 
voltage balancing strategy  

The control principle of 3LBC with DC-link voltage 
balancing is shown in Fig. 2. The double loop control method 
of voltage and current is achieved for the 3LBC by controlling 
the voltage of the PVG to its reference *

pvv  provided using a 
perturbed and observed MPPT algorithm. The output of the 
voltage loop controller and the PVG current compensation 
deliver the current reference *

lpvi of the inner loop current 
controller. The current control loop and the PV voltage 
compensation give the duty cycle *

1D  of the boost switch 1s  
as indicated by: 

*

*
1

( )

1 ( ( )) /
lpv pv pv pv

pv lpv lpv dc

i i PI v v

D v PI i i v

∗

∗

 = − −°
®

= − − −°̄
 (5) 

In order to maintain the balance between the two 
capacitor voltages 1cv , 2cv , the voltage difference cv∆  
between the upper and the lower capacitors is calculated and 
fed to a PI controller. The controller generates an additional 
duty cycle for the DC-link voltage balance *D∆  as given by:  

* (0 ) /c lpvD PI v i∆ = − ∆  (6) 

Next, the additional duty cycle *D∆  is added to the 
calculated duty ratio *

1D  to calculate the duty cycle *
2D  of the 

boost switch 2s . The PWM gating patterns are generated by 
utilizing two carrier signals, which are phase shifted by 1800 
from each other. 

B. DC-link voltage control  

Due to the intermittent nature of PVG, the generated 
power has a variable nature. The DC-link plays an important 
role in transferring this variable power from PVG to the grid. 
The error between the square of the measured DC-link voltage 

2
dcv  and its reference  2

dcv∗  is used to control the output active 
power of the inverter. A PI controller is employed to maintain 
the DC-link voltage at specified value according to the 
following equation: 

* 2* 2( )dc dcdcP PI v v= −                                                      (7) 

where *
dcP  is the rate of energy change in the equivalent DC-

bus capacitance. 

The reference of active power that should be produced by the t-
type inverter *

invP  can be calculated as: 

*
3LBCinv dc lP P P P∗= − + �  (8) 

where 3LBCP  is the output power of the 3LBC and lP�  is the 
oscillating component of instantaneous load active power 
which can be extracted using low-pass filters (LPF) as shown 
in Fig. 3.  

C. Current control technique for 3LT2I 

The grid-side 3LT2I is controlled by unified control mode 
based on decoupling control for the active and reactive powers 
by independently controlling the d-axis and q-axis currents. 
The d-axis current component of the 3LT2I is used to control 
the active power flow in the system. The q-axis current 
component of the 3LT2I is used to compensate both harmonic 
and reactive powers needed to supply the connected loads. 
The control block diagram of the d-axis and q-axis current 
loops in synchronous reference frame is shown also in Fig. 3. 

In order to obtain a low overshoot, high accuracy, and fast 
dynamic response, the system represented by (4) must be 
controlled in two different and independent loops. The 
dynamics of the AC currents in (4) can be rewritten as: 

d
f f d d cd d f q

q
f f q q cq q f d

di
L R i u v v L i

dt
di

L R i u v v L i
dt

ω

ω

 ′+ = = − +°°
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° ′+ = = − −°̄
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Fig. 2.  Control of level boost control and DC-link voltage balancing strategy. 

Thus, using (9) the coupled dynamics of the currents 
tracking problem can be transformed into decoupled 
dynamics. Hence, the currents di  and qi  can be controlled 
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Fig. 3.  Control block diagram of dual three-level photovoltaic conversion system with improved power quality. 

independently by acting upon du′  and qu′ , respectively. By 

using PI controllers, du′  and qu′  can be calculated from: 

*( )dq dqdqu PI i i′ = −  (10) 

where, *
dq

i  denote the references of di and qi , which depend 

on the objectives of grid integration of PV system. 

Finally, the control law is given by the following 
equation: 

cd d d f q

cq q q f d

v v u L i

v v u L i

ω

ω

∗

∗

 ′= + −°
®

′= + +°̄
                                                (11) 

D. Reference current calculation 

The instantaneous load active and reactive powers are 
given according to the p-q theory by the following equation: 

*

l d ld q lq

l d lq q ld

P v i v i

Q v i v i

= +°
®

= −°̄
  (12) 

where, ,  ld lqi i are the d-q components of the three-phase load 
currents.  

According to (8) and (12), the reference currents of 3LT2I 
* *,  d qi i  in the d-q coordinates can be calculated as: 

*

2 2 *

1
 
d qd inv

q dd qq l

v vi P

v vv vi Q

∗

∗

ª º ª ºª º
« » = « »« »−+« » « » « »¬ ¼ ¬ ¼¬ ¼

 (13) 

IV. SIMULATION RESULTS 
The ability of the presented PV system to inject the 

produced photovoltaic power to the grid, and compensate the 
harmonics and the reactive power demand is evaluated under 
the connection of nonlinear load. The nonlinear load consists 
of three-phase inductors connected to uncontrolled diode 
bridge rectifier feeding an inductor in series with a resistor as 
shown in Fig. 1. In order to further verify the proposed 
voltage-balancing control and the compensation control 
strategy, another nonlinear load, similar to the prior one is 
connected to the distributed grid at t = 0.5s. The obtained 
results with and without application of the compensation 
control strategy are presented in Fig. 4. 

Fig. 4 shows the a-phase waveform of the load current 

lai , 3LT2I current ai , grid current sai and the PCC voltage 

av . From Fig. 4(a) it can be seen that, before the 
compensation control activation, the nonlinear load absorbs  
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Fig. 4.  Simulation results before and after nonlinear load change: (a) a-phase load current, (b) a-phase 3LT2I current, (c) a-phase grid current with its 
corresponding PCC voltage, (d) DC capacitor voltages, (e) T-type inverter currents and their references in dq frame. 

a non-sinusoidal current which affects in its turn the grid 
current quality as it can be observed in Fig. 4(c). From Fig. 
4(c) it can be seen that, when the filter function is activated at 
t = 0.25 s, the grid current becomes sinusoidal and in phase 
with its corresponding voltage; this means that the 3LT2I 

compensates all currents harmonics and reactive power 
needed to supply the nonlinear load, and consequently the 
unity power factor operation is successfully achieved. 

At t= 0.5s another nonlinear load is connected, at this time  

(a) 

(b) 

(c) 

(d) 

(e) 
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only additional active power is absorbed from the grid; this 
can explain the increase in the grid current magnitude shown 
in Fig. 4(c). It can also be seen from this figure that even with 
the connection of an additional nonlinear load, the grid current 
is still sinusoidal, and in phase with its corresponding voltage, 
which means that both harmonics compensation and unity 
power factor operations are successfully achieved. 

Fig. 4(d) shows the DC bus capacitor voltages under 
nonlinear load change. They are balanced before, and after 
load change, which further proves the effectiveness of the 
proposed voltage-balancing control presented in section-III. 

According to Fig. 4(e), the dq-axes current components of 
the t-type inverter track their references precisely, which 
means a good reactive and harmonics load compensation are 
achieved. 
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Fig. 5.  Grid current harmonic spectrum during connection of nonlinear load: 

(a) without harmonics and reactive power compensation, (b) with 
harmonics and reactive power compensation.  

Fig. 5 shows the total harmonic distortion (THD) of the 
grid current before and after compensation. It can be seen 
from these figures that THD decreases from 17.71% to 3.10% 
which proves the effectiveness of the proposed control 
strategy.  

V. CONCLUSION 
In this paper, an overall control method including NP voltage 
balancing and power quality improvement for photovoltaic 
distributed generation system based on dual three-level stage 
conversion is proposed. On one hand, the proposed 3LBC 
control method is designed not only to maximize the PV power 
but also to balance the DC-link voltage capacitors, which 
avoids the requirement to change the conventional SVPWM 
algorithm or install an additional circuit to balance the neutral-
point. On another hand, the three-level t-type inverter is 
controlled not only to inject the PV power to the grid but also 
to compensate the harmonics and the reactive power demand. 

The behavior of the proposed system in both steady state 
and transient operations has been investigated at different 
operating conditions. The results have shown a quite 
satisfactory performance in terms of NP voltage balancing, 
tracking active and reactive power variations, and ensuring a 
good power quality. 
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Abstract— In this paper, a smart sensor system design for 
home appliances, such as refrigerator, is introduced. The 
proposed smart sensor system is designed to collect inner 
temperature and relative humidity level of the appliance along 
with condition of whether appliance’s door is open or closed. A 
current sensor is also used to measure the current drawn by the 
appliance. To control appliance’s connection to the grid a relay is 
attached to the system. Afterwards all sensor data is sent to a 
platform on which user can observe sensor values and control 
relay. 

Keywords—smart sensor; home appliance; internet of things; 
IoT. 

I. INTRODUCTION 

The term “Internet of Things” was first coined by Kevin 
Asthon, his idea was simple yet powerful. All the physical 
objects were equipped with identifiers and wireless 
connectivity, these objects could exchange information in real 
time providing a pavement for technological revolution with 
enormous benefits and applications [1]. 

Smart sensor concept is one of the most beneficial 
application of IoT. In the IoT world a smart sensor can act as 
both sensor and/or actuator. Apart being an ordinary sensor, 
smart sensors are able to eliminate errors such as incorrect 
sensor readings and noise [2]. They have the abilities which all 
IoT devices must have. They can also act on their own without 
the need of user’s intervention/consent when pre-defined 
conditions are met. In this project the main objective is to 
design a smart sensor pair which are able to communicate with 
each other at any time, over Wi-Fi. The first one of the pair is 
called slave device. This is a remote device which can be 
located anywhere within in the range of Wi-Fi field. The goal 
of this device is to collect the values of humidity, temperature 
and contact sensor then send sensor values to the second pair of 
device which is called master device. 

Master device acts as a gateway for the slave device and 
has a current sensor to calculate the current drawn by the 
appliance. For that reason, it is to be placed between the power 

 socket and plug of the appliance. To control power flow, 
master device equipped with a relay to switch on or off power 
flow to the appliance. A graphical representation of the system 
is given in the Fig. 1.  

Fig. 1. General layout of proposed smart sensor system. 

Most of the refrigerators currently in the domestic market 
are manually controlled and did not achieve remote wireless 
control [3]. There are also high-end products called smart 
appliance or intelligent appliance. Along with their many 
useful functionalities, their most significant properties include: 
wireless monitoring and control, notification, self-handling and 
self-healing. Such products are provided by big market leaders 
such as Samsung and Xiaomi under the smart home products 
category. But the prices are higher compared to the non-smart 
appliances. Our objective is to turn an ordinary appliance into a 
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smart one in an inexpensive way by means of smart sensor 
attachments. Similar to the smart fridge application by 
Matthew Edward [4] this kind of sensor pair can be very useful 
when monitoring temperature and humidity levels are crucial, 
for example it is very critical to keep temperature and humidity 
levels at specific values or beyond threshold for appliances 
containing substances which are temperature and/or humidity 
sensitive. 

 For home appliances such as refrigerators, it is also highly 
applicable. Remote monitoring and control of their home 
appliance provide users with much more flexibility and 
easiness. 

In the following section smart sensor pair namely, 
slave device and master device will be explained in detail. In 
the software section, software implementation of the pair is 
given in flowchart and in LUA Script format. Finally, in the 
results and the conclusion sections, system operation and 
recommendations for future developments are discussed. 
 

II. IMPLEMENTATION OF THE SYSTEM 

A. Slave Device 
Slave device is implemented using two sensors, namely 

DHT22 and contact sensor, the topology is illustrated in the 
Fig. 2. Connections of DHT22 and magnetic contact sensor 
can be seen in the right-hand side of the topology. Single-bus 
data is used for communication between MCU and DHT22 
[5]. As for magnetic contact sensor, D1 pin is used along with 
a 20 kΩ pull-down resistor to prevent undetermined logic 
states when contacts are open. 
 

 
Fig. 2. The circuit topology of slave device. 
 

Microcontroller and communication tools are two vital 
parts of smart sensors. There are advanced kits providing both 
microcontroller and communication requirement for smart 
sensors. NodeMCU (Node Micro Controller Unit) is one of 
these kits. NodeMCU is an open source software and 
hardware development environment that is built around a very 
inexpensive System-on-a-Chip (SoC) and also called 
ESP8266. ESP8266 is Wi-Fi enabled SoC module developed 
by Espressif System [6]. For this project latest available 
version NodeMCU V3 LoLin is used as both microcontroller 
and communication tool. NodeMCU operates both as in STA 

(Station) and in AP (Access Point) modes. It makes 
NodeMCU to use in this project suitable as it operates in AP 
mode (Server Mode) for the slave device and in STA mode 
(Client Mode) for master device. 

B. Master Device 
The same microcontroller ‘NodeMCU’ is also used for 

master device circuit. ACS712 current sensor is used to 
measure the RMS (root mean square) value of the AC current 
drawn by the appliance, it provides an output signal that is 
proportional to the measured primary current [7]. A0, analog 
pin (it has a 10-bit internal ADC) of NodeMCU is occupied to 
gather samples from current sensor. Addressing to the Eq. 1, 
numerical integration is exploited to calculate RMS value with 
some acceptable error. 

             (1) 

Here, N is number of samples within 20 ms period (for 50 
Hz line frequency), I (i) is sample value at the index i, i0 is zero 
crossing index of the alternating wave. An RC LPF (Low Pass 
Filter) is attached between CS and ADC to eliminate noise. For 
50 Hz cutoff frequency, the standard resistance and capacitance 
values are selected as R=330Ω and C=10 µF respectively. 

A relay is an electromagnetic switch operated by a 
relatively small electric current that can turn on or off a much 
larger electric current [8]. In this project relay is used to control 
power flow for the appliance, hence the on and off AC power 
supply condition for the appliance is controlled. Relays may 
vary in size and shape according to their rated values. For this 
case, 10A-240VAC miniature relay is selected. Detailed 
system layout of master device is depicted in the Fig. 3. 

 

 

Fig. 3. The topology of master device circuit system. 

Complete circuit realizations of the circuits are given in the 
Fig. 4 with soldering and external connections are done. 
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Fig. 4. Circuit realization for slave device (left) and master device (right). 

III. SOFTWARE 

Software requirement of the system can be split into two 
sections. 

A. Software for Connection Between Master and Slave Device 
 

Slave device is to be programmed to read three sensor 
values (temperature, humidity, and contact) and by running in 
server mode, waits for clients to connect. If connection is made 
and a request is sent, slave device send these sensor values to 
master device in html format. In this case master device is 
client. This can be described in the flowchart shown in the Fig. 
5. 

 

 
Fig. 5. Software flowchart for slave device (left) and for master device (right). 

B. Software for Connection to the Platform 
The software is for preparing all sensor values and sending 

them to IoT platform. IoT platform provides clouding and 
monitoring facilities for the users and control over their 
devices. For this project, “io.adafruit.com” IoT platform is 

preferred as it provides all users free data clouding and 
monitoring with a simple user interface (UI).  

The platform “io.adafruit.com” is based on simple MQTT 
(Message Queuing Telemetry Transport) protocols. MQTT is 
an ISO standard publish-subscribe-based messaging protocol. 
It works on top of the TCP/IP protocol. It is designed for 
connections with remote locations where a "small code 
footprint" is required or the network bandwidth is limited [9]. 
To send sensor values to the platform, publish protocol, to 
control relay from the platform, subscribe protocol is used. 
“io.adafruit.com” IoT platform user interface for this project is 
given in the Fig. 6. 
The “on-off” toggle button is used to control relay by user on 
this platform. To do this, following Lua script must be added 
to master device code. 

Adafruit_MQTT_Subscribe onoffbutton= 
Adafruit_MQTT_Subscribe (&mqtt, AIO_USERNAME 
"/feeds/onoff"); 
       Here the variable ‘AIO_USERNAME’ is used for 
identification. As a result, platform acknowledges which 
device subscribes to which user interface. Also, a password is 
needed for security. This is called AIO_KEY which is 
automatically generated by the platform when user creates an 
account. To complete the identification, following Lua script 
must be added. 

  
Fig. 6. Adafruit IoT platform UI 

Adafruit_MQTT_Client mqtt(&client, AIO_SERVER, 
AIO_SERVERPORT, AIO_USERNAME, 
AIO_USERNAME, AIO_KEY); 

To display sensor values on the platform, publish protocol 
is used. Below Lua script is used to display current sensor 
value. The same code is used in the same way for the other 
three sensor values via changing feed’s name and variable (in 
the below case ‘cs’). 
Adafruit_MQTT_Publish cs = Adafruit_MQTT_Publish 
(&mqtt, AIO_USERNAME "/feeds/current"); 
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IV. RESULTS 

Observation of device operation from Arduino IDE Serial 
Monitor shows the functionality of the both devices. The 
smart sensor is developed to meet the requisite qualifications.  

Publishing of the sensor values on the platform is observed 
with almost no errors. By changing on-off toggle switch on the 
platform, the control of the relay on the master device is 
performed successfully. The program to calculate RMS 
current value has yielded satisfactory results with an accuracy 
of %90 or higher. To obtain this accuracy following two 
methods are used: 
• An RC Low Pass Filter with 50 Hz cutoff frequency is used 
to filter out the noise. 
• Averaging method is used to eliminate miscalculation 
resulted from the quantization errors of ADC. 

A current limit is set so the smart sensor can switch on or 
off the relay without user’s intervention when current limit is 
reached or exceeded. With these steps, the proposed smart 
sensor requirements are fulfilled. 
 

V. CONCLUSION 

 
In this study, design of smart sensor system for home 

appliances is proposed. The system is arranged to collect inner 
temperature and relative humidity level for a refrigerator, and 
it is capable of checking the state of refrigerator door, if its 
door open or closed. A current sensor is employed to the 
system to make reads for drawn current by refrigerator 
through its operation. Control of refrigerator’s connection to 
the grid is performed with a relay which is attached to the 
system. All sensor data is sent to a platform, thereby users can 
monitor sensor values and control state of relay. 

 A smart sensor is generally required to operate for long 
periods of time and it mainly operates on batteries, to sustain 
its operation without the need of user’s intervention its power 
consumption must be minimized. The fact the power is 
substantially dissipated for communication, its proper to seek 
out alternative means of communication. For that purpose, 
Bluetooth® Low Energy (BLE) and ZigBee technologies are 
highly recommended for future development. 
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Abstract— Home automation systems give consumers access to 
control devices in their homes from a mobile phone or a tablet 
anywhere in the world and there are many products such as 
door locks, smart lights, garage doors, doorbell cameras, and 
smart switches with plugs in the home automation technology 
market. Smart thermostats are also one of the most important 
products of home automation system. HVAC systems account 
for over 60% of the energy consumed by buildings and this rate 
is expected to increase further in the future. For this reason, it is 
important to pay attention to the efficient use of HVAC systems. 
In this study, three different studies were performed on how 
much energy could be saved by using smart thermostats. When 
the temperature can be reduced during the night hours while 
consumers are sleeping, the energy savings for electricity and 
natural gas consumption were calculated as 20.72% and 17.7%, 
respectively. When consumers are away from the house at 
specific hours, they can save average 35.41% and 10.28% 
percent on electricity and natural gas consumption, respectively 
by turning down the thermostat or turning it off completely. 

Index Terms—Smart Thermostats, Home Automation Systems, 
Energy Efficiency, Energy Savings 

I. INTRODUCTION 

Home automation systems give consumers access to control 

devices in their homes from a mobile phone or a tablet 

anywhere in the world. Home automation can be defined as 

the integration of electrical, mechanical devices and systems 

in the home in order to function automatically as one unit. 

Home automation enables users to control their home devices 

using a remote control. Although, home automation is not a 

new idea, the concept of making homes smarter still 

continues to gain popularity today. About 1.5 million home 

automation systems were installed in the US in 2012 [1]. 

Smart home is a term that uses the latest home automation 

technology in designing home systems for the purpose of 

providing security, energy efficiency, comfort, and 

convenience. There are three essential things in order to 

implement home automation [2]. 

x A reliable medium to transmit messages and/or commands

x The device gets user input to control all the actions, such as

remote control or voice recognition

x End-devices in order to perform actions such as turning

on/off, changing heater/AC control

Main component of the home automation system are shown 

below [3]. 

x User interface: A user interface is basically a device that

allows one to easily monitor the status of each product such

as smart plugs smart thermostats connected to a home

automation system and to control instantly these products.

x Mode of transmission: The home automations systems

contains wired connections such as Ethernet, wireless

connection such as radio waves, infrared, and Bluetooth, or a

combination of both.

x Central controller: It is a hardware interface that gives users

control over a huge family of connected devices, all from

their smartphones and tablets.

x Electronic devices: It can be an AC or a heater which is

compatible with the transmission mode, and connected to

the central control system.

Projected trends in the smart home market in the coming year 

[4] were shown in Fig.1.

Figure 1.  Projected trends in the smart home market 
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II. FEATURES OF HOME AUTOMATION SYSTEMS 

The ability to manage electronic systems of consumers/users 

from one main control system can make their homes run 

smoother and save energy. The advantages of home 

automation systems are given below [4]. 

A. Comfort 
Home automation systems can adjust pools, hot water 

heaters, air filters humidifiers, and hot tubs according to 

users’ needs. 
B. Convenience 
Home automation technology can automatically control the 

temperature, humidity, and lighting in the dwelling on a room 

basis. Moreover, the lights, sounds, and temperatures in the 

house can be monitored and controlled from a remote 

location. 

C. Security 
When sensors detect abnormal conditions such as gas and 

water leaks, electronic controllers can shut down the 

appropriate devices and trigger the alarm. In addition, 

security mode can be used to manipulate lights, HVAC 

system, and televisions to make an unoccupied home look 

and sound as if someone is home against robbers. 

D. Energy Efficiency 
Energy efficiency can be improved by remotely powering off 

systems and electrical appliances when they are not in use. In 

addition to standard home automation products that allow 

users to have active control, some products actively monitor 

systems and provide the users with knowledge and guidance 

in order to achieve energy efficiency and greater control. 

E. Time and Effort-Savings 
Time-saving and effort-saving applications such as 

controlling the lights from the bed at night or automatically 

lowering the volume of the stereo or television when the 

phone or door is answered, provides convenience to users. 

F. Economy 
Home automation controllers can schedule the operation of 

heavy power consuming electrical appliances such as 

washing machine, and air conditioners in peak hours. These 

adjustments can result in lower utility costs. 

G. Portability 
Devices that are not hard-wired, such as those that plug into 

an electrical appliance are portable and provide greater 

flexibility to users. 

 

There are many products such as door locks, smart lights, 

garage doors, doorbell cameras, and smart switches with 

plugs in the home automation technology market. Smart 

thermostats are also one of the most important products of 

home automation system. 

Heating, cooling, ventilating and air conditioning systems 

known as HVAC are systems that regulate and control the 

heating, cooling and ventilation of the environment. HVAC 

systems are implemented for commercial and residential 

buildings in order to maintain acceptable thermal comfort, 

reasonable installation, maintenance, and operation costs. 

HVAC systems account for over 60% of the energy 

consumed by buildings and this rate is expected to increase 

further in the future [5-6]. For this reason, it is important to 

pay attention to the efficient use of HVAC systems and 

balancing the energy efficiency. Energy consumption in 

buildings is highly related to energy demand of HVAC 

systems. Buildings use about 75% of the nation’s electricity, 
and 41% of the nation’s total energy consumption which is 

valued at about $431.1 billion in U.S. [6]. Up to 40% energy 

savings can be achieved with home automation applications 

and incentives to be made in HVAC systems. When it comes 

to home automation systems, smart thermostats can make 

large an impact on consumers’ energy usage. 

III. TYPES OF THERMOSTATS 

There are three types of thermostats: manual, programmable, 

and smart. 

A. Manual Thermostats 
Manual thermostats, also known as dumb, are one of the 

simplest components of a home heating system and are still 

frequently used in older buildings. Despite the ease of use, 

manual thermostats have various disadvantages for users 

including limited accuracy and the inability to perform 

automatic temperature changes. 

B. Programmable Thermostats 
In recent years, programmable thermostats, which take place 

of manual thermostats, allow consumer to give the thermostat 

a schedule operate by. Unlike inefficient manual thermostats, 

programmable thermostats allow users to better control their 

home’s energy use and they were created for the purpose of 

saving energy without adversely affecting users. Although 

utility companies say that programmable thermostats can save 

10% to %30 of the residential heating and cooling energy 

when the home is unoccupied or users are sleeping, the two 

states can reduce the saving benefits from programmable 

thermostats [7]. 

 

x Some consumers with manual thermostats already use 

temperature setbacks regularly. 

x While some users can not be able to program their 

programmable thermostats, some users set the thermostat 

at a constant temperature setpoint. 

Programmable thermostats have a high potential for saving in 

U.S. households. Users can save as much as $180 a year 

using programmable thermostat if users/homeowners actively 

program their thermostats and select settings (e.g., daytime 

and nighttime setbacks) that result in energy savings [8].  

Most of programmable thermostats have two additional 

operating modes which are “hold” and “override”. While hold 

mode is a permanent change, and functionally turns the 

programmable thermostat into a manual thermostat, override 

mode allows users to temporarily raise or lower the desired 

temperature until the next scheduled time program [9]. 
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Moreover, programmable thermostats generally have 

schedules for weekdays, weekend and vacations in addition to 

a hold or override option. 

C. Smart Thermostats 
Despite the advantages of programmable thermostats, users 

do not have full control over their programmable thermostats. 

Smart thermostats allow consumer remotely to control the 

temperature and HVAC system in their homes with a smart 

phone or other device.  

Smart thermostats allow users: 

x to monitor their energy consumption in real-time 

x to make temperature changes remotely 

x to create cooling/healing schedules simply 

x to use Wi-Fi to control their thermostats from smart 

phone, computer or tablet. 

The three most well-known smart thermostats in the U.S. 

marketplace are identified below. Besides the thermostats 

listed below, there are lots of smart thermostats. 

 

1) Nest Learning Thermostat:  
The first generation of Nest Learning Thermostat is a smart 

thermostat developed by Nest Labs in 2011. It is a 

programmable, and self-learning Wi-Fi enabled thermostat 

that optimizes cooling and heating of residential buildings in 

order to conserve energy. Nest learning thermostat has a 

good-looking design and a bright LCD panel that provides 

useful data with remote management application and tools in 

order to help users save money. 

Nest learning thermostat programs itself by learning users’ 
behavior patterns and desired temperatures in a few days, and 

then building a schedule for their HVAC systems [10]. Nest 

learning thermostat is shown in Fig.2. 

 

Figure 2.  Nest learning smart thermostat. 

Three different studies were conducted on how much energy 

could be saved by using Nest learning thermostats. The 

energy savings results of all three studies were similar -- 

showing Nest Learning Thermostat savings equal to about 

10%-12% of heating usage and electric savings equal to about 

15% of cooling usage in homes with central air conditioning 

[11]. 

 

2) Ecobee3 Smart Thermostat:  
The award-winning Ecobee was founded in 2007 and it 

provides energy management solutions for residential 

applications. The Ecobee3 is similar to the Nest learning 

thermostat in many ways. Both thermostats alert the user 

when there is a problem in the system and they can also be 

controlled remotely by users. However, the greatest feature of 

the Ecobee3 smart thermostat is that it has a remote sensor 

that can detect movement and temperature in another room 

and re-program itself.  

Normally, a standard thermostat adjusts to the temperature in 

one location. However, Ecobee3 smart thermostat with 

multiple remote sensors delivers the ideal temperature to the 

rooms that need it. Ecobee3 smart thermostat is shown in 

Fig.3. 

 

 

Figure 3.  Ecobee3 smart thermostat. 

According to an internal analysis conducted on October 2, 

2013, Ecobee users in the U.S. saved up to 23% their cooling 

and heating costs [12]. 

 

3) Honeywell Wi-Fi Smart Thermostat:  
Honeywell Wi-Fi smart thermostat has a bright touchscreen 

display filled with information about users’ homes and their 
HVAC system’s status. It displays the current temperature, 
humidity, date, time, operating mode (heating or cooling), the 

target temperature and buttons for adjusting the target 

temperature.  

Honeywell users can control their thermostats with voice 

commands. Moreover they can also control their thermostats 

using a touchscreen. Honeywell Wi-Fi smart thermostat is 

shown in Fig.4. 

 

Figure 4.  Honeywell Wi-Fi smart thermostat. 
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While Honeywell thermostats saved about 8% of energy use 

for home space heating, 17% of energy use for home space 

cooling during a normal weather year [13].  

IV. PROPER USE OF A SMART THERMOSTAT FOR ENERGY 

SAVING 

Consumers have many misconceptions about thermostat and 

energy. They can believe that heating all the time is more 

efficient than turning the heat off, or turning down the 

thermostat does not reduce energy consumption [14]. In other 

words, consumers think that turning down the thermostat for 

a few hours a day consumes more energy due to the energy 

needed in order to heat the house back up to the comfort 

temperature [15]. However, energy efficiency and energy 

saving depend on consumer behavior and whether users are 

motivated to program their smart thermostats and capable of 

doing it when necessary. For this reason, consumers can save 

energy and money by using their thermostats correctly. 

Heating gas consumption and heating electricity consumption 

between January 5
th

, 2018 and January 14
th

, 2018 for one-

family dwelling are shown in Table I. 

TABLE I.  ELECTRICITY AND NATURAL GAS CONSUMPTION 

OF COMBI BOILER 

Date 

Heating Gas 

Consumption 

(m
3
) 

Heating Electricity 

Consumption 

(kWh) 

05.01.2018 3.669 0.611 

06.01.2018 3.321 0.602 

07.01.2018 3.626 0.608 

08.01.2018 4.467 0.724 

09.01.2018 4.496 0.725 

10.01.2018 5.205 0.793 

11.01.2018 5.27 0.804 

12.01.2018 5.32 0.894 

13.01.2018 3.982 0.612 

14.01.2018 4.569 0.703 

 

Consumption data of natural gas (m
3
) and electricity (kWh) 

were collected by reading gas meter and using smart plug, 

respectively. According to the measurements shown on the 

Table.1, combi boiler causes an average of 0.7076 kWh of 

electricity consumption and 4.3925 m
3
 of natural gas 

consumption for ten days. 

It is important to emphasize that measurements shown in 

Table.1 in any given dwelling can change significantly from 

these averages due to climate, heating equipment, housing 

characteristics, and consumer patterns. Moreover, how 

consumers use their thermostats is a factor in changing the 

results of measurements. 

In this study, Honeywell Y87RFC2090 smart thermostat was 

used for making temperature changes remotely. 

A. The most efficient use of a combi boiler when the 
dwelling is occupied all day long or occupants are 
sleeping: 

There are not many alternatives to efficient use of a combi 

boiler when the dwelling is occupied all day long. When the 

consumers stay in the house all day, keeping a constant 

temperature inside the house is the most efficient use of a 

combi boiler. However, if the temperature can be reduced 

during the night hours while consumers are sleeping, a 

considerable energy saving and an electricity bill saving can 

be gained through smart thermostats. 

On January 15
th

, 2018 the thermostat was set to a lower 

temperature during night hours in order to observe the effects 

on the energy saving of turning down the thermostat. The 

desired internal temperature of the dwelling is 21⁰C .The 

temperature was reduced from 21⁰C to 20⁰C between 00:00 

and 07:00 while consumers were asleep.  

On January 15
th

, 2018 the total daily electricity and natural 

gas consumption were 0.561 kWh and 3.62 m
3
, respectively. 

The average energy savings for electricity and natural gas 

consumption were calculated as 20.72% and 17.7%, 

respectively according to the measurements shown in Table I. 

After 07:00, the thermostat was set to 21⁰C again and the 

time needed to reach desired temperature from 20⁰C to 21⁰C 

took 1 hour and 25 minutes. The change in natural gas after 

turning up the thermostat to 21⁰C is shown in Fig.5. 

 

Figure 5.  Change in natural gas consumption dated January 15 

B. The most efficient use of a combi boiler when the 
dwelling is unoccupied  

The energy savings are firstly expected to come from turning 

down the heating set point temperature when the home is 

unoccupied. Especially when the consumers work at a job, 

meaning they are away from the house at some specific 

hours, turning down the thermostat or turning it off 

completely provides energy savings [16].  

The desired internal temperature of the dwelling is 21⁰C. On 

January 17
th

, 2018 the thermostat was off between 07:35-

17:00, meaning no natural gas and electricity consumption 

occurs. At 17:00, internal temperature of the dwelling was 

measured 19.5⁰C. After turning the thermostat on, the time 
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needed to reach desired temperature from 19.5⁰C to 21⁰C 

took 1 hour and 21 minutes. 

On January 17
th

, 2018 the total daily electricity and natural 

gas consumption were 0.478 kWh and 4.12 m
3
 respectively. 

The average energy savings for electricity and natural gas 

consumption were calculated as 32.44% and 6.61%, 

respectively according to the measurements shown in Table I. 

The change in natural gas after turning the thermostat on is 

shown in Fig.6.  

 

Figure 6.  Change in natural gas consumption dated January 17 

A similar study was performed on January 19
th

, 2018 and the 

thermostat was set to 22⁰C. That is to say, the desired internal 

temperature of the dwelling is 22⁰C. In a similar way, the 

thermostat was off between 07:35-17:00. At 17:00, internal 

temperature of the dwelling was measured 20.5⁰C. After 

turning the thermostat on, the time needed to reach desired 

temperature from 20.5⁰C to 22⁰C took 1 hour 28 minutes.  

On January 19
th

, 2018 the total daily electricity and natural 

gas consumption were 0.436 and 3.78 m
3
 respectively. The 

average energy savings for electricity and natural gas 

consumption were calculated as 38.38% and 13.94% 

respectively according to the measurements shown in Table I. 

The change in natural gas after turning the thermostat on is 

shown in Fig.7. 

 

Figure 7.  Change in natural gas consumption dated January 19 

V. CONCLUSIONS 

Smart thermostats can reduce heating energy consumption 

when they are used correctly by consumers. Especially, a 

considerably energy saving can be gained if the temperature 

can be reduced during night hours while consumers are 

sleeping. In addition, when consumers are away from the 

house at some specific hours, turning down the thermostat or 

turning it off completely provides energy saving. In this 

study, three different tests were performed for correct use of 

thermostats.  

 If the temperature can be reduced during the night hours 

while consumers are sleeping, the average electricity and 

natural gas saving were calculated as 20.72% and 17.7%, 

respectively. Consumers can save average 35.41% and 

10.28% percent on electricity and natural gas consumption, 

respectively by turning down the thermostat or turning it off 

completely when they are away from the house at some 

specific hours. It is observed that the energy saving results of 

3 different studies performed at different dates were similar.  

The time needed to reach the desired temperature of the 

house can also be set remotely by smart thermostats. 

According to this study, if consumers set smart thermostats 

using smartphones average 1.5 hours before arriving house, 

the house will be at desired temperature. Thus, good 

satisfaction in comfort for consumers will be provided. It is 

important to emphasize that the time required to reach the 

desired temperature can vary due to the multiple factors such 

as heating system, building type, outdoor conditions, etc. 
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in a �ost�e��e�ti�e way� �n t�is �a�er an e��erimental meter is use� to 
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�ustomer �remises is largely unmonitore� an� �onse�uently 
not well un�erstoo�� �ew loa� ty�es an� �istri�ute� generation 
�eing �onne�te� to LV networ�s �reate a greater le�el o� 
�on�ern as t�e im�li�ation o� t�ese �e�i�es on PQ �arameters 
remains relati�ely un�nown an� unmeasure�� �it� t�e ra�i� 
�rogress o� smart gri�s an� smart meters ���s� arise new 
�ossi�ilities o� gat�ering �ata at �ustomer�s �remises�  

�n �out� A�ri�a regulatory re�uirements re�uires �s�om�
t�e single state�owne� utility an� muni�i�alities to measure PQ 
�arameters at ����� � �� in �� ���� o� t�eir LV �ustomers as 
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in lig�t o� t�e greater �ost an� �om�le�ity o� PQ meters relati�e 
to energy meters use� at �ustomer �remises� �o �om�ly wit� 
t�ese regulatory re�uirements t�e utility woul� in�ur signi�i�ant 
�osts to install PQ meters at �ustomer installations� ��is �a�er 
e�amines t�e �ossi�ility o� measuring PQ �arameters at 
�ustomers� �remises using �� as a more �ost�e��e�ti�e 
solution� An e��erimental ��� w�i�� �losely resem�les t�e 
�a�a�ilities o� in�ustrial meters� was �rogramme� to �al�ulate 
�armoni� �om�onents o� a sam�le� signal� ��e initial �o�us o� 

t�is wor� is �la�e� on �al�ulating �armoni�s using a �� as t�is 
PQ �arameter is t�e most ��allenging to im�lement on a meter� 
���erimental results are s�own �or two �i��erent loa� ty�es�  
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   ��e PQ regulatory �ramewor�� as sti�ulate� in t�e 
�istri�ution gri� �o�e ��� in �out� A�ri�a is �ase� �rimarily 
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·� �������� ���� a te��ni�al stan�ar� gui�ing utilities
on �om�ati�ility le�els an� limits �or PQ �arameters 

·� �������� ���� te��ni�al �ra�ti�es �or networ�
ser�i�es �ro�i�ers 

·� �A�� ���� ���� t�e PQ instrument s�e�i�i�ation
w�i�� re�le�ts t�e re�uirements o� ��� ���������� 

·� As well as �������� ��� a��li�ation �ra�ti�es �or
�ustomers �ealing wit� PQ wit�in t�eir installation 

   ��� ����� is use� as t�e �asi� li�ense �on�ition �y t�e 
�ational �nergy �egulator o� �out� A�ri�a �����A�� �t 
s�e�i�ies �om�ati�ility limits� �oltage ��ara�teristi�s an� 
assessment met�o�s to �e use� �y utilities� �ustomers an� 
����A� �out� A�ri�a a�o�te� t�e �������� ��� s�e�i�i�ation 
in ���� an� regularly re�ise� it to re�le�t �e�elo�ments in 
international PQ �o�uments su�� as ��� ���������� ���� �� 
����� ���� �igr������� ��� ������ ���� ���� ��� an� t�e 
��� ������� ���� series� 

A.� P� parameters �� ��� �����
��e �ollowing is a summary o� t�e PQ �arameters as

s�e�i�ie� �y ��� ����� ���� ��is �art o� ��� ��� �o�ers PQ 
�arameters� w�i�� a��e�t t�e normal o�eration o� �ustomers� 
ele�tri�al e�ui�ment� �nly t�e �a�tors t�at are a��li�a�le to 
LV is liste� �elow wit� t�eir res�e�ti�e �om�ati�ility le�els as 
only LV networ�s are in t�e s�o�e o� t�is �a�er� 
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�.� ��� ����������  
   ��� ��������������� ������� stan�ar�� w�i�� �orms �art o� 
t�e larger ��� ������� ele�tromagneti� �om�ati�ility ����� 
series� �e�ines met�o�s �or t�e measurement an� inter�retation 
o� PQ �arameters in alternating �urrent �A�� �ower su��ly 
systems� ��is stan�ar� �as �een a�o�te� as �A�� ���������� 
�or use in �out� A�ri�a� �ts main goal is to �e�ine w�i�� 
�arameters s�oul� �e re�or�e� an� at w�at �re�ision� to ensure 
t�e most �om�lete PQ analysis� �u�se�uently� it ensures t�at 
all PQ e�ui�ment �rom �i��erent manu�a�turers will �ro�i�e 
relia�le an� re�etiti�e results� 
 
   ��� ��������������� �e�ines two instruments �lasses ���ass 
A � �� relate� to measurement met�o�s use� an� �er�orman�e 
re�uirements� 
 
�lass A instruments are use� �or �ontra�tual �ur�oses an� 
re�uirements in�lu�e re�eata�le an� �om�ara�le results� 
regar�less o� t�e su��lier or mo�el use�� �lass A instruments 
are ne�essary w�en �om�lian�e to �re��e�ine� �ontra�ts an� 
stan�ar�s nee�s to �e �eri�ie� ���� 
 
�lass � is use� �or statisti�al a��li�ations w�ere a limite� 
su�set o� t�e PQ �arameters will su��i�e w�ere t�ere are no 
�ontra�tual �is�utes� �lass � uses e�ui�alent inter�als o� 
measurements as t�at o� �lass A� wit� lower �ro�essing 
re�uirements ���� 
 

   ��e �ata aggregation met�o�s is t�e main �i��eren�e 
�etween a �lass A an� � meter� 
 

����ata A��re�at��� 
   ��e �ollowing is a summary �or a �� �� system� 
·� ��e �asi� aggregation inter�al s�all �e ����y�les 
·� ��e ����y�le �alues are aggregate� o�er � a��itional 

inter�als� 
�� �����y�le inter�al 
�� ���min inter�al 
�� ���our inter�al 

 
   ������������������ ��� s�e�i�ies t�at aggregation o� t�e 
�ata s�all �e �er�orme� �y �al�ulating t�e s�uare root o� t�e 
arit�meti� mean o� t�e s�uare� in�ut �alues� �or t�e 
�al�ulation o� �li��er t�e aggregation is �one in a��or�an�e to 
��� ���������� ����� 
 
   �lass A uses t�e �our �asi� inter�als �or w�i�� t�e 
instrument s�oul� a�erage measurements� ��e most �asi� 
aggregation inter�al is ����y�les o� t�e �un�amental 
�re�uen�y� �urt�ermore �����y�le inter�als are aggregate� 
�rom �i�teen ����y�le a�erage �alues� ���minute inter�als �rom 
t�e ����y�le a�erage �alues an� a ���our inter�al w�i�� is 
aggregate� an� a�erage� �rom twel�e ���minute inter�als� 
 
   �it� �lass A no ga�s are �ermitte� w�en aggregating a ����
�y�le �alue �rom �i�teen ����y�le �alues� �lass � allows �or 
ga�s in t�e �ata �or �armoni�s� inter�armoni�s� mains 
signalling �oltage an� un�alan�e �ut wit� a minimum o� t�ree 
����y�le �alues to �e use� in ea�� �����y�le �alue� �or ot�er 
�arameters t�e �ata �or t�e �����y�le time inter�al s�all �e 
aggregate� wit�out ga� �rom �i�teen ����y�le time inter�als 
���� 
 
   �lass A re�uires t�e start o� a new ���min inter�al 
syn��roni�e� to t�e ��� ���min ti��� �or �lass � t�e �lass A 
syn��roni�ation met�o� �an �e use� �ut a sim�li�ie� met�o� 
is also allowe�� w�i�� allows �or t�e ���min inter�als to �e 
�ree running� t�us re�uiring no resyn��roni�ation on t�e ��� 
���min ti��� 
 
   �lass A an� � s�e�i�y t�e same ���our aggregation 
re�uirements� ��e �ata �or t�e ���our inter�al must �e 
aggregate� �rom twel�e ���min inter�als� ��e ���our inter�al 
must �e ga�less an� not o�erla��ing�  
 

�����a��es �r�m ������������� ��.� t� ��.� 
   ��ition � o� ��� ���������� re�la�es ���� �u�lis�e� in 
����� ��ition � �u�lis�e� in ���� intro�u�es met�o�s �or 
measuring ra�i� �oltage ��anges an� in�ormati�e met�o�s to 
measure in t�e � ��� � ��� ��� �re�uen�y �an�� ��e ma�or 
amen�ment to t�e stan�ar� in�lu�es t�e measurement an� 
aggregation o� �urrents� ��is in�lu�es �urrent am�litu�e� 
�armoni�s� inter�armoni�s� �urrent re�or�ings �uring e�ents 
an� un�alan�e� �urrent measurements are use�ul in 
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su��lementing �oltage measurements to �etermine �auses o� 
�oltage e�ents�   
 
   �urrently t�e stan�ar� �oes not s�e�i�y any trigger �or 
�urrent e�ents or t�res�ol� met�o�s� Voltage e�ents are still 
use� as t�e �rimary trigger �or PQ e�ents� ��oul� a ��ange in 
�urrent o��ur wit�out a ��ange in �oltage� no PQ e�ent is 
re�or�e�� �urrent �arameters to �e re�or�e� �uring �oltage 
e�ents in�lu�e t�e �ollowing� �urrent magnitu�e� �urrent 
un�alan�e� �urrent �armoni�s� �urrent inter�armoni�s� �urrent 
wa�e�orm �uring �oltage e�ents� 

����� �������� PQ ��A�������� �� ����� A����A 
   �n t�e early �����s �s�om em�ar�e� on a PQ �rogram to 
monitor an� re�ort on networ� PQ� ��er sin�e �s�om �as 
e��an�e� on t�e �rogram an� installe� PQ re�or�ers 
t�roug�out t�e entire �s�om gri�� mainly on e�tremely �ig� 
�oltage� �ig� �oltage an� me�ium �oltage le�els ����� At 
�resent a��ro�imately ��� PQ re�or�ers are installe� a�ross 
t�e �out� A�ri�an gri�� ��e num�er o� meters installe� at LV 
le�el is� �owe�er� �ery limite��  ��e �ew LV sites t�at are 
monitore� �� ���� as �art o� �s�om�s PQ monitoring �rogram 
are also not ne�essarily re�resentati�e o� ty�i�al networ� 
�on�itions as �onsi�eration nee�s to �e gi�en to t�e ris� o� 
t�e�t o� �ig� �ost meters w�en sele�ting sites� ��is results in 
meters �eing installe� at s��ools et�� instea� o� �ole to�s� 

A.� ��a� �esear�� Pr��ram 
   �n ����� �s�om em�ar�e� on a loa� resear�� �rogram �or 
ele�tri�i�ation �ustomers to �ro�i�e in�ormation �lanning an� 
�esign o� networ�s as well as gi�ing in�ut �or setting 
a��ro�riate tari��s �or resi�ential �ustomers� ��is �rogram 
o�erates �y installing �ata loggers at se�eral ele�tri�i�ation 
sites a�ross �out� A�ri�a� 
 
   �ue to t�e limite� num�er o� LV PQ sites a�aila�le� it was 
�e�i�e� to use t�ese measurements to �ro�i�e �oltage 
magnitu�e an� regulation in�ormation �or �usiness PQ 
re�orting �ur�oses� LV networ� �er�orman�e an� �oltage 
regulation is an area t�at is ��allenging to manage �ue to t�e 
large networ�� la�� o� �etaile� re�or�s an� �istori� em��asis 
on ele�tri�i�ation at lowest �ost in �out� A�ri�a� 
 
   ��e �s�om loa� resear�� �rogram �ro�i�es t�e only 
a��ro�riate sour�e o� �oltage measurement �ata o�er an 
e�ten�e� �erio�� ��e a��roa�� ta�en was to utilise t�e 
measurements ta�en �y t�e �ata loggers in t�is �rogram� 
 
   ��e loa� resear�� �ata is not measure� a��or�ing to 
�������������� so was a�a�te� to a��ro�imate t�ese 
re�uirements� ��e �ata was �a�ture� in ��minute a�erage 
�alues w�i�� were a�erage� o�er two �alues to o�tain ���
minute �alues� ��ile t�is met�o� �oes not meet t�e ��� 
���������� measurement re�uirements it �oes �ro�i�e a 
measurement w�i�� �an �e utilise� to in�estigate t�e �oltage 
magnitu�e an� regulation at t�ese sites� �n �ay ����� �s�om 
�a� ��� measurement �oints on its LV networ�s �ro�i�ing 
�oltage regulation �ata�  

�V��  �PP�������� �� ��� �� ��� PQ ��A��������� 
   �e�eren�e ���� �oints out t�at s�e�i�ying measurement 
�e�i�e �or �lass � or A �er�orman�e may not �e a �riority �or 
utilities t�at are in t�e early stages o� esta�lis�ing a PQ 
monitoring �rogram� ��ey re�ommen� t�at low��ost sim�le 
systems s�oul� �e use� w�ile regulators s�oul� �o�us on 
�uil�ing measurement �ata �istory �e�ore en�or�ing 
�om�lian�e to stan�ar�s� ��is is �e�ause t�e re�uirements o� 
��� ���������� im�ly a��itional metering �osts �ue to t�e 
�ro�essing re�uirements nee�e� to attain t�e stan�ar��  
 
   ��e use o� t�e loa� resear�� �ata in �out� A�ri�a �or PQ 
re�orting illustrates an e�am�le o� using low��ost sim�le 
systems wit� non��om�liant measurements to meet a �usiness 
nee� i�e� �ro�i�ing PQ monitoring �o�erage�  
 
   ��ile �ost is a �on�ern in a �e�elo�ing �ountry su�� as 
�out� A�ri�a� it also is more �roa�ly a��li�a�le to LV systems 
in general �ue to t�e si�e o� t�e networ�s an� t�e �ig� �osts 
asso�iate� wit� monitoring large networ�s� 
 
   A��lying ��s to measure PQ �arameters woul� �ro�i�e t�e 
utility wit� insig�t into PQ on t�e LV networ� at a reasona�le 
�ost� 
 
   �urrently no �ommer�ial �� measures PQ �arameters 
a��or�ing to ��� ���������� ���� ����� ��e main reason is 
t�at it is not �ossi�le to im�lement t�e �arious aggregation an� 
�armoni� analysis algorit�ms in a��ition to e�isting �un�tions� 
wit�out es�alating t�e �osts o� t�e meters u� to un�eara�le 
le�els� PQ is a well�regulate� �iel� an� t�ere �a�e only �een a 
�ew attem�ts ma�e to �esign low��ost PQ measurement 
�e�i�es� �ut t�ese �aile� to meet t�e minimum re�uirements 
im�ose� �y ��� ����������� ��e ma�or �arrier �eing t�e 
�om�utational �ower re�uire� to �er�orm �armoni� analysis as 
well as t�e �ata storage re�uire�� all a��ing to �rasti� 
in�reases in t�e �ost o� t�e meter ���� �����  
 
   As illustrate� �y t�e �out� A�ri�an e�am�le o� t�e loa� 
resear�� �rogram� t�ere is signi�i�ant �alue to utilities in 
measuring PQ �arameters� e�en i� it �oes not meet t�e 
re�uirements o� ��� ����������� es�e�ially �onsi�ering t�e 
o��ortunity �resente� �y ��s to �o so in a �ost�e��e�ti�e 
manner� 
 
   �n t�is �a�er a �irst im�lementation is s�own �y using an 
e��erimental �� to �al�ulate �armoni�s o� �oltage an� 
�urrent� 

V�� ��P�������AL ����� �A������ �AL��LA���� 
��PL�����A���� 

   ��e �e�as �nstruments e��erimental �� use� is �ase� 
aroun� t�e ��P���������a system�on���i� wit� a �lo�� 
�re�uen�y o� �� ���� �t is a t�ree���ase meter t�at asso�iates 
well wit� �ommer�ial ��s� ��e ��P��� in�or�orates se�en 
����it analog to �igital �on�erters �A��� �ase� on a se�on� 
or�er sigma��elta ar��ite�ture wit� a sam�ling rate o� ���� 

728

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



sam�les �er se�on�� or a��ro�imately �� sam�les �er �y�le� 
��e meter in�or�orates an analog �ront�en� to measure 
�oltages o� u� to ��� V an� �urrent trans�ormers rate� to a 
ma�imum �urrent o� ��� A� ��e �� in�lu�es stan�ar� 
������������ ra�io �re�uen�y an� �ig�ee ra�io �re�uen�y 
�a�a�ilities at t�e ��� ��� range ����� A �P� mo�ule is use� 
to syn��roni�e t�e real time �lo�� to �P� satellite time� ��e 
�ur�ose o� t�is im�lementation is to e�aluate t�e meter�s 
a�ility to �al�ulate �armoni� �om�onents o� �oltage an� 
�urrent w�ile still �reser�ing �asi� �� �un�tionality su�� as 
re�enue �olle�tion an� �ata �ommuni�ation�  

A.� ���t�are �mp�eme�tat��� 
   ��e ���s so�tware is s�lit �etween two �ro�esses� a 
�oregroun� �ro�ess �or tas�s wit� a longer �al�ulation time 
an� a �a��groun� �ro�ess t�at is stri�tly time� an� res�onsi�le 
�or a��umulating t�e measurement sam�les �rom t�e A��� 
A�ter one se�on� o� a��umulation� t�e �a��groun� �ro�ess 
in�i�ates to t�e �oregroun� �ro�ess t�at �ata is a�aila�le �or 
�ro�essing� A �ounter �ee�s tra�� o� t�e num�er o� sam�les 
�a�ture�� w�i�� �an �ontinually ��ange as t�e so�tware 
automati�ally syn��roni�es wit� t�e gri� �re�uen�y� �ig� � 
s�ows t�e �� e��erimental �� use�� 
 

 
�ig� �� �e�as �nstruments e��erimental smart meter 

 
����amp���� � �ast ���r�er tra�s��rm 

   As �is�usse� is se�tion �V� it is not �ossi�le to im�lement 
������������� aggregation �un�tionality on a �� wit�out 
es�alating t�e �ost o� t�e meter� As a �irst im�lementation a 
single �y�le insi�e a one�se�on� win�ow was use� w�i�� 
relates to t�e sim�li�ie� �ersion o� ��� ���������� �ro�ose� 
in ���� ����� ��is te��ni�ue will allow �or �re�ominant 
�armoni�s on t�e networ� to �e �ete�te�� �t will �urt�er allow 
�or t�e �� to �er�orm metering an� �ommuni�ation �un�tions 
w�ile a��ing t�e a��itional �ene�it o� �al�ulating t�e 
in�i�i�ual �armoni� �om�onents o� �oltage an� �urrent� 
   

   A �ast �ourier trans�orm ����� re�uires ��  num�er o� 
sam�les �er �y�le� w�ere � is an integer �alue� to ensure 
�ig�est e��i�ien�y� ��e �� wit� a sam�ling rate o� ���� �� 
�a�tures ����� sam�les �er �y�le� �ero��a��ing was a��lie� to 
s�ale t�e �ata to ���  sam�les� �ig� � s�ows t�e sam�les 
�a�ture� �y t�e meter �or a single �y�le an� �ig� � t�e sam�les 
wit� �ero �a��ing a��lie� to o�tain ��� sam�les ensuring 
�om�ati�ility wit� t�e ��� algorit�m�  
 

 
�ig� �� �am�les o� �oltage wa�e�orm 

 

 
�ig� �� �am�les o� �oltage wa�e�orm wit� �ero �a��ing 

 
�ig� �� ��� o� �oltage sam�les wit� re� �narrow� �ars in�i�ating ��� ����� 

limits 
 
   A re�ursi�e ��� algorit�m in t�e �oregroun� �ro�ess is use� 
to o�tain t�e �armoni� magnitu�es o� t�e �oltage an� �urrent 
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sam�les� �ig� � s�ows t�e �armoni� �om�onents o� t�e �oltage 
wa�e�orm as �al�ulate� �y t�e meter wit�out t�e �un�amental 
�om�onent� ��e �������� �oltage limits are s�own in re� on 
t�e gra��� ��e �armoni� �ata is sent �ia a �ig�ee �� 
�onne�tion to a �as��erry P� �om�uter �osting a �QLite 
�ata�ase to �a�ture an� store t�e measurements�  
 

�����ta� �arm���� ��st�rt��� 
   ��e ��� �ro�i�es an in�i�ation o� t�e �armoni� �istortion 
�resent in a signal� ��� � is use� to �al�ulate ��� o� �oltage 
an� �urrent� �y re�la�ing �  wit� � an� �  res�e�ti�ely� ��e 
��� �al�ulation in�ol�es summating t�e �armoni� 
magnitu�es �rom t�e �n� or�er �om�onent u� to t�e �t� 
�om�onent an� �i�i�e �y t�e magnitu�e o� t�e �un�amental� 
 

 

�

�

�

� � �

� �

�
�

�
����� � �� � � ...�

�

�

�� �
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  ��� 

 
   ��� ��������� s�e�i�ies ��� �al�ulation u� to t�e ��t� 
�armoni� ����� �y a��lying a ��� �al�ulation on ��s it will 
�e �ossi�le to use a single measurement to gain insig�t into 
t�e �armoni� �istortion �resent on t�e LV networ�s� �t will 
re�u�e �ata re�uirements �y not sen�ing �armoni� �ata �rom 
ea�� �� to a �ea��en� system� ��e ��� �al�ulation was 
im�lemente� on t�e �� �y summating t�e �armoni� 
magnitu�es u� to t�e ��t� �om�onent� 
 

V�����P�������AL ����L�� �� ����L���A� L�A� 
   �o e��erimentally e�aluate t�e �armoni� �al�ulation o� t�e 
�� an e��erimental �ee�er wit� �armoni� loa� s�own in �ig� 
� is use��   
 
   A single �urrent �y�le o� �urrent ��  at t�e same time instant 
as t�e �oltage �y�le as measure� �y t�e �� is s�own in �ig� � 
wit� �ero �a��ing a��lie�� ��e wa�e�orm is ty�i�al o� a 
�assi�e re�ti�ier �ir�uit w�i�� re�uires a minimum �oltage to 
swit�� on t�e �io�es� A �ea� �urrent o� ���� A was measure�� 
��e �lat to��ing �an �e attri�ute� to t�e �ea� �urrent �raw at 
t�e �ea� o� t�e �oltage�  
 
   �ig� � s�ows t�e �armoni� s�e�trum o� t�e sam�le� �urrent 
wa�e�orm in �ig� �� A signi�i�ant t�ir� an� �i�t� �armoni� 
�urrent �om�onent is �resent� A �atla� s�ri�t was use� to 
e�aluate t�e a��ura�y o� t�e ��� algorit�m im�lemente� on 
t�e ��� �ig� � s�ows t�e �armoni� s�e�trum o�taine� using 
�atla�� w�i�� �losely �orrelates to t�e s�e�trum �al�ulate� �y 
t�e ��� �ro�ing t�e a��ura�y o� t�e ��� im�lemente� on t�e 
��� 
 

 
�ig� �� �ingle line �iagram o� e��erimental �ee�er 

 

 
�ig� �� �armoni� loa� �urrent wa�e�orm wit� �ero �a��ing 

 
�ig� �� ��e�trum o� �armoni� loa� �al�ulate� �y t�e smart meter 

 
�ig� �� ��e�trum o� �armoni� loa� �al�ulate� using �atla� s�ri�t 

 
   ��e �� su��ess�ully �al�ulate� t�e ��� o� t�e �oltage an� 
�urrent as ����� an� ������ res�e�ti�ely w�ile t�e �alues 
o�taine� using t�e �atla� s�ri�t was ����� an� ������� 
 

V�������������� A�� ����L����� 
   ��is �a�er intro�u�e� t�e �on�e�t o� measuring PQ 
�arameters using ��s on LV networ�s� �s�om �as a 
regulatory o�ligation in �out� A�ri�a to measure PQ at 
������ or a��ro�imately �� ��� o� its �ustomers on LV 
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networ�s� �urrently t�is re�uirement is not met wit� 
a��ro�imately ��� PQ meters installe� on LV networ�s� 
 
   ��� ���������� �om�liant �lass A � � meters generally 
�arry a large �ost w�i�� woul� result in a large �ost �or �s�om 
to meet regulatory re�uirements �ue to t�e s�ale o� t�e LV 
networ�� �it� t�e a��an�ement o� t�e smart gri� an� ��s 
arise new �ossi�ilities to measure PQ at �ustomers� lo�ations 
w�i�� will result in a large �ost sa�ing �or �s�om� 
 
   ��s at �resent are not �a�a�le o� meeting t�e re�uirements 
in ��� ���������� �or �lass A �ue to limite� �ro�essing 
�ower an� storage �a�a�ility� �n t�is �a�er an e��erimental 
�� was use� to �al�ulate �armoni�s o� �oltage an� �urrent� 
using a single �y�le insi�e a ����y�le win�ow� ��is was �one 
�y a��ing ��� so�tware to t�e original meter �o�e� t�us 
maintaining regular metering an� �ommuni�ation �un�tions� 
��e �o�us was �la�e� on �armoni�s as t�is is t�e most 
��allenging PQ �arameter to im�lement� �o meet �om�lian�e 
to �lass � u� to t�e ��t� �armoni� s�oul� �e �al�ulate� using 
�� �y�les insi�e a �����y�le win�ow� ��is was not �ossi�le 
wit� t�e storage �a�a�ilities o� t�e e��erimental ��� ��e �� 
was �owe�er a�le to su��ess�ully �om�ute t�e ��� o� t�e 
�oltage an� �urrent wa�e�orms u� to t�e ��t� �armoni� using a 
single �y�le insi�e a ����y�le win�ow� ��is will allow �or 
�re�ominant �armoni�s on t�e networ� to �e �ete�te�� e�en 
t�oug� not meeting �om�lian�e� 
 
   �a�ing t�e �a�a�ility to measure �armoni�s �ost e��e�ti�ely 
�ro�i�es a utility wit� insig�t into its LV networ� PQ� w�ere 
no measurement �ata is ot�erwise a�aila�le� e�en i� 
measurement stan�ar�s are not met� �uture wor� will in�ol�e 
e�aluating t�e �a�a�ility o� measuring ot�er PQ �arameters on 
t�e e��erimental �� an� o�timi�ing t�e so�tware to �om�ly as 
�losely as �ossi�le wit� ������������� �lass �� 
 

���������� 

��� ���� ���� ����� �le�tri�ity �u��ly � Quality o� 
�u��ly Part �� A��li�ation �ra�ti�es �or li�ensees�� 
�out� A�ri�a� ����� 

��� ����A� ��out� A�ri�an �istri�ution �o�e � �etwor� 
�o�e�� Ver� ���� ����� 

��� ���� ���� ���������� �le�tri�ity �u��ly � Quality o� 
�u��ly � Part �� Voltage ��ara�teristi�s� �om�ati�ility 
le�els� limits an� assessment met�o�s�� �out� A�ri�a� 
����� 

��� �out� A�ri�an �ureau o� �tan�ar�s� ��A������������ 
����� Power �uality monitoring instruments 
s�e�i�i�ation�� ����� 

��� ���� ���� ���������� ��� �� �esting an� measurment 
te��ni�ues � Power �uality measurement met�o�s�� 
�ene�a� �wit�erlan�� ����� 

��� ���� ���� ����� Quality o� �u��ly Part �� A��li�ation 
�ra�ti�es �or en���ustomers�� �out� A�ri�a� ����� 

��� ������� ��� �� �Voltage ��ara�teristi�s o� ele�tri�ity 
su��lie� �y �ui�li� �istri�ution systems�� ���� 

��� ����������� ��� ������� ���onomi� �ramewor� 
�or Power Quality�� �inal re�ort �y ��������������� 
��� ������� ������ Paris� ����� ����� ������������
������ 

��� �emi�on�u�tor ��ui�ment an� �aterials �nternational 
������� ��e�i�i�ation �or semi�on�u�tor �ro�essing 
e�ui�ment �oltage sag immunity� ���� �tan�ar� ����
��� ����� 

���� ���� ���� ������� �le�tromagneti� �om�ati�ility 
����� � Part �� 

���� ���� ���� ���������� �esting an� measuremnt 
te��ni�ues � �li��ermeter � �un�tional an� �esign 
s�e�i�i�ation�� ���� 

���� ��� Peterson� �� �innaar� �� �o��� �� �ostert� �� 
�agoonant�un� ���e e�olution o� Power Quality in 
�s�om� t�e Past� t�e Present an� t�e �uture��in ���re 
���t�er� A�r��a �e����a� ����.� ����. 

���� �� �ostert� �� �ell� �� �innaar� �LV �oltage regulation 
im�li�ations�� in �s��m ��ter�a� resear�� rep�rt.� ����� 

���� �� �innaar� �� Peterson� P� �o�nson� �Power �uality 
stan�ar�isation in t�e �onte�t o� �e�elo�ing �ountries�� 
in ���re ���t� A�r��a ����.� ���� 

���� �� �an�ulea�� �� Al�u� ��� Ala�reu� �� �tanes�u� 
�Power Quality Assessment in LV networ�s using new 
�mart �eters �esign�� in �t� ��t. ����. �� ��mpat�����t� 
a�� P��er ��e�tr����s ��P��� ��� �������� ���� 

���� ��� Al�u� � �an�ulea�� �� �tanes�u� ��yn�reti� �se o� 
�mart �eters �or Power Quality �onitoring in �merging 
�etwor�s�� in ���� �ra�s. �mart �r��� �ol� �� no��� ��� 
�������� ����� 

���� �m�lementation o� a ��ree�P�ase ele�troni� �att��our 
�eter �sing t�e ��P���������A�� �e�as ��str�me�ts� 
Aug� ����� ��nline� A�aila�le� 
�tt����www�ti��om�lit�an�slaa���g�slaa���g���� 

���� ���� ���� ��������� �esting an� measurement 
te��ni�ues � �eneral gui�e on �armoni�s an� 
inter�armoni�s measurements an� instrumentation� �or 
�ower su��ly systems an� e�ui�ment �onne�te� 
t�ereto�� ����  
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Abstract—The energy consumption in the dwellings continues 
with a steady increase which contributes to the overall 
consumption. Population growth, increasing comfort levels and 
daily usage of the electrical appliances are driving the domestic 
electricity demand to higher levels. For this reason, it is very 
crucial to aim domestic consumption in order to reduce the 
global consumption. This required changing and understanding 
consumers’ awareness, behavior, and increasing their 
knowledge in the subject of energy use. Providing that 
households are conscious about electricity consumption and 
studying factors affecting them can help to reduce energy 
consumption in residential areas. For this reason, a graphical 
user interface was created in this study in order to raise 
awareness of energy to consumers and thus reduce energy 
consumption. This study presents a graphical application for 
monitoring household consumption based on catalog data of 
various household devices to promote energy consumption 
awareness in the users of this application. 

Index Terms—Energy Efficiency, Graphical User Interface, 
Energy Awareness, Consumer Behavior 

I. INTRODUCTION 

Increasing energy consumption is one of the most 
concerns of current societies. With continuous population 
growth, technological development, increasing comfort level, 
growing of societies which make an effort for having more 
and the best quality everything, energy problems are 
unavoidable. The residential sector is responsible for 22% of 
the total energy consumption in Turkey and this rate is 
continuously expanding. For this reason, households constitute 
one of the most important groups when dealing with energy 
efficiency, policies, and conservation measures in residential 
areas. However, despite many efforts such as low energy 
consuming electrical appliances, increasing energy efficiency 
and information campaigns, household energy consumption 
continues to increase. One of the main reasons for the increase 
in energy consumption is the number of households inevitably 
increasing worldwide. Another reason is higher household 
incomes and therefore the increase of the purchasing power of 

all income levels of society. Another explanation is that, a 
variety of new electrical household appliances and electronic 
equipment has begun to be widely adopted, changing 
consumers’ overall routines and lifestyle and raising domestic 
electricity consumption. There are various ways to reduce 
domestic energy consumption. Three of the main methods 
were described below [1].  

x Promoting use of low-energy domestic equipment
x Replacing the existing housing stock with low-energy

buildings
x Promoting energy conscious behavior among the consumers

While the first two methods require money consuming and a 
lot of time, changes in behavior pattern mentioned in third 
method can save energy without additional investment in the 
infrastructure, and the effects appear quickly. Consumer 
behavior is based primarily on individual decisions driven by 
external factors such as economic incentives, current 
population structure, environmental variables, social norms 
and infrastructure. For this reason, it is important to 
understand consumer behaviors taking into account specific 
context [2]. Figure 1 shows an overview of the various factors 
contributing to electricity consumption from a consumer 
perspective. 

 

 

 

 

 

 

Figure 1.  Factors affecting consumer behavior. 
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This study focuses on creating awareness from the social 
factors listed above. 

II. THE IMPORTANCE OF UNDERSTANDING THE    
RESIDENTIAL ELECTRICITY CONSUMPTION 

Our rapidly developing modern society depends on the use 
of electricity in large quantities, which indicates that 
electricity demand is increasing rapidly and this drive us to 
care more about environmental and energy sustainability. 
Reducing the impact of energy consumption is an important 
issue and a significant challenge that affects all countries in 
the world. The concept of enabling clean, green, and a more 
efficient way of using electricity is already at a phase where 
government, utilities, and energy providers are investing 
heavily. 

Smart Grids provide a greener way for providing and 
delivering electricity to consumers through more efficient 
power network combinations that allow consumers to see their 
energy consumption in real time, and make adjustments to 
save energy and money. Consumer recognition of advantages 
of the smart grids has already begun to play a significant role 
in its sustainability [3].  

However, the lack of awareness of consumers about smart 
grids causes some problems. While innovation process of 
smart grids is rapidly accelerating, consumers are lagging 
behind. The issue is that the expected effect of smart grids 
application will not be as expected due to the lack of 
consumer involvement. Therefore, it is important to provide 
awareness of the consumer towards the smart grids concept.  

Residential electricity consumption constitutes about one 
fourth of our total electricity consumption and it is expected to 
increase substantially in the future due to the increasing 
incomes, rapid electrification, and technology development 
that will provide more appliances at reasonable prices. 
Residential energy consumption is a complex issue that is 
highly dependent on the physical characteristics of the 
residential areas in which people live, electrical appliances 
used in houses, and people’s behavior [4]. 

Looking at the existing literature, there are three main 
parts focusing on the residential energy consumption. The first 
part uses some techniques in order to understand a key 
question about “What are the factors influencing residential 
energy consumption?”.  The second part looks at the load 
profiles of residential buildings and then analysis the factors 
causing the residential energy consumption. The last part 
focuses on understanding behavior of residential energy 
consumers and how changes in behavior can lead to reduced 
household energy consumption [5]. 

The purpose of energy conservation and peak demand 
reduction programs is to reduce total energy demand and/or 
shift demand from peak hours to off-peak hours without 
affecting the consumers. Lots of peak demand reduction and 
conservation studies have focused on various consumer 
groups. Residential loads contribute substantially to daily peak 
electricity demand. One of the options for lowering peak 
demand and/or provide energy efficiency is to focus on 
electricity use by residential consumer [6]. 

III. PROMOTING ENERGY SAVING 
Persuasive technology can be defined as a technology that is 
designed to change the behaviors or attitudes of the 
consumers/users through the persuasion and social influence, 
but not through coercion [11]. This persuasive technology 
includes research, design, and analysis of interactive 
computing products such as computers, mobile applications, 
games, social networks, wireless technologies, and websites 
created with the aim of changing consumers’ attitudes and 
behaviors.  Lots of methods are designed to change what 
people think and do. 

In recent years, various technologies have been proposed to 
encourage consumers to conserve energy by promoting 
awareness of energy. These technologies are listed below. 
A. Games and Social Media 
Various systems have been developed to encourage people to 
save energy, to train indirectly for less energy use, and to 
increase awareness of energy use through via social media 
and games.  

The game entitled “The serious game 2020 Energy” was 
designed within the framework of ENERGY-BITS a 
European cross-media awareness program for teenagers 
financed by the Intelligent Energy Europe program [7]. 
ENERGY BITS is a cross-media project on sustainable 
energy and energy saving, supported by European 
Commission, with the aim to stimulate behavioral change and 
promote innovative practices among the 13-18 years old. This 
game encourages more responsible and efficient behaviors in 
energy consumption and promoted renewable energies.  

Similarly, the game entitled “Energy Chickens” 
encourages consumer to conserve energy by engaging in 
basic energy-saving behavior around the house. The opinion 
driving developers to create games or applications to help 
people changing their power-use behavior is simple: Making 
mundane things is a powerful strategy to get people to cut 
down their usage. 

     In a social network, different individuals usually have 
indirect or direct connections to each other. While the 
influence of people from direct connected individuals is easy 
to understand, the influence of indirect connected is based on 
the knowledge of small world phenomenon [8]. There are 
detailed studies about power of social networks on energy 
efficiency and save energy [9]. 

B. Ambient Devices 
Ambient devices are used to create effective persuasion 

and to raise awareness of energy use. Detailed study about 
ambient devices was shown in [10]. According to this, four 
clusters of the widget users according to reached level of 
persuasion were identified from awareness to behavior 
change and maintenance of sustainable behavior. 

 
“Energy AWARE clock” is designed to make energy 

awareness in a part of everyday and it is an example of an 
ambient device. The purpose of the clock is not to show the 
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time of a day, but to alert consumers to how much energy 
their home uses during the day. The clock visualizes the daily 
energy state of the household while at the same time showing 
electricity consumption in real time. 

Similarly, “The ambient Energy Joule” is an ambient 
device that equips utility to relay information about energy 
consumption in real time encouraging smarter energy 
consumption choices. It displays the current price of energy 
and level of consumption in the home and continuously 
updates based on demand. 

Orb energy monitor is also an ambient device that shows 
users the direct electricity cost and CO2 emission equivalent, 
as well as the actual power being used and cumulative energy 
(kWh). A Zigbee-enabled version of the Energy orb is also 
available for utilities interested in taking advantage of their 
smart metering initiatives. 

IV. GRAPHICAL USER INTERFACE DESIGNED FOR ENERGY 
AWARENESS  

In order to raise awareness of people living in homes 
about energy consumption and to show how much energy is 
consumed by the electrical appliances in their homes 
depending on their running time, graphical user interface 
(GUI) based Excel has been created. 

With this program, users are able to see what type of 
electricity tariff is more advantageous for them. A large-scale 

 database has been created for electrical appliances used by 
consumers in their homes. In this way, users can choose 
which brand and model of electrical appliances they use 
automatically from the program. After selecting the brand and 
model, the rated power values of the electrical appliances 
come from the database to the screen. The database is excel-
sourced. 

If there are electrical appliances that are not saved in the 
database, users can browse the brands and models of the 
electrical appliances they use in their houses from product 
catalogs in order to learn rated power of electrical appliances 
and then update the program. 

Users can specify how long the electrical appliances will 
run in the program and see their daily, weekly, and monthly 
total consumption in kWh. Moreover, users can see the total 
energy consumption of appliances, as well as the energy 
consumption of each device separately. 

Users will have the ability to view their load curve/load 
profile graphically in the program. The operating instructions 
of the program are written in English, German and, Turkish 
so that the program is intended for more users.  

The home screen of the graphical user interface program 
is shown in Fig.2. 

 

 

 

 

Figure 2.  Home screen of the graphical user interface program.
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As seen in Fig.2, the most commonly used electrical 
appliances in dwellings are saved in the program. The 
existing loads are refrigerator, freezer, oven, microwave, 
television, vacuum cleaner, laptop, dishwasher, washing 
machine, phone charger, kettle, toaster, desktop computer, 
iron, hair dryer, and air conditioner. 

If the users would like to add a different device except the 
electrical appliances listed above, they are able to update the 
program according to the instructions there by clicking the 
“Excel” button in the program. 

The users can determine the brand and model of the 
electrical appliances when they select the residential loads 
with the images on the left side displayed. For instance, after 
selecting the picture of the refrigerator in the program, the 
user is supposed to select the brand and model information of 
the refrigerator from “Load Details” on the right side.  

After selecting the brand and model information of the 
electrical appliances, the kW value of the appliances will 
automatically be displayed in the screen. These values are 
taken from the product catalogs. 

The next step is to enter the information about how long 
electrical appliances are running.  After the time of use of the 
electrical appliances has been entered, the program will 
automatically calculate the kWh value and display it on the 
screen. 

There are two different Time of Use (ToU) tariff as “One-
Tier Pricing” and “Three-Tier Pricing” in Turkey. While 
Three-Tier Pricing applies different prices for electricity at 
different times of the day, One-Tier Pricing applies the same 
prices for electricity all day long. For this reason, users 
should also specify the ToU tariff they use in the program. 
Electricity prices per kWh for both One-Tier Pricing and 
Three-Tier Pricing are displayed on the screen. ToU rates in 
Turkey are shown in Table I. 

TABLE I.  TIME OF USE RATES IN TURKEY 

One-Tier 
Pricing 

Three-Tier Pricing 

Mid-Peak Rate 
06:00-17:00 

On-Peak Rate 
17:00-22:00 

Off-Peak Rate 
22:00-06:00 

0.331833 
TL/kWh 

0.330447 
TL/kWh 

0.499784 
TL/kWh 

0,.08112 
TL/kWh 

 

After the ToU tariff is selected, the electricity 
consumption cost will automatically appear in the “Total 
Price”.  

Finally, by entering the date information and pressing the 
“Save” button, the electrical appliance will be saved at that 
time. When a date is not entered, the program will alert the 
user to “Enter a valid date”. The same steps should be done 
individually for all electrical appliances used at home. 

For instance, if it is thought that the washing machine 
runs in between the hours 16:00-17:15 on May 5th, the record 
information of the washing machine in the program is shown 
in Fig.3. 

 

Figure 3.  Record information of the washing machine. 

The brand and the model of washing machine is then 
selected: Bosch and WFO2062, respectively. After the brand 
and model information of the electrical appliance by the user 
in the program, the kW value of the device is automatically 
assigned from the database to screen. Since the washing 
machine runs in between 16:00-17:15, the user has entered 
the usage time of electrical appliance in the program and 
power consumption of the device in kWh is automatically 
displayed on the screen. The electricity use is broken up into 
three tiers in this house. For this reason, Three-Tier Pricing 
has been selected by the user in the program. After selecting 
the Three-Tier Pricing, it is seen that in the “Pricing Details” 
section, total usage time of the device is 1 hour and 15 
minutes and the electricity cost is 0.2049 TL. The information 
recorded of the device is saved in the system when the user 
enters the date information and clicks the “save” button. The 
list of electrical appliances used in a house on June 1st is 
shown in Table II. 

TABLE II.  LIST OF THE ELECTRICAL APPLIANCES 

Residential 
Loads Start Finish 

Refrigerator 00:00 00:00 
Freezer 00:00 00:00 
Oven 21:00 22:05 

Television 20:00 23:35 
Dishwasher 22:00 23:10 

Washing 
Machine 

19:00 21:10 

Computer 20:00 23:30 
Iron 21:00 21:35 
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After saving of electrical appliances used in the house on 
June 1st, by clicking the “history” button on the home screen, 
the electrical appliances used and daily total energy 
consumption information will be displayed as presented in 
Fig.4. 

 

Figure 4.  Information of the loads on June 1. 

Besides the brand and the model information of the loads, 
kWh values of each device can be shown separately by users 
in the system. 

If users click the “Pricing Report” button, they will be 
able to see whether their ToU tariff is advantageous for them. 
The effect of pricing report on consumers is shown in Fig.5. 

 
Figure 5.  Pricing report of the program. 

As can be seen in Fig.5, while the daily electricity bill 
under Three-Tier Pricing is 2.0353 TL, the daily electricity 
bill under One-Tier Pricing is 1.9246 TL. If the consumers 
change their tariff from Three-Tier Pricing to One-Tier 
Pricing, they will be able to reduce their electricity bill. The 
pricing report is an important issue to show what ToU tariff is 
more economical for consumers. 

“Daily kWh Report” button provides users to show 
overview of the electricity consumption per electrical 
appliance in kWh and cost of the electricity consumption in 
TL. The daily kWh report on June 1st is given in Fig.5. 

 

Figure 6.   The daily kWh report dated June 1. 

Moreover, daily kWh report shows the total electricity 
consumption (kWh) and total cost of the electricity 
consumption (TL) in the electricity bill. According to the 
Fig.6, while the electricity consumption of the washing 
machine is 0.975 kWh, the cost of the electricity consumption 
of this appliance is 0.4873 TL. In addition, the total electricity 
consumption of all electrical appliances on June 1st is 5.7998 
kWh, while the total cost of electricity consumption is 2.0352 
TL. 

Not only “Hourly kWh Report” shows the consumption of 
the electrical appliances on an hourly basis, but also the 
distribution of total electricity consumption between the dates 
on an hourly basis. 

The hourly distribution of the total electricity 
consumption between June 1st and June 2nd is shown in Fig. 7. 

 
Figure 7.  The hourly distribution of the total electricity consumption. 

 

In addition, in this section, if users press the “chart” 
button, they can also see the load curve. Load curve reflects 
the electricity consumption of consumers over a given period 
of time. The load curve on June 1st is shown in Fig.8. 
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Figure 8.  Load curve dated June 1. 

This curve is plotted over a time period of 24 hours. 
Similarly, if users would like to see the load curve  weekly or 
monthly instead of daily, they are able to do that by entering 
the start and end dates in this section. According to the Fig.8, 
peak demand started at around 18:00 and ended at 22:00. 

V. CONCLUSION  
A graphical user interface was created for the purpose of 

creating awareness of energy for consumers. With this 
interface, consumers are able to see all the electrical 
appliances they use in their houses by selecting the brands 
and models in the program and see how much electricity they 
have consumed from the database embedded in the program. 
After the device selection, they will be able to view total 
electricity consumption, cost of the electricity consumption, 
distribution of the electricity consumption on an hourly basis, 
and their load curves. 

The best way to consume fewer kWh and reduce 
consumer’s bills is to make sure their electrical appliances are 
running as efficiently as possible. Users will have the 
opportunity to see inefficient running devices in the program. 
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Abstract—Residential customers are one of the main 

electrical energy consumers and residential demand response 

applications will provide significant benefits to both consumers 

and utility companies under smart grid concept. A simple way 

of implementing residential demand response algorithms is to 

use smart plugs to control household appliances. Although 

on/off control of appliances is commonly used method in 

residential demand response applications, voltage controlled 

operation of appliances can also be used through a thyristor 

based smart plug. However, such an operation will introduce 

harmonics into the system due to ac voltage chopping. In this 

study, line current harmonics of a residential house, due to 

voltage controlled operation of appliances, is analyzed using 

PSIM software. Case studies are completed and it is concluded 

that the voltage controlled operation of appliances is a viable 

solution while staying within the current harmonics limits 

specified in IEEE Std. 519-2014.  
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I. INTRODUCTION

Residential customers are one of the main electrical energy 
consumers [1] and residential demand response (DR) 
applications will provide significant benefits to utility 
companies under the smart grid concept. DR applications at 
residential level are generally named as Home Energy 
Management (HEM) systems [2], [3]. In HEM systems, 
mainly load shifting is used to control the total household 
power demand [4]-[7]. Clearly, shifting controllable 
appliances to off-peak hours will offer financial benefits. 
However, customer comfort will be negatively affected in 
such DR applications. In order to maximize customer comfort, 
voltage controlled operation of appliances can be used in 
HEM systems. The idea of the voltage control has been 
primarily used in distribution systems and it is named as 
conservative voltage reduction [8]-[13]. The voltage control 
concept has become popular with the smart grid studies in 
recent years as the voltage control can be used in the HEM 
system for reducing peak demand. In [14], the application of 
voltage control in the HEM system is analyzed in detail and it 
is proved that voltage controlled operation of home appliances 
would provide peak demand reduction while maximizing the 
customer comfort. It is also reported that the voltage 
controlled operation of appliances is applicable for about 70% 
of appliances in a common residential house. However, it is 
important that the voltage magnitude is controlled in such a 
way that the voltage across an appliance is within the allowed 
range, which is limited to ±10% for 220V network in the EN 
50160 standard [15].  

The voltage controlled operation of residential appliances 
can be achieved in two ways:  

• Using a transformer at the home entrance for
centralized demand control.

• Using a smart plug for decentralized demand control.

With the transformer, the voltage magnitude at the home
entrance can be adjusted so that all appliances are controlled 
to manage power demand of the house [14]. However, this 
requires the use of a large and costly transformer at house 
electrical entrance. Using smart plugs offer the control of 
individual appliances since the plugged device can be turned 
on/off based on a command from a central controller. 
Wireless techniques are mainly used for this communication 
[16], [17]. Thus, the electrical power demand of the house can 
be controlled. With decentralized control using smart plugs, 
each appliance can be individually controlled in such a way 
that it will be possible to use voltage control specifically for 
high power consuming resistive loads, such as kettle, toaster, 
electrical heater, and iron. In [18], a thyristor based smart 
plug is proposed to control the house total power demand 
while maximizing the customer comfort. However, using the 
thyristor switch in the smart plug design results with s 
harmonics in line current and these harmonics needs to be 
analyzed to check if the thyristor based smart plug could be a 
viable solution for HEM systems. 

This study is organized as follows: In Section 2, details of 
the thyristor based smart plug is given. In Section 3, case 
study results for line current harmonics are given. Section 4 
concludes the paper. 

II. THYRISTOR BASED SMART PLUG DESIGN AND
HARMONICS 

As smart home appliances are not very common as of 
today, a widely accepted way to transform existing 
appliances into smart ones is to employ smart plugs [18]-[22]. 
Usually, smart plugs are plugged to the existing wall plug and 
can be controlled through a central control unit (a computer 
or a smart meter) to turn an appliance on or off. As a result, 
the electrical power consumption of the house becomes 
controllable based on different criteria such as dynamic 
pricing, peak loading, and  user preferences. Generally, 
predetermined appliances are turned off to manage the peak 
demand for cost savings at the customer side and to minimize 
peak loading at the utility side. However, shifting of 
appliances causes customer discomfort. In [18], a new smart 
plug design is used with the purpose of both demand control 
and maximized customer comfort. In the proposed design, the 
voltage across the plugged appliances can be adjusted by 
controlling the gating of a thyristor pair or a triac. Thus, the 
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power consumption of appliances can be dynamically 
controlled without turning appliances off. The proposed 
smart plug design is basically an ac chopper circuit as shown 
in Fig. 1. Either full source voltage or chopped source voltage 
can be applied to the plugged device by adjusting thyristor 
pair gate signals based on a command from a central control 
unit. 

Fig. 1. Basic circuit of the thyristor based smart plug.   

As seen Fig. 2, the voltage across the load can be 
controlled by applying proper gate signals to thyristor pairs. 
In this study, the rms value of the load voltage is adjusted to 
be 200V, which is within 10% limit [15]. It must be 
emphasized that this operation mode of the thyristor based 
smart plug is active when there is a need for power demand 
reduction. When the DR is not applied, thyristors are gated at 
zero crossing of the line voltage so that sinusoidal voltage is 
obtained across the plugged device.  

Fig. 2. Voltage waveform across a resistive load using the thyristor based 
smart plug.  

Since the voltage across the load is chopped, there will be 
harmonics in the system. Thus, harmonic analysis of line 
current needs to be completed to check if the use of thyristor 
based smart plug is a viable method for residential HEM 
systems. As each appliance will be individually controlled 
when required, the total line current will be the combination 
of sinusoidal currents due to uncontrolled demand and 
nonsinusiodal currents due to voltage controlled demand. 
Thus, the harmonic content of the line current will change 
with the number of voltage controlled appliances. In order to 
analyze such situations, case studies are completed in the 
following section. 

III. CASE STUDIES 
As there are many appliances in the house, the number of 

the voltage controlled appliances will change in a real time 
DR application based on different criteria, such as threshold 
power limit defined by the consumer. It will be time 
consuming to consider each appliance separately. Instead, a 
general framework for line current harmonic analysis is given 
in this study by considering three cases.  

In case studies, the house demand is modeled as either a 
lumped resistive load or a lumped RL load. Although many 
high power consuming appliances (such as toaster, kettle, 
oven, etc.) in the house are resistive, there are certain loads 
with inductive characteristics such as washing machine, 
refrigerator, and dishwasher. Thus, the average power factor 
of the lumped RL load is assumed as 0.9. In [14], it is found 
that the maximum demand of the house is around 7kW. 
Therefore, the maximum active power demand is taken as 
7.5kW and the voltage controlled demand is increased by 
500W while the total active power demand is kept constant at 
7.5kW considering that DR applications are generally 
implemented at maximum loading conditions. In addition, the 
voltage at the house entrance is assumed to be a perfect 
sinusoid with 220Vrms value, 50Hz frequency. Thyristor pair 
gate signals are adjusted in such a way that the voltage across 
the plugged appliance is 200Vrms. For each loading 
condition, the THD value of the line current is obtained using 
PSIM software. 

A. Case I: Modeling of both voltage controlled demand and 

uncontrolled demand as lumped resistive loads. 

This case provides the worst case scenario in terms of line 
current harmonics. The circuit model for Case I is given in 
Fig. 3.  

Fig. 3. The circuit model for Case I. 

Line current, uncontrolled demand current, controlled demand 
current, and voltage across the controlled load for 500W 
voltage controlled demand (the value of 500W goes down by 
approximately 18% with the voltage control) are given in Fig. 
4. Since the ratio of the voltage controlled demand is very 
small compared to the uncontrolled demand of 7000W, the 
THD value of the line current is also small with a value of 
2.04%.  

Fig. 4. Current waveforms and voltage waveform across the controlled load. 

Obtained results are summarized in Table I. As seen, with 
the increasing ratio of the voltage controlled demand, the THD 
value of the line current increases as well.  
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TABLE I.  RESULTS FOR CASE I 

Uncontrolled 
Demand 

 

Voltage 
Controlled 
Demand 

 

Line 
Current 
THD 

 

Power 
with 

Voltage 
Control 

Power 
Reduction 

 

(W) (W) (%) (W) (%) 
7500 0 0.0094 7500 0 
7000 500 2.04 7414 1.14 
6500 1000 4.14 7328 2.29 
6000 1500 6.28 7239 3.48 
5500 2000 8.47 7155 4.60 
5000 2500 10.71 7069 5.75 
4500 3000 12.98 6985 6.86 
4000 3500 15.31 6899 8.01 
3500 4000 17.67 6813 9.16 
3000 4500 20.10 6726 10.32 
2500 5000 22.55 6638 11.49 
2000 5500 25.05 6552 12.64 
1500 6000 27.59 6465 13.80 
1000 6500 30.16 6380 14.93 
500 7000 32.77 6294 16.08 

B. Case II: Modeling of the voltage controlled demand as 

lumped resistive load and the uncontrolled demand as 

lumped RL load with a power factor of 0.9. 

The circuit model for this case is given in Fig. 5. This case 
provides a more realistic condition in the house as many high 
power consuming loads, such as kettle, toaster, and oven, are 
actually modeled with the lumped resistor. In DR applications 
these high power consumption loads are primarily used as 
controllable loads.  

Fig. 5. The circuit model for Case II.  

Line current, uncontrolled demand current, controlled 
demand current, and the voltage across the controlled load for 
500W voltage controlled demand are given in Fig. 6. Since the 
ratio of the voltage controlled demand is very small compared 
to the uncontrolled demand of 7000W (with 0.9 p.f.), the THD 
value of line current is also low with the value of 1.85%.  

Fig. 6. Current waveforms and voltage waveform across the controlled load.  

Obtained results are summarized in Table II. As seen, with 
the increasing ratio of the voltage controlled demand, the THD 
value of the line current increases. However, THD values are 
lower in Case II compared to Case I due to the inductive part 
of the RL load model. 

TABLE II.  RESULTS FOR CASE II 

Uncontrolled 
Demand 

 

Voltage 
Controlled 
Demand 

 

Line 
Current 
THD 

 

Power 
with 

Voltage 
Control 

Power 
Reduction 

 

(W) (W) (%) (W) (%) 
7500 0 0.0094 7500 0 
7000 500 1.85 7400 1.33 
6500 1000 3.77 7317 2.44 
6000 1500 5.75 7232 3.57 
5500 2000 7.80 7146 4.72 
5000 2500 9.90 7061 5.85 
4500 3000 12.09 6977 6.97 
4000 3500 14.35 6893 8.09 
3500 4000 16.68 6805 9.26 
3000 4500 19.10 6719 10.41 
2500 5000 21.60 6634 11.54 
2000 5500 24.17 6549 12.68 
1500 6000 26.84 6464 13.81 
1000 6500 29.61 6382 14.90 
500 7000 32.46 6296 16.05 

C. Case III: Modeling of both the voltage controlled demand 

and the uncontrolled demand as lumped RL load with a 

power factor of 0.9. 

In this case both demand is modeled as the lumped RL 
load with a power factor of 0.9. The circuit model for this case 
is given in Fig. 7. 

 

Fig. 7. The circuit model for Case III.  
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Line current, uncontrolled demand current, controlled 
demand current, and the voltage across the controlled load for 
500W voltage controlled demand (with 0.9 p.f.) are given in 
Fig. 8.  

 

Fig. 8. Current waveforms and voltage waveform across the controlled load.  

As seen, using inductive load models provide better 
harmonics performance as adding inductor into a circuit 
smooth current waveforms. For this condition, the THD value 
of line current is 1.09%. As seen in Fig. 8, the voltage 
waveform is quite different with the RL load model since the 
thyristor continues to conducts until the inductor current 
becomes zero. Obtained results are summarized in Table III. 

TABLE III.  RESULTS FOR CASE III 

Uncontrolled 
Demand 

 

Voltage 
Controlled 
Demand 

 

Line 
Current 
THD 

 

Power 
with 

Voltage 
Control 

Power 
Reduction 

 

(W) (W) (%) (W) (%) 
7500 0 0.0094 7500 0 
7000 500 1.09 7362 1.84 
6500 1000 2.20 7231 3.58 
6000 1500 3.36 7099 5.34 
5500 2000 4.54 6972 7.04 
5000 2500 5.75 6841 8.78 
4500 3000 6.97 6713 10.49 
4000 3500 8.22 6584 12.21 
3500 4000 9.51 6455 13.93 
3000 4500 10.82 6325 15.66 
2500 5000 12.15 6195 17.40 
2000 5500 13.52 6066 19.12 
1500 6000 14.91 5937 20.84 
1000 6500 16.33 5807 22.57 
500 7000 17.78 5680 24.26 

 
For all considered cases, relationships between line current 

THD values and the voltage controlled demand are shown in 
Fig. 9. As seen, there is an almost linear relationship between 
two parameters and Case I and Case II results are very similar. 

 
 

 

 

 

 

 

 

 

 

Fig. 9. Line current THD values versus the voltage controlled power demand.  

In Table 4, current distortion limits for systems rated 
120V through 69kV, defined in IEEE Std. 519-2014 [23], are 
given. In the IEEE Std. 519-2014, ‘maximum demand load 

current’ is defined as: ‘This current value is established at 

the point of common coupling and should be taken as the sum 

of the currents corresponding to the maximum demand 

during each of the twelve previous months divided by 12.’ 

 ‘Total demand distortion (TDD)’ is defined as: ‘The ratio 

of the root mean square of the harmonic content, considering 

harmonic components up to the 50th order and specifically 

excluding interharmonics, expressed as a percent of the 

maximum demand current. Harmonic components of order 

greater than 50 may be included when necessary.’  

‘Total harmonic distortion (THD)’ is defined as: ‘The 

ratio of the root mean square of the harmonic content, 

considering harmonic components up to the 50th order and 

specifically excluding interharmonics, expressed as a percent 

of the fundamental. Harmonic components of order greater 

than 50 may be included when necessary.’ 

TABLE IV.  CURRENT DISTORTION LIMITS FOR SYSTEMS RATED 
120V THROUGH 69KV DEFINED IN IEEE STD. 519-2014 

 
The difference between TDD value and THD value is the 

denominator. In the TDD calculation,  is used while in THD 
calculation  is used. Since maximum loading condition is 
considered in this study,  and  values can be considered 
as same for case studies. Thus, TDD limits in Table 4 can be 
used as THD limits for the line current.  

 

TH
D

i (%
)
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For 7.5kW active power with a power factor of 0.9 in a 
220V single phase system, the maximum load current is 
approximately 40A.  ratio can be bigger than 1000 or 
can be between 100 and 1000 for a typical residential 
distribution system in Turkey. Therefore, 20% or 15% THD 
of the line current is acceptable for the residential house. As 
seen in Fig. 9,  the proposed voltage controlled operation of 
appliances with an active power of around 5000W for Case I 
and Case II seems to be possible while all demand can be 
controlled in Case III considering current distortion limits 
given in Table 4.  

For smaller values of  ratio, 5%, 8% and 12% THD 
values are given. For THD limit of 5%, the voltage controlled 
demand is around 1200W for Case I and Case II and around 
2000W for Case III. For THD limit of 8%, the voltage 
controlled demand is around 2000W for Case I and Case II 
and around 3000W for Case III. For THD limit of 12%, the 
voltage controlled demand is around 3000W for Case I and 
Case II and around 4500W for Case III. 

IV. CONCLUSIONS 
In this study, the line current harmonics of the residential 

customer are analyzed when the appliances in the house are 
controlled through the thyristor based smart plug. With the use 
of thyristor based smart plug, a decentralized demand control 
can be obtained in residential DR applications. However, 
since the voltage across the controlled load is chopped, 
harmonics are introduced into the system. Using the lumped 
R model and the lumped RL model for the house demand, 
three case studies are completed to check  whether  line current 
harmonics are within the limits defined in IEEE Std. 519-
2014. Results show that the thyristor based smart plug can be 
a viable solution for residential DR applications as the line 
current THD values are staying within the limits for all 
considered cases up to 5000W voltage controlled demand 
without employing any special harmonics solutions such as 
line inductors. It must be also emphasized that the ac voltage 
chopping will only be active when required and the thyristor 
based smart plug can be used to provide sinusoidal voltage to 
the plugged device with proper gate signaling when no DR is 
applied. Thus, harmonics will be in the system when the 
residential DR is activated, which is going to be a short time 
period within a 24-hour period. Since the voltage controlled 
operation should be a primary choice with the thyristor based 
smart plug use, the number of turned off appliances can also 
be reduced and the customer comfort can be maximized as 
well. 
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Abstract—Over the last decade, the railway industry has a great 
evolution about signaling system and there is more orientation 

from the standard railway signaling system to the communication-
based signaling system day to day. Communications-based train 
control (CBTC) is a very flexible and useful approach to check 
train activity and track operation. This system basically build 

upon radio communication to transfer in time and correct train 
control information. 
 In this paper, we focus on model the all necessary CBTC elements 
with finite state automata and  build CBTC control architecture 

with decentralized DES and support the existing control 
architecture with a three-level hierarchy. For the overall system, 
we show hierarchical consistency and that the closed-loop 
behavior is non-blocking. This paper gives an overview of the 
modelling a discrete event system about CBTC and gives control 

of CBTC. 
Keywords—Discrete Event Systems, Hierarchical Control, Finite 
State Automata, CBTC, Supervisory Control Theory 

I. INTRODUCTION

In today's world, the usage area of intelligent systems is 

increasing day by day. With the development of technology, 

applications on intelligent systems that will facilitate human life 

have also gained momentum. Intelligent systems spread over a 

lot of field. One of them is definitely transportation. Especially 

at big cities, the number of people is increasing day by day. This 

cause increase urbanization, population growth and the 

overcrowding. This is why time is very important for people. 

The most important thing in the field of transportation is to 

transport people in an accurate and timely manner. For 

example, for a subway, the maximum efficiency of trains 

depends on the condition of the railway, the condition and the 

timing of the trains. Various technologies have been used to 

achieve this, and we can rank them in fixed block and moving 

block. In today's world, there is an intensive study about 

moving block systems. One of them is Communications-based 

train control shortly CBTC. On the other hand, there are various 

approaches for controlling such discrete event systems like 

CBTC. One of them is the supervisory control. The supervisory 

control theory for discrete event systems (DES) was first put 

forward by Ramadge and Wonham [1]. There are several 

different studies to reduce the complexity of synthesis 

algorithms for the supervisory control of discrete event systems 

Rudie and Wonham, 1992[2], Jiang et al., 2001[3] Yoo and 

Lafortune, 2000[4], Hubbard and Caines 2002[5], da Cunha et 

al., 2002[6], Zhong and Wonham, 1990[7]; Lee and Wong, 

2002[8]; Wong and Wonham, 1996[9]. Our framework builds 

on two results from this category, one of them structural 

decentralized control and the other is hierarchical control. 

The decentralized control architecture suggested by Lee and 

Wong (2002).  They handled plant models that are composed of 

a number of subsystems that are coupled with shared events. 

Specifications are given for each subsystem individually, and 

the task is to synthesize individual supervisors for these 

subsystems. As the all subsystems are coupled each other, 

synthesis will in general need to refer to the synchronous 

product of all subsystems. Conditions under which such product 

can be avoided are given in Lee and Wong (2002). 

In hierarchical architectures (Zhong and Wonham, 1990; da 

Cunha et al., 2002; Hubbard and Caines, 2002), controller 

synthesis is based on a plant abstraction which called high-level 

model. This is supposed to be less complex than the original 

plant model which called low-level model. Technically, 

abstractions can be defined as language projections. While from 

worst situation scenarios projections are known to be of 

exponential computational complexity, application relevant 

situations with polynomial complexity are defined by Wong 

(1997). At this point very significant question arises how to 

derive the plant abstraction, such that a high-level controller can 

be implemented by available low-level control activity which 

means hierarchical consistency. A characterization of this 

feature is given by Zhong and Wonham (1990) [10].  

In this paper we show in Section 1 that basic notations and 

definitions of supervisory control theory. Section 2 we 

demonstrate and prove hierarchical control system architecture 

and non-blocking control for the architecture. In Section 3 we 

demonstrate decentralized control and then combined with 

hierarchical control architecture. Section 4 we explain some 

basis information about CBTC then apply decentralized 

hierarchical control architecture to the CBTC systems and 

synthesize control for CBTC.  

II. PRELIMINLARIES

Now it will be demonstrated basic term about supervisory 

control theory. 

 represent finite alphabet and  represent the set of all finite 

strings which called Kleene Closure. 	,	  	   are two strings 

and  	 	   concatenation of these two string. It is written as 

 and  is prefix of		  when  and , ,  	  with 

. The empty string  is the identified element of 

concatenation: 	 	 	 	  for any string . Let  is a 

language over .  is a subset of  ( .  language is the 
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prefix closure of L and   consists of all the prefixes of all the 

strings in L.  	 	 		 	 	 	 	 		 	 	 		  is prefix 

closed if  . The other important operation is natural 

projection, or simply projection. Projection means takes a string 

formed from the larger event set (  l=large) and erases events 

in it that do not belong to the smaller event set (  s=small). 

Projection defined as . From this point (i)	  

(ii) 	 	 	 	  otherwise  

	 	 	 	 	  (iii) 	for , . 

The other operation is inverse projection. Given a string of 

events in the smaller event set ( ), the inverse projection  

returns the set of all strings from the larger event set ) that 

project, with P, to the given string. Inverse projection of t 

returns the set of strings that are projected on t. 

. The other operation parallel 

composition or sometimes called synchronous composition 

	 	 	 	   	  and 	 	 are two languages. 

	 	 	 	 	 	 	 	 	 . 

On the other hand an automaton is defined over its formal 

description. An automaton is a construct made of states 

designed to determine if the input should be accepted or 

rejected. An finite automaton is a six tuple   

, , , , , ) where X is the finite states,  is the 

finite alphabet of events,  is transition function,  is control 

pattern 	  is initial state 	 	, 	  is the set of marked states 

	 	 .  is the transition function	 ,
	 	means that there is a transition with event  from state  to 

state ; generally ,  is a partial function on its domain. The 

generated language  and the marked language  are 

defined as  	 	 	 	 , 	 	  

	 	 	 , 	 	  such that    . 

For definition parallel composition or synchronous composition 

of two automata  and , 

, 	 , , , , , 	 	 		  

then  .  

In a supervisory control theory, we can write 	 ,         

	  ,  is controllable evetns and   is 

uncontrollable events. A control pattern represent with  

symbol and 	  and 	is the set of all control pattern 

.  

 
 

Fig. 1. The feedback loop of supervisory control,  is the 

uncontrolled system and  is the supervisor  

 

Supervisors is a function from the language created by  to the 

power set of  :   		or   

 is the set of enabled events so this means  can only 

execute event if  include this event. Supervisor cannot 

disable uncontrollable event. 

 represent controlled system. The language generated by 

 is ). Defined by (i) 	 	 		and (ii) 	 	 	 
if and only if 	 	, 	 	  and 	 	 . The 

language marked by S/G is 	  . A 

closed-loop feedback system is non-blocking if 

 and blocking if  .  

 is said to be a controllable language according	  provided 

that there is a supervisor  so that . The set of all 

controllable language is represented by . From here 

	 	 	 	 . 

Therefore, for all specification language  there exists a 

supremal controllable sublanguage of D with respect to  

This is defined as 	 	 	 	 	 . 

Supervisor S cause close-loop behavior  is said to be 

maximal permissive. This is realized a maximal permissive 

supervisor using with   . [11],[12] 

A specification language D is -closed if . 

-closed languages set’s is shown with . 

If a specification D element of 	 , then the plant generated 

language  is non-blocking under maximal permissive 

supervision.[11] 

 

III. HIERARCHICAL CONTROL SYSTEM    

 
 

Fig. 2. Hierarchical control architecture  

 

We take a close look at hierarchical control. At above figure  

is low-level plant model and  is the low-level supervisor.  

and  is a closed-loop system which interacts each other with 

 and .    means control action at low-level and 

 means feedback information at low level. On the other 

hand we can write  is the high-level plant model which 

abstracted and   is the high-level supervisor.  and  also 

closed-loop system.  Low-level and high-level are connected 

each other with  and .   brings  to 

high-level control action on and  operates the 

abstract plant  according to low-level model  which is 

detailed model.  and  express command and 

control respectively and  and  express report and 

advice. [12] 

Abstraction is keyword for hierarchical control structure. We 

can obtain high level plant and high level language with 

abstraction. 
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As we mentioned before G is finite automaton and we can write 

, , , , , ).  is set of high level events and 

	 . We can use projection which called reporter map is a 

	 	  such that (i)  and 

(ii)	 	   or  ,   and .  

is the high-level language which is characterized with 

.  is high-level marked language and 	 .  

must be regular.  

Therefore we can write  and  . 

From this point we can write also high-level uncontrollable	  

and high-level controllable events.Hence   , 

and 	 . At above it is defined hierarchical control 

system architecture. A hierarchical control system include 

,	 , , . Supervisor  and  provides below status: 

	   and   is high-level control patterns we can 

define as  	 	 	 	 	 .  

 with 	 . 

 

We can obtain  such that  with a non-

blocking and high-level closed-loop.  is high-level 

specification. 

Given ,	 ,  we find supervisor  which low-level 

supervisor such that 	  is non-blocking. On the other 

hand, we cannot obtain always low-level supervisor  which 

provides this equation 	 	 . If this 

equations is satisfied then we have hierarchical consistency 

The other important features are local non-blocking and marked 

state consistency. 

, ,  is a hierarchical abstraction and 	  is locally 

non-blocking if for all 	 	  with  and 

	 	 , 	 	 	  such that 	 	 
Hierarchical abstraction	 , ,  is locally non-blocking if  

  is locally non-blocking. 

Let explain marked state acceptance, let , ,  be a 

hierarchical abstraction and identify  

, 	 	 	
	 	 	 	 	 	 	 	 

As the set of exit strings of 	 . 

The string 	  is marked state accepting if for all 

, 	 	 	 	 	  and 	   means 

exit string. 

, ,  is marked string accepting providing that   is 

marked string accepting for all 	 . 

At above definition means that every string match with a 

marked high-level string has a marked predecessor string in the 

low-level.[10] 

 

IV. HIERARCHICAL CONTROL FOR DECENTRALIZED 

SYSTEMS 

In decentralized control system the systems are separated to the 

subsystem. So decentralized control system include more 

subsystems.  These subsystems have own supervisor. We can 

be modeled finite state automata 	, , ,  and all 

subsystems have own alphabet 	, , , . The overall 

systems is defined as 	  or  

over the alphabet  or . 

Also we can write the controllable and uncontrollable events  

, 	 	and , 	   where	  

and . The subsystems like ,  are synchronized 

by shared events if 	 	 	 . 

Local supervisor  is also defined as mentioned before. Local 

low-level supervisor  ( 	control pattern). Low-level 

closed-loop languages  , , 	,
	,				 , 	 	 .  

, 	  where  is generator. The high-

level supervisor 	 	 	and high-level closed-loop 

language . A valid low-level supervisor : 

 required to fulfill 	 . 

Finally  for the hierarchical abstraction the reporter map or  

natural projection 	  and , ,  

and the high level language 	and 

	 	 	and 	such that 

 

At this point we can combine decentralized control system and 

hierarchical control architecture. This is hierarchical and 

decentralized control system. [8] 

 
 

Fig. 3. Hierarchical and decentralized control architecture 

V. EXAMPLE SYSTEM 

Communications-based train control (CBTC) uses radio 

communication to transfer timely and correct train control 

information. CBTC is the choice of mass-transit railway 

operators today, with over a hundred systems currently installed 

worldwide. The safety related, time-critical applications such as 

train control impose stringent reliability and availability 

requirements on the radio communication technology used. 

The aim of train control system is to prevent trains from crash 

and avoid derailing [14], [15], [16]. 

The fixed block include color light signals track circuits which 

give information presence of train and axle counters. However 

this technology is getting old. Such systems responsible for 

most of the delays. This is why the fixed block systems are 

rapidly being altered by modern signaling 

systems,[17],[18],[19]. 

In modern, communication-based railway signaling or moving 

block, different tools of telecommunication systems are used to 

transmit train control information between the train and the 

wayside. CBTC is a modern, radio-communication-based 

signaling system. CBTC using radio communication, it enables 

high resolution and real-time train control information. Hence 
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CBTC increases the line capacity by safely reducing the 

distance (headway) between trains travelling on the same line, 

and minimizes the numbers of trackside equipment [20],[21]. 

[22]. 

At below we see Usküdar - Altunizade where in stanbul Metro 

detailed line map. In map we can see virtual area which defined 

b, railway points which defined m, and train which defined t. 

 

 
 

Fig. 4. Subway train tracks, virtual area  and switch 

 

 
 

Fig. 5. Train route 

 

In here firstly we defined low-level and high-level system 

behavior and then we synthesized from low-level supervisor to 

high-level supervisor using with above definition. 

We separated train track line subsystems all of these subsystem 

have own supervisor and defined for all subsystem 

specification.   

We looked on the route to see if the virtual regions are occupied. 

If it is not busy then train can move in this virtual area. But if it 

is busy, we check location and velocity of train which occupy 

virtual area.  

From this point now we firstly separated the monolithic system 

to the subsystems and defined event set for all subsystems 

individually and synthesized controller for all subsystems 

which called decentralized controls. Then we abstract this low-

level system to the high-level system using with shared events.   

Abstraction make with projection operation. After abstraction 

we combined all interactive subsystems from low-level to high 

level respectively using with parallel composition operation. 

For combined interactive subsystems we again defined 

specification and controller. At the end we combined all high-

level subsystems and obtain locally non-blocking and 

decentralized hierarchical controlled system. We can see at 

below table area b1 and b2 – m1 switch event set. 

 

 

 

 

 

TABLE  I 

                                                 EVENTS 

Event Explanation Event Explanation 

trainmove Train can move 

on track line 

b1_ok Area b1 is 

available 

trainstop Train must stop  b1_busy Area b1 is disable 

trainarrive Train arrive at 
related track 

line 

b1tob2 Train pass from 
area b1 to area b2 

trainleave Train leave at 

related track 
line  

b2_ok Area b2 is 

available 

switchdiverge Railroad switch 

is diverging 
path 

b2_busy Area b2 is disable 

switchnormal Railroad switch 

is straight path 

b2tob13 Train pass from 

area b2 to area 

b13 

switchlock Railroad switch 

is locked 

switchfree Railroad switch is 

released 

switchtrain The train has 

passed the 
railroad switch 

  

 

Then we defined finite state automata for model to the 

subsystems. Firstly we started from modelling b1 area. We can 

see low-level subsystems b1 uncontrolled behavior ( ) at 

below figure. The low-level events are 

, , , , , 
,  

 
 

Fig. 6. Low-level automata b1 area  

 

Then we modeled specification for  b1 area ( ). We defined 

specification such that if train arrive at b1 area trainarrive event 

will be trigger and if area b1 is available and b1 is not being 

used other trains b1_ok will be trigger on the other hand if b1 

area is being used other trains b1_busy event will be triggered 

and then the train will stop unless b1 is not available. Providing 

that b1_ok then train must pass the b1 area. When train leave 

b1 area trainleave event will be triggered. Finally train pass 

from b1 area to b2 area b1to b2 event will be triggered. We can 

see  specification automata at below figure. 
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Fig. 7. Specification for b1 area  

 

Supervisor can only disable controllable event. We obtain 

supervisor using with supremal controllable language such that  
, 	 . From 

this point we obtain contolled behavior which shown at below 

figure. 

 
 

Fig. 8. Supervised behavior b1 area ( , ) 

 

Now the high-level system produced from the low-level system 

that is abstraction. The level 1 abstraction can be computed with 

the relevant high-level events  Projection used 

for make abstraction. We detect high-level events and we 

obtained two event set which is high-level event set and low-

level event set. We can use both of these event set for 

projection. On the other hand this high level events is shared 

events that connected to the rest of the system. Therefore we 

took into account b1tob2 is shared event for hierarchical 

abstraction. Projecting 
,

 on  yields 
,

 at 

below figure. 

 
 

Fig. 9. High level b1
,

) 

 

Low-level models, supervised models and the abstraction of the 

rest of the system such  , , , , , ,	 
, , , , 	and , , , , , . 

 

Then we synthesis on level 1. We apply parallel composition to 

the high-level event which interact each other in other words 

shared events. 

	  
 

 
 

 

Fig. 10.  Synthesis on level 1 	 
 

For combined subsystems we defined specification 	. 
Then we used paralel composition 	 . 

This provide to find controlled behaviour for . 

 

In order to find controlled behavior we found supremal 

controllable language for related subsystems. 
, 	

 

 

 
 

Fig. 11.  Controlled behavior  ,  
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Fig. 12. Decentralized and hierarchical control architecture 

 

For the rest of system same computations are made and find all 

high-level projected subsystems then we combined subsystems 

which have interaction between each other. At the end in order 

to find top of the hierarchy in other word all systems behavior, 

we combined all projected subsystems. Thus we found top of 

the hierarchy. 

As a result in this paper complexity of system is reduced using 

with decentralized and hierarchical control theory. Thanks to 

this theory state space exploding is prevented. 

VI. CONCLUSIONS 

In this paper basic knowledge is presented about 

communication based control train (CBTC) systems and the 

supervisory control for discrete event systems. We made 

computations on states spaces which grow exponentially with 

the number of system component also decentralized structure 

of composed systems in combination with a hierarchical 

abstraction is showed. The decentralized structure has been 

used for reduce complexity of the supervisor implementation. 

On the other hand non-blocking behavior and hierarchical 

consistency of the controlled system is proved. To the end 

theory is applied a real world example which name is CBTC. 
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Abstract—Together with improvements in robot 
technology, the number of research conducted on the 
interaction between humans and robots has increased. As a 
result of these researches, collaborative robots (cobot) 
emerged. The fourth industrial revolution, usage of wearable 
technologies, and the internet of things increase the 
significance of cobot and its applications. In this study, the 
realization of human-robot collaboration in hybrid assembly 
systems in which humans and robots cooperate to perform 
assembly tasks is aimed. The interaction between human and 
robot is achieved by using a wearable armband that can sense 
muscle signals. By using this device, the end of human 
operation can be recognized by the robot.  In order to carry 
out hybrid assembly, tasks to be performed by the human and 
the robot are determined, and a robot control algorithm is 
created to ensure that the products are assembled 
appropriately. As a performance test, elapsed time to assemble 
the same number of products with human-robot collaboration 
is compared with the assembly process performed by the robot 
alone. Results show that the hybrid assembly process with 
human-robot collaboration is faster and more effective than 
the assembly process performed by the robot alone. 

Keywords—collaborative robot, human-robot interaction, 
hybrid assembly system, robot programming 

I. INTRODUCTION

Significant research has been done in the field of robotics 
from the past to the present day, and great developments 
have been made. With the increase in the number of robots 
and application areas, works on human-robot interaction 
(HRI) and human-robot collaboration (HRC) have gained 
importance. Collaborative Robots (Cobots) have emerged as 
a result of these studies. Cobots are robots that interact with 
people to perform various tasks and reduce the workload of 
the human being [1]. 

In the development of robotics, the interaction of robots 
with other machines has become an important research topic. 
Robots have been operated on production lines for a long 
time, away from people. Since the robots were not 
interacting with humans, they performed their operations in 
fenced environments to prevent harm to people during 
possible accidents. A lot of research has been done on HRI in 
order to prevent such problems and to do robots work more 
efficiently. 

Initial work on cobot took place at Northwestern 
University in 1996 [2]. With the development of the cobots, 
it has become possible for humans and robots to do hybrid 
manufacturing and hybrid assembly in a safe manner in the 
same work area. 

In order to successfully interact with humans and robots, 
it is necessary to consider the characteristics of the robots 
and the system to be controlled. Cobot is expected to meet 
the parameters such as flexibility, cost, and safety in control 
and automation systems. Baxter [3] and Sawyer [4] are the 
examples of advanced cobots. 

One of the most important parameters in the use of 
cobots is safety. In the literature, laser distance sensors can 
be used to provide environmental control in collaborative 
applications [5,6]. Through the laser distance sensors used, 
necessary control algorithms have been developed by 
calculating the distances between gripper and workpieces or 
surrounding objects. In addition, providing system safety 
with the help of cameras is also another method used in 
collaborative applications [7-10]. Cameras integrated into the 
system control the work area using image processing 
techniques. With this method, pick-and-place operations, 
assembly of industrial products and similar robot 
applications can be carried out safely. 

With the HRI, various applications can be made on 
industrial production lines [11] and in the automotive 
industry [12, 13]. There are different levels of HRC in the 
transfer, welding, assembly and manufacturing processes of 
various factories, car bodies, power transmission organs and 
general assembly. 

Cobots have the advantages of performing high-quality 
operations, reducing the workload of the human being, 
shortening the processing time, and performing operations in 
smaller work areas. The need for high security measures and 
high costs are the disadvantages of cobots. 

In this work, the realization of hybrid assembly by means 
of HRC is aimed. Workpieces to be assembled consist of red, 
black and gray colored bodies, black and gray colored 
pistons, springs and blue colored covers. In the hybrid 
assembly scenario, the bodies are fed by a human, some 
orientation tests are performed by the robot, a piston, and a 
spring is fitted by human and finally a cover is mounted by 
robot. A smart armband named Myo that sense 
electromyography (EMG) signals is used to obtain HRI. This 
device is used to send some command about the status of 
assembly operation to the robot. A safety relay and light 
curtain system are used to create a safe workspace for human 
in the assembly area.  

The paper is organized as follows. Section 2 provides 
basic information about the assembly system and the devices 
used. Section 3 describes the collaborative assembly 
procedure in which work is performed. The details about the 
assembly operation done by HRC are in Section 4. In Section 
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5, experiments and comparative study of elapsed time are 
presented. Section 6 concludes the paper. 

II. SYSTEM DESCRIPTION 
The assembly system consists of an industrial robot, 

handling module, and some electronic devices for safety and 
sense of arm movements. In this section, some brief 
information about this hardware is given.  

In order to detect the arm movements in the system, Myo 
named armband, shown in Fig. 1, is used [14]. This armband 
can detect muscle movements through EMG sensors, 
gyroscope, accelerometer and magnetometer. Working with 
Bluetooth 4.0 technology, this device can be integrated into 
Windows, Linux, Mac OS, iOS and Android operating 
system to enable wireless control of these devices. 

The Raspberry Pi 3 minicomputer, shown in Fig. 2, is 
used to send arm movement data from the Myo armband to 
the robot controller [15]. This device can perform most of the 
tasks that a desktop or laptop computer can do. Unlike other 
Raspberry Pi models, the most important features are built-in 
Wi-Fi and Bluetooth. 

To ensure the safety of the assembly area in the system, a 
safety light curtain and a safety relay developed by Omron 
are used. The light curtain and the safety relay are shown in 
Fig. 3 [16]. The light curtain, which consists of one receiver 
and one transmitter, is used to ensure the safety of dangerous 
areas within the industry. With the help of the light curtain 
used in the system, it is understood that the human hand 
enters the assembly area. The safety relay is a device that 
performs safety functions in an industrial environment. It is 
used to connect the light curtain to the robot controller in this 
system. 

The 6-axis industrial robot used in the assembly process 
is seen in Fig. 4 [17]. Called the RV-7FL-D by Mitsubishi, 
this robot has 7 kg payload and maximum 908 mm reach 
radius. The robot controller is compatible with CAN-BUS, 
RS-232, RS-485 and ethernet communications. The robot is 
programmed with RT Toolbox2 software using the Melfa 
Basic-V programming language.  

 

 

Fig. 1. Myo armband 

 

Fig. 2. Raspberry Pi 3 

 

Fig. 3. (a) Safety light curtain. (b) Safety relay 

 

Fig. 4. Mitsubishi RV-7FL-D industrial robot 

III. COLLABORATIVE ASSEMBLY PROCEDURE 
The workpieces used in the assembly process are shown 

in Fig. 5. Workpieces consist of red, black and gray colored 
bodies, black and gray colored pistons, springs and blue 
colored covers. While the red and gray bodies are fitted with 
black pistons, the black bodies are fitted with gray pistons. 

The assembly scenario of these products is determined as 
follows. 

• The robot initially moves to the home position. 
Here, it waits for communication with Raspberry Pi, 
which receives data from Myo. 

• After the communication, the robot waits for arm 
movement coming from human to start the 
operation. 

 

Fig. 5. Workpieces for assembly 
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• The robot operation starts when the body is placed 
at the input. The robot picks the body and brings it 
to the orientation test position. 

• The body is tested. After the orientation test, the 
robot places the body in the assembly area in the 
correct orientation. 

• The robot goes to the previously defined safe 
position and waits for the human to place the piston 
and the spring into the body. 

• After a piston and a spring are placed into the body 
by human, data related to the end of this operation 
are sent to the robot controller. These data are 
generated by Myo through arm movement. 

• Once the robot receives the piston and the spring 
placing information, it picks a cover from the cover 
pallet. The robot brings the cover to the orientation 
test position. After the test operation, it brings the 
cover to the assembly area in the correct orientation 
and the assembly is completed by turning the cover 
on the body. 

• The robot brings the assembled parts to the storage 
area and places the part. After placing the part, it 
waits for the new arm movement data to start the 
new operation. 

• In case of entering the assembly area during 
operation, the robot reduces the speed and pauses 
the process. After leaving the assembly area, the 
operation continues from where it left off.  

IV. IMPLEMENTATION 
For the applications to be carried out in this study, device 

installations are made first and the application environment 
is established. After this, data exchange between the Myo 
armband and Raspberry Pi is made for the perception and 
identification of human arm movements. In order to receive 
arm motion data, data exchange is performed between 
Raspberry Pi and the robot controller. The algorithm for 
assembly is integrated into the robot programming language 
and implemented. Finally, eight units of products are 
assembled by both HRC and the robot alone, and the results 
are taken from the robot controller. 

A. Setting Up the Implementation Environment 
First, the robot handling module is installed on the profile 

plate next to the robot to create the application environment. 
The robot handling module is a device developed by Festo 
that provides the assembly of workpieces [18]. After 
installation of the robot handling module, the receiver and 
transmitter devices of the light curtain are placed on both 
sides of the profile plate to detect human arm activity in the 
assembly area. The light curtain is connected to the robot 
controller via the safety relay. The obtained experimental 
setup is shown in shown in Fig. 6. 

 

Fig. 6. Implementation environment 

B. Perception and Identification of Human Arm Movements 
This part of the study describes the transfer of arm 

movement data from Myo armband to the robot. In this 
direction, the data exchange between the Myo armband and 
the robot is first performed. Myo armband is configured to 
communicate with other devices via Bluetooth. The robot 
does not support Bluetooth communication. So, a Raspberry 
Pi 3 is used to overcome this problem. Raspberry Pi 3 
communicates with the Myo armband via Bluetooth. 

Bluetooth communication between the Myo armband and 
Raspberry Pi 3 is done via PyoConnect [19]. PyoConnect is a 
program written in the Python programming language and 
this program enables communication with the Myo armband 
for computers running the Linux operating system. Within 
PyoConnect, there are special functions for arm movements 
defined in the Myo armband. Using these functions, 
programming is done in Python language and five different 
arm movement data are taken from the Myo armband. Arm 
movements defined in the armband and the data transferred 
to the Raspberry Pi 3 terminal screen are shown in Fig. 7 
[20]. 

In order to send data to the robot via ethernet 
communication over Transmission Control Protocol/Internet 
Protocol (TCP/IP), socket programming is done using Melfa 
Basic-V language in robot and Python language in 
Raspberry Pi. The robot is selected as a server and 
Raspberry Pi is selected as a client in ethernet 
communication. The client algorithm used for Raspberry Pi 
is shown in Fig. 8. The data from Myo armband are sent to 
the robot controller in string form.  

 

 

Fig. 7. (a) Defined arm movements in Myo. (b) Arm movement data 
transferred to the Raspberry Pi terminal screen 
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C. Realization of Robot Programming Process 
For the assembly operations to be performed via HRC, 

according to the assembly scenario, robot programming is 
done by evaluating the arm movement data from Raspberry 
Pi. The robot performs ethernet communication over TCP/IP 
with Raspberry Pi 3. After this, it takes the string data from 
Raspberry Pi and performs the operations according to the 
written program. The server algorithm used for the robot is 
shown in Fig. 9. 

The algorithm for the robot assembly process is shown in 
Fig. 10. The robot is programmed using Melfa Basic-V 
language according to this algorithm. 

Due to the fact that the robot works jointly with the 
human being, a safety measure is taken in the robot program. 
In operation, it is checked whether or not the human arm has 
entered the assembly area by means of the light curtain. 
When entered into the work area, the robot calls the safety 
subroutine defined in the program. With the help of the 
safety program, the speed of the robot is reduced and the 
work is paused. After leaving the work area, the robot 
continues operation.  

 

 

Fig. 8. Client algorithm for Raspberry Pi 

 

Fig. 9. Server algorithm for robot 

 
Fig. 10. Robot assembly process 

V. EXPERIMENTS AND TIME COMPARISON 
As a first experiment, the obtained codes for HRC are 

tested. A number of random body, spring, piston and cover 
combinations are assembled. Experiments show that the 
assembly operations carried out by HRC are successfully 
performed. The robot first opens the ethernet port and waits 
for the communication. After the communication, it performs 
operations according to the arm movement data and the 
assembly algorithm. When it detects that entering the 
assembly area, it reduces the speed and pauses its operation. 
After leaving the assembly area, it continues operation. The 
images during the assembly operation are shown in Fig. 11. 

In order to test and measure the efficiency of the 
collaboration, the assembly operations done by HRC is 
compared with the assembly operations done by the robot 
alone. For this comparison, four black, two red and two gray 
colored bodies are assembled.  

During the assembly of each product, the position values 
and elapsed time of the specific process of the robot are 
taken from the robot controller. Fig. 12 shows the change in 
position of the robot along the X-axis, Fig. 13 shows the 
change in position of the robot along the Y-axis, Fig. 14 
shows the change in position of the robot along the Z-axis 
with respect to time.  

The elapsed time according to the number of completed 
products is given in Table 1. The graph of the elapsed time 
according to the number of completed products is also shown 
in Fig. 15. 
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Fig. 11. Collaborative assembly operation 

 

Fig. 12. X-axis position – Time graph 

 

Fig. 13. Y-axis position – Time graph 

 

Fig. 14. Z-axis position – Time graph  

TABLE I.  ELAPSED TIME 

# Product Elapsed Time for HRC [s] Elapsed Time for Robot [s] 

1 100.3750 108.7650 

2 199.8580 218.5680 

3 300.7010 328.3430 

4 394.6030 442.1840 

5 511.3820 559.9020 

6 610.5890 668.5950 

7 709.2630 779.8560 

8 814.5000 887.8010 
 

 

Fig. 15. Elapsed time – Assembled product graph 

As seen from Table 1 and Fig. 15, the assembly of 
products by using human-robot cooperation is faster than the 
assembly of products made by the robot alone. 

VI. CONCLUSIONS 
In this study, an application of human-robot collaboration 

is realized for the hybrid assembly of sample experimental 
products. The assembly operations are shared between 
human and an industrial robot. Human and robot share the 
same work area in which safety is obtained by using light 
curtain and safety devices. Human-robot interaction is 
performed by arm movements that are sensed by using a 
smart armband. This wearable device uses muscle signals 
and wireless communication. A robot program is 
implemented to provide a hybrid assembly procedure. The 
experiments show that the assembly of products made with 
human-robot cooperation is faster and more efficient than the 
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assembly of products made by the robot alone. The effect of 
different assembly sequence on the total performance of 
hybrid assembly operation will be the topic of future studies. 
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Abstract— Autonomous robots are critical components of 
factories of futures. In this era, autonomous transfer vehicles 
are expected to play important role for flexible manufacturing. 
But the system should detect abnormal events itself. In this 
study, anomaly detection approach is proposed for 
autonomous transfer vehicles in the smart factories. Decision 
trees are used to detect stopping and slow down anomalies in 
internal transportation of the factories. The proposed 
approach is tested in simulation environment. 

Keywords—Anomaly Detection; Autonomous Transfer 
Vehicles; Smart Factories 

I. INTRODUCTION

Digital transformation has contributed to the emergence 
of significant developments in many areas. It is aimed to 
implement smart factories by introducing new technologies 
such as autonomous robots, big data, augmented reality etc. 
in production [1]. The target of the smart factories is lights-
out production which has minimal level of human 
interaction. 

In smart factories, autonomous transfer vehicles are 
expected to realize all transportation tasks for internal 
logistic which is one of the main components of the 
production. The internal logistic system should be monitored 
by a system or a human to handle the problems. It is very 
difficult for human to monitor all of the transportation tasks 
and networks. Therefore, it is important to detect unusual 
events by using collected data from the environment in order 
to maintain the developed systems. Anomaly detection 
allows the determination of abnormal conditions that do not 
fit the expected behavior. Abnormal events are rare, but 
when they occur, their outcome can be quite negative [3]. 

In the literature, there are many studies about the 
anomaly detection in different fields. The anomaly detection 
approaches are used to detect abnormal events in traffic 
networks [4], [5], [6], [7], [16], [17], [18], [20], [21], [22]. In 
study [4] a method is proposed for detecting event anomalies 
in traffic networks using speed, volume, occupancy and time 
interval data. In study [6] abnormal conditions are detected 
in traffic networks with average speed, volume, and 
occupancy data. In another work [7] speed, volume, and 
occupancy data are used to detect incidents. Anomaly 
detection can be done in traffic networks by examining speed, 
volume, occupancy and time interval. 

To the best of author knowledge the anomaly detection 
problem is not studied for transportation tasks in smart 
factories. 

In this study, it is aimed to detect the anomalies in the 
factory of futures where autonomous transfer vehicles are 
used. First of all, basic concepts of anomaly detection is 
developed for smart factories. These concepts are developed 
considering the characteristics of internal logistics and the 
possible information in the digital map of the factory 
environment. In this study, stopping (road blockage), slow 
down and unknown anomalies are selected as a case study. 
Autonomous transfer vehicle speed information, 
environment map, environment information and time 
information data are used to detect these anomalies. Decision 
trees which is a classification based point anomaly detection 
methods are used to detect anomalies. The proposed 
approach is test in simulation environment. The proposed 
approach can be extended to handle various types of 
anomalies in smart factories. 

The rest of the paper is organized as follows. Section II is 
about anomaly detection algorithm and decision tree 
algorithm. Then section III presents proposed method and 
algorithm implementation. Final section IV includes the 
results of the proposed method. 

II. PRELIMINARIES
The anomaly detection problem, the algorithms that used 

to detect the anomalies and the decision tree algorithms are 
given in this section.  

A. Anomaly Detection Algorithms
In the literature there are different classification for the

anomaly detection such as point anomalies, contextual 
anomalies, collective anomalies. In point anomalies, a single 
sample of data is an abnormal condition. In contextual 
anomalies, a single sample of data is abnormal within a 
context. It is also called conditional anomalies. Finally, a 
subset of relevant data samples are used for collective 
anomalies [3]. On the other hand there are various anomaly 
detection approaches such as classification based techniques, 
nearest neighbor based techniques, clustering based 
techniques and statistical based techniques that can be used 
in point anomaly detection. 

Nearest neighbor-based techniques have a two-step 
approach. The first step is to calculate the neighborhood for 
each data record. The second step is to analyze the 
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neighborhood to determine if the data record is abnormal. 
The nearest neighbor-based techniques can be examined in 
two categories. In these distance-based methods, the normal 
points have close neighbors, but the anomalies are far away 
from the other points. In the density-based method, 
anomalies are data points in low-density regions. 

In clustering-based techniques, normal data records 
belong to large and dense clusters, while anomalies form 
very small clusters or do not belong to any clusters. 
Anomalies can be detected small cluster, low-density cluster 
or as not belonging to any cluster via clustering-based 
methods. 

In statistical based techniques, data points are modeled 
using a stochastic distribution. Points are determined to be 
anomalies depending on their relationship with this model. 
Statistical techniques are parametric and non-parametric 
techniques. In parametric techniques, it is assumed that the 
normal data is generated from a basic parametric distribution. 
The probability of a test sample to identify anomalies is 
determined from this distribution. In non-parametric 
techniques, information is not given about the parameters. 
Non-parametric techniques are used for learn the 
distribution. 

In classification-based techniques, the main idea is to 
label the data which is belong to problems as the normal and 
abnormal data and do training. Then it uses this training 
model to detect the anomaly. 

In the literature, support vector machines, decision trees, 
Bayes networks, fuzzy logic, genetic algorithms etc. are used 
for anomaly detection. In study [16], mean speed and 
standard deviation of inter-arrival time are used for identify 
traffic status as normal and abnormal via fuzzy logic. In 
study [17], volume, speed and occupancy data collected from 
the upstream and the downstream detection stations are 
usually used for traffic incident detection via Naïve Bayes. In 
study [18] proposed an automatic event detection algorithm 
based on the support vector machine (SVM) for the highway. 
The input of the SVM was selected as the upstream velocity, 
the event velocity, the downstream velocity, the upstream 
occupancy rate, the event point occupancy rate, and the 
downstream occupancy rate. For SVM output, traffic 
condition (incident or non-incident) was selected. In study 
[19], average volume and occupancy are used for detect 
traffic incidents on expressways via a hybrid combination of 
fuzz logic and genetic algorithm (GA). In study [5], volume 
and occupancy are used for detect traffic incidents using 
decision tree algorithm. The details of the decision tree 
algorithm is given in the following sub section. 

B. Decision Tree Algorithm 
Decision trees are a hierarchical tree structure belonging 

the supervised learning class. They use the divide and 
conquer strategy [15]. The Decision Tree Algorithm 
generates rules for estimating the target variable [24]. 

The algorithm deals with both discrete and continuous 
data. It also handles with the missing values in the training 
data. The efficiency of the algorithm is optimized with 
pruning process. As a result of pruning, the size of the tree 
gets smaller. Unnecessary complexity is prevented. Usually 
post-pruning technique is realized with removing the 
branches which are not important after the tree is formed. 
Post-pruning is also known as back pruning [8]. Reduced-

error pruning (REP) is another type of pruning that used in 
this study. REP controls the accuracy of trees. If accuracy is 
not reduced, the knot is pruned. The procedure continues 
until the pruning process do not reduce the accuracy [10]. 
The greedy search-hill climbing method is used in decision 
trees. Basic steps in the decision tree algorithm: 

• If the samples belong to the same class, the tree 
consists of a leaf.  

• Information gain is calculated for each feature given 
on the attribute. Then, the information gain from the 
attribute is calculated.  

• The feature with the highest information gain forms 
the leaf [24].  

The decision trees use entropy that shows irregularity. 
The distribution of classes in the training data set, namely 
irregularity, is important to get more accurate results. And 
information gain is the technique to reduce the entropy in the 
data set. The gain ratio is another technique for the decision 
tree to choose a feature. It considers the number and size of 
branches and update the information gain. It reduces the 
prejudices of important features of information gain. In this 
way the choice of important features is increased. A rule is 
made for each leaf in decision trees. Each node on the path 
from root to leaf contains a condition. The result of the rule 
is the class assigned by the leaf [25].  

III. PROPOSED METHOD 
Anomaly detection is a well studied topic for the traffic 

networks. To the best of author knowledge, it is not an area 
that studied for smart factories. In this study, basic anomaly 
detection scenarios are defined and detected for the smart 
factories. 

In this study, the scenarios are restricted on slow down, 
stopping and unknown anomalies of autonomous transfer 
vehicles without losing the generality. 

The stopping anomaly can be result of road blockage. 
Pick up and delivery points in the factories can be cause 
stopping anomalies in road segments. For example if a large 
vehicle load and unload goods in a narrow road segment, it 
results of blockage of road. It is assumed that pick up and 
delivery points are known from the digital map of the 
factory. Pedestrian density and vehicle may result slow down 
anomalies. For example, the density of pedestrians change on 
pedestrian walkway in smart factories and results slow down 
anomalies in road segments. Note that the location of 
pedestrian walkways are assumed to be known from digital 
maps of the factory. On the other hand, vehicles can be cause 
unknown anomalies in road segments due to fault. 

The proposed approach to detect these anomalies is given 
in Fig. 1. 
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Fig. 1. Anomaly detection flow diagram: a) System training, b) Anomaly 
detection on test data 

In the training process given in Fig. 1 (a), first the data 
set is labeled. Time Zone, Mean Speed, Road Type, Road Id, 
Road Content, Activity State, Speed Limit, Road State, 
Pedestrian Density, Process Time and Anomaly Reason are 
selected attributes in this study. In the implementation C4.5 
algorithm is used as decision tree algorithm in the training. 
The output of this algorithm is the model. The subtree raising 
operation was considered when pruning. A discretization 
algorithm based on the Minimum Description Length is used 
to handle numeric attributes to find splits on numeric 
attributes. The parts of tree were removed that do not reduce 
training error.  

In the test process given in Fig. 1 (b), the generated 
model and the anomaly detection test data set are loaded into 
the application. The decision tree algorithm is selected to 
detect the anomaly for the test data set. 

IV. EXPERIMENTAL RESULTS 
The proposed approach is tested for a smart factory 

environment created in GAZEBO simulation platform.  

A. Test Environment 
A picture of the test environment in GAZEBO simulation 

platform is given in Fig. 2. Two road segments, containing 
pedestrian walkway, and pick and delivery points were 
assumed to be in the test environment. These are marked 
with circles in the figure. The blue rectangle represents the 
pick up and delivery point in the road segment. As 

mentioned before, stopping, slow down and unknown 
anomalies are considered in this study. 

 
Fig. 2. A picture of test environment in GAZEBO platform  

Note that a digital mapping of the environment is realized 
with JOSM which is an open source mapping standard as in 
Fig. 3. JOSM has flexible features for open and closed 
environments. In this study, the digital mapping standards for 
smart factories are taken form the research project with 
Contract No 116E731 in acknowledgement. This is a type of 
HD mapping that can be used by for autonomous transfer 
vehicles and smart factories. 

 
Fig. 3. Smart factory environment map display in JOSM 

The total amount of the training data is 2044 for this 
environment for both road segments that includes pedestrian 
walkway and pick up and delivery point. Sample data is 
given Table I. 

TABLE I.  THE SAMPLE DATA FROM DATA SET 

Attribute Names 
Sample Data Number 

1 2 3 4 
Time Zone 08:00 09:30 15:45 14:30 
Mean Speed 10.3 6.4 5.2 1.2 
Road Type 1 1 1 1 
Road Id 1000 1000 2000 2000 
Road Content 0 0 1 1 
Activity State 0 0 0 1 
Speed Limit 20 20 20 20 
Road State 1 1 1 1 
Pedestrian Density 21 40 0 0 
Process Time 0 0 0 2.3 

Anomaly Reason unknown 
anomaly 

slow down 
anomaly 
(pedestrian 
density) 

slow 
down 
anomaly 
(vehicle) 

stopping 
anomaly 
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The training data includes the data for a period of 15 
minutes for a month. The total amount of the test data is 462. 
The test data includes in 15 minutes intervals the data for the 
first week of month. Note that the training data and test data 
totally different, and all data are coupled to the digital 
mapping via road segment id. 

B. Test Results 
Road segments are different in terms of the data they 

contain. The training and test data can be created to include 
only the data of pedestrian walkway, or only the data of the 
pick up and delivery points or the data both of them. For this 
reason, the algorithm results are also given according to this 
data content in Table II. Note that the accuracy of the 
algorithm changes depending on the data content. The 
confusion matrices are given in Table III, Table IV and Table 
V respectable.  

TABLE II.  THE SYSTEM’S ACCURACY RATES ACCORDING TO 
THE CONTENTS OF THE TESTS 

Training and Test Data Road Segment 
Content 

Algorithm 
Accuracy  

Rate 

Pedestrian walkway, pick up and delivery point 83.7662 % 

Pedestrian walkway 74.8918 % 

Pick up and delivery point 86.5801 % 

TABLE III.  THE CONFUSION MATRICE OBTAINED BY THE 
SYSTEM FOR THE ROAD SEGMENT CONTAINING PEDESTRIAN 

WALKWAY AND PICK UP AND DELIVERY POINTS 

Actual Class 
Classified Class 

a b c d e 

a = no 134 15 5 5 0 

b = unknown anomaly 4 120 0 0 0 
c = slow down anomaly 
(vehicle) 3 7 55 0 1 

d = slow down anomaly 
(pedestrian density) 3 5 0 42 0 

e = stopping anomaly 0 0 27 0 36 

TABLE IV.  THE CONFUSION MATRICE OBTAINED BY THE 
SYSTEM FOR THE ROAD SEGMENT CONTAINING PEDESTRIAN 

WALKWAY 

Actual Class 
Classified Class 

a b c d 

a = no 83 11 5 5 

b = unknown anomaly 20 28 0 0 
c = slow down anomaly 
(vehicle) 9 0 20 0 

d = slow down anomaly 
(pedestrian density) 3 5 0 42 

 

 

 

 

 

 

 

TABLE V.  THE CONFUSION MATRICE OBTAINED BY THE 
SYSTEM FOR THE ROAD SEGMENT CONTAINING PICK UP AND 

DELIVERY POINTS 

Actual Class 
Classified Class 

a b c d 

a = no 52 2 1 0 

b = unknown anomaly 0 76 0 0 
c = slow down anomaly 
(vehicle) 0 0 36 1 

d = stopping anomaly 0 0 27 36 

 
Any detected anomaly can also be shown via user 

interface. The Fig. 4 shows the normal state in simulation 
environment with green colors. The stopping and slow down 
anomalies are shown in Fig. 5 with red and yellow colors 
respectively. Note that pick up and delivery activities results 
stopping anomaly. The pedestrian density in the walkway 
cause to the slow down anomaly. 

The Fig 6. shows unknown and slow down anomaly 
resulted by the vehicle by white color road segment. 

 

Fig. 4. Normal state in simulation environment 

 

Fig. 5.  Stopping and slow down anomalies in different road segment  
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Fig. 6. Unknown and slow down anomaly resulted by vehicle in different 
road segment 

V. CONCLUSION 
Autonomous transfer vehicles are critical components of 

factories of futures, and it is important to detect related 
anomalies in factory environments. In this study, it is aimed 
to detect the anomalies in the factory of futures where 
autonomous transfer vehicles are used. First of all, basic 
concepts of anomaly detection is developed for smart 
factories. In this study, anomaly detection approach is 
proposed for stopping, slow down and unknown anomalies 
in the smart factories. The smart factory environment map 
was created using the smart factory mapping standards 
developed in the project. The proposed approach is tested in 
GAZEBO simulation environment. Decision trees are used to 
detect stopping and slow down anomalies in internal 
transportation of the factories. In the future work, the number 
of anomalies can be increased to handle different concepts in 
the smart factories. 
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Abstract— Autonomous robots are increasingly used in many 
fields to perform some special tasks. Autonomous transfer 
vehicles (ATV) in smart factories are one of the most critical 
components of industry 4.0. Mapping is the key process for the 
long term successful operation of ATVs. Although, robotic 
mapping is enough for the autonomous navigation of an ATV, 
high definition (HD) maps are required to perform the perfect 
behavior and ensure better interactions with the environment. 
HD maps can be created manually, but updating the maps is an 
open problem for sustainability of the performance. In this study, 
an HD-map update strategy is proposed for ATVs that operate in 
smart factories.  

Keywords— autonomous transfer vehicles, smart factories, hd 
map, industry 4.0 

I.  INTRODUCTION

In the realization of Industry 4.0, different disciplines such 
as autonomous robots, big data, augmented reality, internet of 
things have significant roles [1].  In smart factories, 
autonomous transfer vehicles, which perceive the environment 
and act upon the mission, will replace classical automated 
guided vehicles to transfer the goods. ATVs can play an 
important role in industry 4.0 to overcome the problems in the 
factories in a more efficient way.  

Digital mapping is a kind of critical information 
technology to realize successful autonomous behavior in smart 
factories. ATVs can enrich the quality of their behaviors using 
the information taken from the maps of the environment. The 
conventional mapping methods [2,3,4] for robots are sufficient 
for autonomous navigation. But, HD maps can supply more 
information such as stopping sign, parking sign, pedestrian 
walkway areas etc. to increase the behavior quality of ATVs. 
For example, in case of losing position information, the ATV 
can park precisely by retrieving the parking sign. Therefore, 
these types of environment information are critical for sensor-
based control of ATVs.  

In the Industry 4.0 era, factories of the future are expected 
to be dynamic due to the requirements of the flexible 
manufacturing. This results a need of continuous updating of 
HD maps. In the literature, HD maps are generally used for 

autonomous vehicles in traffic networks [5,6]. To the best of 
our knowledge, HD maps are not applied in smart factories. 

In this study, we present a methodology which uses 
computer vision techniques to detect the objects in the 
environment, identify their locations, compare the current 
information in the HD map and update the map when there 
exists any change. In this context, the autonomous transfer 
vehicle extracts the vision-based environment map, identifies 
the work safety signs and road lines of the factory, and marks 
the locations in the map. The rest of the paper is organized as 
follows: the existing studies for HD map are given in section 
2, the proposed method is given in section 3, the simulation 
results are given in section 4 and the conclusion is given in the 
last section. 

II. BACKGROUND

Autonomous driving is a complex system that combines 
many technologies such as navigation system, high-level 
control, low-level control etc. Digital mapping is the most 
critical part of high-level control and navigation system. 
Conscious level decisions highly depend on environment 
information that are gathered from digital maps. Therefore, 
continuous update of digital maps is important for the success 
of the autonomous behavior.  

Classical robotic maps [4,7,8] may not be good enough for 
autonomous navigation since they do not include 
environmental features. On contrary, the HD map fuses 
different sensors information to minimize the map errors and 
maximize the knowledge about the environment and vehicle 
localization information. For example, when it moves along 
between the lanes, it knows where the lanes are. So, HD maps 
[5,9] are more convenient for autonomous navigation since 
they include different types of information, such as road signs, 
road lines, etc. which are required for the meaning of the map. 
Also, if any change occurs in the environment, information of 
the map should be updated.  

HD map contains many layers. The foundation layer of the 
HD map is a 2D data taken by laser scan. On the top of the 
foundation layer, the HD map contains layer of semantic 
information about the map. As shown in Fig. 1, the semantic 
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layer contains the location of road signs and road lines, the 
characteristic information and corresponding properties. 

 

 
Fig 1. Semantic Layers of HD Map [10] 
 

There are many studies in autonomous vehicle technology 
related to HD Mapping in the literature. In [9], the relative 
position between the autonomous vehicle and the traffic lights 
was calculated by finding the vehicle position. This study 
performed calculation by taking the slope of the road into 
account, identified the location by finding the light, and 
obtained distance information. When producing HD maps, it 
identifies not only the positions of the traffic lights but also the 
types of them. Thus, even if the position of a traffic light is 
changed or a new traffic light is established, the HD map can 
be updated easily. In [11], a static 3D laser scanner is placed at 
an intersection with continuous scans. Objects are tracked and 
their orbits were obtained. In [12], HD maps are classified into 
two categories. The first one is the Intense Semantic Point 
Cloud Maps used by Google and TomTom, modeled by the 
3D point cloud of the whole scene with semantic science. The 
second is landmark-based maps, which are based on semantic 
objects instead of general 3D point clouds and followed by 
Mobileye and HERE. The main idea proposed in [13] is to 
estimate the HD map parameters from sensor data which can 
be used to verify HD maps or improve localization. Estimated 
parameters include the distance from the ego-vehicle to the 
road boundary, the orientation of the ego-vehicle relative to 
the lanes, the number of lanes and street type. 

Although there are many studies about HD map 
technologies for autonomous vehicles in traffic networks, to 
the best of our knowledge, HD maps are not used in ATVs 
which are supposed to operate in smart factories. 

III. PROPOSED METHOD 
In Industry 4.0 era, autonomous robots are expected to 

play a critical role for flexible manufacturing. HD map can 
supply good enough information for autonomous transfer 
vehicles to complete the missions. 

The architecture of the proposed HD map update 
methodology is summarized in Fig 2. In the proposed method, 
HD map has been fed by two components. In visual SLAM 
component, foundation layers of the HD map are obtained 
with 3D data. The object detection component uses visual 
cameras to detect objects in real time and localize them. Then, 
identified objects are compared with the database whether 
they are valid in the semantic layer of the HD map. Also at 
this stage, when there is a change in the positions of the 
identified objects or a new object is added to / removed from 
the environment, the semantic data of the HD map are 
continuously updated and stored. The details of components of 
the proposed methodology are given in the following 
subsections. 

 

 

 

 

 
 
Fig 2. Block Diagram for the Update Methodology of the HD Map 

A. Visual SLAM 
Simultaneous localization and mapping (SLAM) algorithm 

is the process by which a mobile robot can create a classical 
robotic map of the environment [8]. The aim of SLAM is to 
obtain the position and absolute localization information of the 
robot. Because of the nature of each sensor type, SLAM can 
be handled with different algorithm classes for vision sensors 
and distance sensors. In small and static environments, range 
sensors are used to build 2D maps to solve the SLAM 
problem. However, in dynamic, complex and large 
environments, cameras are used in SLAM algorithms and this 
is called as visual SLAM. Visual SLAM includes different 
computer vision techniques such as image recognition, 
retrieval, detection, matching the features, etc. 

Real-Time Appearance Based Mapping RTAB-Map [14] 
is a visual SLAM approach. In this approach, RGB-D camera 
is used based on loop closure detection. The details of this 
methodology providing a memory management system for 
large-scale and real-time SLAM are given in [15]. RTAB-Map 
can use any sensor that provides 3D information with an 
ordinary RGB camera. 

RTAB-Map algorithm has been implemented in ROS [16]. 
In this algorithm, a 2D occupancy grid map of the 
environment can be created using 3D point clouds of the 
environment. The algorithm produces a map graph which is 
incrementally created and optimized when a loop closure is 
detected. The output of the algorithm is the most recent local 
graph added to the map. It uses the RGB image, the depth 
information, and laser scan data to obtain the map. The 
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Object Detection 
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algorithm defines the optimized state of the graph when it 
reaches its final position. All positions are kept in locations 
array and sequential locations are connected to each other.  

B. Object Detection and Localization 
The information about the environment such as road lanes, 

road sign boards etc. are important for the success of 
autonomous transportation. Detection of these objects and 
localization of them relative to the ATV is the first stage of 
semantic layer in the HD map. The well-known methods such 
as SIFT, SURF, FAST, BRIEF, etc. are available in OpenCV 
library [17] and they can be used to detect and identify the 
objects. First, the objects are defined and labeled in the 
database. Then, during the SLAM process, detected objects in 
the environment are compared with the predefined objects. 
When the detected objects are verified, the object locations 
and their ids are marked in the map. The object information in 
the map is continuously updated and stored in a file. This file 
and the extracted map mentioned in the previous subsection 
supply the necessary information for autonomous navigation. 
By this way, HD map has been updated. After all, the updated 
HD map can be used by the ATV. 

IV. EXPERIMENTAL WORK 
To test the performance of the proposed method, 

GAZEBO simulation environment with an ATV is used. We 
give the details in the following subsections.  

A. Simulation Environment  
GAZEBO offers the ability to quickly test algorithms for 

autonomous robots. It has a robust physics engine, high-
quality graphics, and useful graphical interfaces [18]. A 
sample smart factory environment has been created in 
GAZEBO simulation platform as given in Fig 3.  

 
Fig 3. Representive Pictures for the Test Environment 

Here, the environment consists of road segments, parking 
areas, some important road signs and an ATV.  The road 
segment is identified by yellow lanes, pedestrian crossing area 
represented by white lanes, and robot parking area represented 
by red lanes. All defined signs and road lines are appropriate 
to the factory standards.  

Parking area sign, pedestrian walkway sign, pedestrian 
crossing and parking area were designed as the representative 
objects in the environment. They are shown in Fig 4. 

 
Fig 4. Representive Objects in the Test Environment 

 
The actual locations of the objects in the GAZEBO 

simulation environment are defined as given in Table 1. These 
are the true locations of the objects. 

TABLE I.  OBJECTS AND THEIR LOCATIONS 

SignID Sign Name X Position (m) Y Position (m)

1.1 Parking Area 1 -5,597958 -7,380200

3 Pedestrian Crossing 0,000709 7,897850

5 Parking Area Sign -4,800490 -11,642100

7 Pedestrian Walkway Sign -1,138134 6,344435

 

The model of the ATV has been chosen from [19] and 
shown in Fig 5. It has an RGB-D camera (Kinect) and sonar, 
laser, bumper, infrared, imu and encoder sensors.  

 
Fig 5. Automated Transfer Vehicle 

B. Tests 
The GAZEBO simulation environment has been executed 

on a personal computer with Ubuntu 16.04 and ROS Kinetic 
and having Intel Core i7 7700 HQ 2.8 GHz processor and 16 
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GB RAM. Two experiments are designed to test the proposed 
method. In the first experiment, we tested the verification of 
the existing objects. In the second experiment, the proposed 
approach is tested in the existence of new objects or the 
absence of the predefined objects in the environment. 

In the experiments, we used the Find-Object application to 
identify objects [20]. The first experiment is conducted for the 
environment given in the Fig 6. It shows map of the 
environment using the visual SLAM. Places marked with 
green markers indicate the location of recognized objects on 
the map. The positions of all objects found while the map was 
being extracted are saved in a file.  

 
Fig 6. Test Environment Map 

 

Table 2 shows the contents of the saved file for the first 
experiment. 

TABLE II.  LOCATIONS OF FOUND OBJECTS IN THE MAP 

SignID Sign Name X Position (m) Y Position (m)

1.1 Parking Area 1 -5,697688 -7,358555

3 Pedestrian Crossing 0,000481 7,878962

5 Parking Area Sign -4,815551 -11,541763

7 Pedestrian Walkway Sign 1,232589 6,405317

 

Comparing Table 1 and Table 2, it appears that the 
coordinates of the objects found are very close to the 
coordinates specified in the GAZEBO environment. This 
shows that the changes that will take place while map 
extracting can be easily detected by the robot. 

The second experiment is conducted for the environment 
given in the Fig 7. In this experiment, a new stop sign is added 
to environment and the pedestrian walkway sign (given in Fig 
3) is removed from the environment. Fig 7 shows the updated 
section of the map. When the map is updated, we see that also 
the positions of the objects have been updated as given in 
Table 3, including signs that are removed from the 
environment and added to the environment. 

 
Fig 7. Updated Part of the Map During Navigation 

TABLE III.  UPDATED FILE CONTENT 

SignID Sign Name X Position (m) Y Position (m)

1.1 Parking Area 1 -5,697688 -7,358555

3 Pedestrian Crossing 0,000481 7,878962

5 Parking Area Sign -4,815551 -11,541763

6 Stop Sign -1,373628 6,016787

7 Pedestrian Walkway Sign None None

 

We repeated these experiments for the other objects (for 
both added/removed cases) and obtained similar results. It 
demonstrates that, HD map is successfully updated by the 
ATV.  

V. CONCLUSION 
In Industry 4.0 era, smart factories play an important role 

for flexible manufacturing and ATVs can be considered as the 
important vehicles to transfer the goods. Mapping is the key 
process for long-term successful operations of such vehicles. 
Conventional mapping methods can provide good enough 
solutions for navigation, but the HD map provides more 
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information about the environment for the ATV to act better 
behaviors.  

In this study, we present a methodology which 
automatically detects the objects, identifies their locations and 
compare the current observation with the HD map and updates 
the map when any change is necessary to take into account.  
We tested the proposed methodology under GAZEBO 
simulation platform. Experiments mentioned in the previous 
section were repeated several times by changing the test object 
in each case. For each case, we obtained successful results. 
The experimental work showed that the ATV can update the 
HD map and it can use the updated information continuously. 
For smart factories of future, more dynamic objects will share 
the environment which will cause an extensive movement in 
the map. The HD map update strategy proposed in this work 
may be useful for such situations to meet the requirements of 
flexible manufacturing in smart factories. This work can also 
be adopted for multi-ATV system in smart factories. 

This study may be extended by using more objects in the 
environment. For future work, we plan to enlarge the 
simulation environment including more objects.  
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Abstract— The automation project with vision based 
positioning by using ABB IRB 140 robot is proposed, the 
coordinate transformation and camera calibration is applied, two 
types gas leakage test for HP dryers are proposed and the image 
processing algorithms for welding points of gas leakage test by 
dividing three areas of chassis are proposed. For this purpose, the 
robotic automation system has been installed and the real-time 
experimental studies are performed to show the effectiveness of 
the vision based positioning ABB IRB 140 robot for the gas leakage 
test by presentation the derivations of welding points positions. 

Keywords— robotics, industrial robots, computer vision; ABB 
IRB140 Robot 

I. INTRODUCTION 

One of the benefits provided by the using robots is that 

movements are reproducible, accurate and reliable [1]. 

However, as robots do not work successfully in changing 

dynamic environments, vision based system for regulating 

robots have been developed and deployed [2], [3]. Although 

significant progress has been recorded in the field, there are only 

a few real-world industrial applications of vision-based robotic 

systems up to now [4-6]. Some of industrial applications of 

vision based robot positioning are welding, conveyor-belt 

picking [7], automated inspection [8], part mating, sealant 

application and fruit harvesting [9].In this study, the automation 

project with vision based positioning by using ABB IRB 140 

robot is presented for testing gas leakages in the design of heat 

pump dryers. The chassis of the dryer consists of compressor, 

condenser and evaporator and these components are connected 

to each other by copper pipes and welded at connection points. 

The gas leakage test at the welding points is made gas leak 

detector device. Two types of tests have been defined due to the 

pressure difference in the cooper pipes. These tests are high 

pressure test has four welding points and equilibrium test has 

three welding points. There are position changes at the welding 

points because of the use of components in different sizes in 

different models, due to position deviations on the pallet of the 

product and size differences in the pallets. The vision based 

positioning application is applied for ABB IRB 140 robot to find 

position deviations. The ABB IRB 140 Robot is used and the 

communication of the robot with the camera and PLC. For the 

camera calibration, the grid portion surface is used and the 

transformation between the image coordinate plane and the 

world coordinate system of ABB IRB 140 is completed with the 

coordinate transformations. This transformation is updated from 

the distance in a certain Z direction to the distance in the Z 

direction of the welding points to be tested in practice. The 

welding points in the chassis are divided into three areas to form 

the image processing algorithm and three image processing 

algorithms was created for each zone by using the NI vision 

assistant application. The points in the areas are found by image 

processing algorithm. For each area, the distance in the Z 

direction has been specified separately and the camera 

calibration parameters have been updated. Finally, the gas 

leakage test is performed to 500 products by using ABB IRB 

140 robot in the production. The positions of seven welding 

points are collected according to test types which are the high-

pressure test and the equilibrium test. Initially, the deviation 

values of the all welding points are figured separately on X and 

Y axis and the reasons for the deviations at the welding points 

are examined. Then, the descriptive statistics of deviations are 

given to show the efficiency of the vision based positioning of 

ABB IRB 140 robot for the gas leakage test. 

II. GAS LEAKAGE TEST

A gas leak detection system for the detection and monitoring 

of HP dryer systems, controls, manages and monitors the dryer 

systems. The system includes a gas leak detector and a monitor 

and relay system to detect the presence of gas present in the 

compressor and evaporator units, assess the magnitude of the 

problem and assess the magnitude of the problem, alert operators 

and quality personnel [10].  

In this study, the purpose of the gas leak is that control the 

sealing of the products manufactured in the production line by 

the acetylene welding method of the compressor, condenser and 

copper pipe groups to each other. Every product is manufactured 

in the production line is checked for leaks in the test station. The 

gas in the compressor passes first through the condenser, then 

through the copper pipes, passes through the evaporator, and 

then returns to the compressor again. The gas leakage is 

measured at the welding points. In principle, two types of gas 

leakage measurements are made. 7 welding points which are 

marked with blue are high pressure test points, the points 

indicated with red are source points are the equilibrium test 

points controlled in both tests are shown in the Fig. 1. The 

welding points are classified as given in Table 1.   
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Fig. 1. The welding points of gas leakage test. 

TABLE I.  CLASSIFICATION OF THE TEST TYPE.  

Type of Tests Welding Points  

High Pressure 1., 2., 6. and 7. points 

Equilibrium 3., 4. and 5. point 

 The first test is a gas leak test that called the high-pressure 

test is applied to the welding points of copper pipe which 

provides gas passage to the condenser after compressor operator. 

When the compressor is working, the pressure between 15-20 

bar is formed in the copper pipes which provide the gas passage 

to the condenser. At this time, 3bar pressures is formed in the 

copper pipes leading to the evacuation. This test is performed 

before the test station. The compressor is started before arriving 

at the test station. When the product arrives at the test station, 

the compressor is stopped and the high-pressure test is carried 

out at 4 points on the copper pipe providing the condenser inlet 

and outlet connections. 

 The second test is the gas leak test that is called the 

equilibrium test is applied to the welding points of copper pipe 

which provides the gas passage of the evaporator after 10 

seconds of the compressor stop. In this test, test starts after 15 

seconds of stopping the compressor operator. After the 

compressor stops at the test station, the equilibrium test begins 

after the high-pressure test. Now, 3 bar pressures on the copper 

pipe, which supplies evaporator connections when the 

compressor is running, comes out of 9 bar pressures due to 

pressure from the condenser. Thus, the equilibrium test is carried 

out at 3 points on the copper pipe providing the evaporator inlet 

and outlet connections. As a result, a total of 7 gas leakage tests 

are performed at the welding points. 

III. VISION BASED GAS LEAKAGE TEST STATION 

A. ABB IRB 140 Robot Station with camera 
The test station consists of 3 components which are camera 

with controlling PC module, PLC and ABB IRB 140 robot... The 

communication system between these components is described 

and the gas leak test is carried out HLD6000 Refrigerant Leak 

Detector on the tip of the robot. In this study, the program of 

ABB IRB 140 Robot is implemented to PLC in the automatic 

test station. The robot should communicate with the camera in 

the test station because the position of the welding points at the 

leak points may change. The communication network using the 

Profinet communication protocol between camera, robot and 

PLC is shown in Fig. 2. 

  

Fig. 2. Communication network of test station. 

PLC is main controller in test automation systems handling 

all assignments beside the robot moves to the positions taken 

after the end of image processing. ABB IRB 140 Robot, which 

is shown in Fig. 3, has four main parts which are controller, arm, 

drive, gripper [11]. The part of the position of the industrial robot 

is end effector. The six DOF of the robot is the number of these 

joints. The gripper is connected to the sixth axis of the robot. The 

robot needs commands to control the robot arms. These 

commands are programmed by RAPID for ABB IRB 140 Robot 

[12]. The PLC receives the information of the product coming 

to the test station and commands the camera to take a picture of 

the product to be tested and commands the position of the 

welding points after the image processing process to be 

obtained. Coordinate transformations are performed on the 

positions taken by the image processing and position data are 

sent to the robot by the PLC. Robot test start and test completion 

signals are provided by the PLC. In addition, the PLC gives the 

command to continue the production line on completion of the 

test. 

 

Fig. 3. ABB IRB 140 Robot 

In each test cycle, the image taken from the camera at each 

test cycle is sent to the robotic new test positions after the image 

processing algorithm and the test points are determined. The test 

starts with the chassis arriving at the test station. When the 

product arrives, the information is collected from the sensor 

reflected from the object in the test station. After the product 

arrives, the camera takes the picture of the chassis and the image 

processing algorithm works. After the welding points are found 

by using image processing algorithm, the coordinate 

transformation of between the robot and the camera is 

performed. The position data of welding points in the image 

coordinate system is converted into the world coordinate system, 

which is the robot coordinate system, by using camera 

calibration. The position information is transferred from the PC 
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module of the camera to the PLC via Profinet communication, 

and the same communication via the PLC is sent to the robot. 

The robot goes to the updated position information and the gas 

detector makes the measurement for gas leakage. If there is a 

leak, the gas detector sends a signal to PLC and the system 

alarms. After the test is completed, the test completed signal is 

sent from the robot to the PLC The chassis leaves the test station 

and continues the production line. 

B. Camera Calibration 
 The several coordinate systems in the pinhole camera model 

are shown in Fig. 4. P(X,Y,Z) represents world coordinate 

systems, Pc (XC,YC,ZC) represents camera coordinate systems, 

P(x,y) represents physical coordinate systems and, P(u,v) 

represents pixel coordinate systems and the image coordinate 

system is represented by r, c, Os. The purpose to convert a 3 

dimensional point PW(XW,YW,ZW) in world coordinate systems 

into a point P(u,v) in image pixel coordinate systems can be 

obtained in four steps [13]. 

 

Fig. 4. The coordinate systems in the pinhole camera model 

 The translation between PW = (XW, YW, ZW)T and PC = (XC, 

YC, ZC)T  becomes as 

𝑃𝑐 = 𝑅 𝑃𝑤 + 𝑇 ����

The point PC in the camera coordinate system is projected onto 

the point P(u,v)T in the image coordinates as  

(𝑢
𝑣) = 𝑚 (

𝑥𝑐
𝑦𝑐

) ����

where 𝑚 = 𝑓 𝑥𝑧⁄  and f is the focal length and xz is the distance 

from the point to the lens on the z direction. The point in the 

image plane coordinate system (r,c)T is defined  as 

(𝑟
𝑐) = (

𝑣
𝑆𝑦

+ 𝐶𝑦

𝑢
𝑆𝑥

+ 𝐶𝑥

) 

�

����

where Sx and Sy are the scaling factor, Cx and Cy are the 

coordinate values of corresponding points of the origin of the 

imaging plane coordinate system in the image plane coordinate 

system. Hence, camera calibration process is converted in the 

process of order converts camera calibration process to find the 

six parameters. The parameters are selected as 
𝑓

5,6
= 13,4, 𝑋𝑧 =

220 𝑚𝑚,  𝑆𝑥 = 1628 px and 𝑆𝑦 = 1236 px. The optical axis of 

the working area is perpendicular to each other in the automatic 

probe positioning system. Thus, the rotation matrix R can be set 

in the camera calibration process. The following equalities are 

obtained by (1). 

𝑥𝑤 = 𝐴𝑟 + 𝐵𝑐 + 𝐶 
𝑦𝑤 = 𝐷𝑟 + 𝐸𝑐 + 𝐹 

𝐴 =  −𝑚𝑠𝑦 sin 𝛼𝑖 ,   𝐵 = 𝑚𝑠𝑥 cos 𝛼𝑖  

𝐶 =  −𝑚𝑠𝑥 cos 𝛼 +  𝑚𝑠𝑦𝑐𝑦 sin 𝛼 + 𝑡1  

𝐷 =  𝑚𝑠𝑦 cos 𝛼 ,   𝐸 = 𝑚𝑠𝑥 sin 𝛼 

𝐹 =  −𝑚𝑠𝑥𝑐𝑥 sin 𝛼 −  𝑚𝑠𝑦𝑐𝑦 cos 𝛼 + 𝑡2 

 

 

 

(5) 

To obtain the camera calibration parameters,15 points have been 

chosen and the parameters are found by using the least square 

method as 𝐴 = 3,46, 𝐵 = 2,29, 𝐶 = 93,88, 𝐷 = 0,74, 𝐸 =
0,43, 𝐹 = 20,88.  

C. Recognizing the Welding Points with image processing 
 The total chassis area is divided into 3 while the image 

processing algorithms according to the distance in the Z 

direction to camera for 7 source points in total are created. The 

divided areas marked with turquois are shown in the Fig. 5.  

 

Fig. 5. The divided areas for image processing algorithms 

 In the image processing algorithms, the first and second 

welding points for the high-pressure test are found in the first 

area is shown in Fig. 6, the third source point for the equilibrium 

test in the second area is shown in Fig. 7, and the fourth and fifth 

welding points for the high-pressure test in the third area are 

found is shown in Fig. 8. The parameters have been selected for 

the best results in NI Vision Assistant. 

 

Fig. 6. The image processing algortihm for first area 
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Fig. 7. The image processing algortihm for second area 

 

Fig. 8. The image processing algortihm for third area 

IV. EXPERIMENTAL RESULTS AND DISCCUSSIONS 

 In this section, we will experimental results of the proposed 

system. The position information of the welding points is 

collected from for 500 products. The updated parameters for 

each image processing area are given in Table 2. 

TABLE II.  CAMERA CALIBRATION PARAMETERS. 

Area Z (mm) A B C D E F 

1 275 3.85 2.47 98.66 0.95 0.64 25.36 

2 300 4.17 2.63 102.34 1.22 0.78 29.74 

3 325 4.49 2.84 116.72 1.64 1.05 39.47 

A. High Pressure Test Results 
 In this test, two welding points have the most deviation 

occurs are illustrated. The deviation between sixth welding point 

positions for 500 sample products on the X and Y axis of sixth 

welding points are illustrated in Figure 9. The deviations are a 

wide range due to model transitions, as the deviations at the sixth 

welding point at the compressor inlet similar at the fifth welding 

point. In various models, the compressors are used in different 

sizes. Since the compressor is not referenced to a certain point 

when it is placed in the product, the positions deviate in the X 

direction at the sixth source point. The deviations on the Y axis 

are occurred in the narrow range due to the deviations the 

position of the product on the palette to the palette dimensions.  

 The deviation between first welding point positions on the X 

and Y axis are illustrated in Fig. 9 and second welding positions 

on X and Y axis are illustrated Fig. 10. It is seen that there is no 

effect of operator induced changes on the X axis for the first 

point because there is no displacement in the welding at the 

outlet of the compressor. Moreover, On the Y axis, ±30 mm 
displacement is constantly visible the compressor can be 

interpreted as a position change on the frame on the Y axis. For 

second welding positions, the deviation in positional changes in 

the X and Y axis at the second source point is more frequent. It 

is shown that the change in the end point of the pipe does not 

result from the effect of the model change, but rather the position 

changes due to the operator influence during the welding 

operator. 

 The deviations between sixth welding point positions on the 

X and Y axis are illustrated in Fig. 11 and seventh welding 

positions on X and Y axis are illustrated in Fig. 12. It is seen that 

the deviations are a wide range due to model transitions, as the 

deviations at the sixth welding point at the compressor inlet and 

seventh welding positions at the compressor outlet. In various 

 

Fig. 9. The deviation all and peak first welding point (a) X axis (b) Y axis  

 

Fig. 10. The deviation all and peak second welding point (a) X axis (b) Y axis  
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models, the compressors are used in different sizes. Since the 

compressor is not referenced to a certain point when it is placed 

in the product, the positions deviate in the X direction at the sixth 

source point. The deviations on the Y axis are occurred in the 

narrow range due to the deviations the position of the product on 

the palette to the palette dimensions. 

 

Fig. 11. The deviation all and peak sixth welding point (a) X axis (b) Y axis  

 

Fig. 12. The deviation all and peak seventh welding point (a) X axis (b) Y axis  

  The mean, standard deviation, 1st quartile and 3rd quartile 

of the deviations, minimum and maximum values on the X axis 

and Y axis for the high pressure test are given in Table 3. Firstly, 

it is seen that, the mean values of the welding points on X axis 

and Y axis are close to 0. It can be said that the welding points 

are around certain points, but it is not possible to interpret the 

deviation effect by using the mean value. In standard deviations, 

the standard deviations are higher at the welding points that are 

sixth and seventh the welding points for the high pressure test 

where the position change is due to the model difference on the 

X axis. that the standard deviations on the Y axis are less than 

the standard deviations on the X axis. Deviations due to model 

differences on the X axis are very small on the Y axis. For this 

reason, it can be said that the deviations on the Y axis are caused 

by the size variation of the position of product on the pallet and 

the dimension of pallets rather than the model change. In the 

same way the quartile interval is higher for sixth and seventh 

welding points on X axis. On the other hand, it is seen that the 

standard deviation value and quartile interval at the first and 

second welding points for the high pressure test are lower.  

B. Equilibrium Test Results 
 The deviation between third welding point positions on the 

X and Y axis are illustrated in Fig. 13and fourth welding 

positions on X and Y axis are illustrated in Fig. 14.. As can be 

seen from the figures, the position deviations on the X and Y 

axis initially are few. However, after 300 deviations, the 

deviations of welding positions are more visible in the X and Y 

directions. As the welding operator is carried out on the pipe 

above the compressor, the deviations appear to be due to the 

positional change of the compressor in the chassis and the 

position deviation. The deviation in positional changes of fourth 

welding point which is located at the entrance of evaporator is 

occurred narrow gap on the X and Y axis.. 

 

Fig. 13. The deviation all and peak third welding point (a) X axis (b) Y axis  

 

Fig. 14. The deviation all and peak fourth welding point (a) X axis (b) Y axis   

TABLE III.  THE DESCRIPTIVE STATICS OF DEVIATIONS ON THE X AXIS AND Y AXIS FOR HIGH PRESSURE TEST 

Welding Points Mean Standard Deviation 1st Quartile 3nd Quartile Min Max 
 X Y X Y X Y X Y X Y X Y 

1 0.005 0.007 16.02 9.86 -2.65 -4.80 2.36 4.59 -64.30 -34.58 109.30 36.23 

2 0.007 0.120 20.92 18.24 -6.82 -9.66 6.28 9.48 -69.23 -76.49 73.11 92.43 

6 0.110 0.001 56.07 5.56 -17.25 -0.02 16.94 0.02 -187.80 -55.65 165.50 45.66 

7 0.110 0.001 49.91 2.97 -17.18 -0.03 17.18 0.03 -152.30 -13.70 131.80 12.96 
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TABLE IV.  THE DESCRIPTIVE STATICS OF DEVIATIONS ON THE X AXIS AND Y AXIS FOR EQUILIBRIUM TEST 

Welding Points Mean Standard Deviation 1st Quartile 3nd Quartile Min Max 
 X Y X Y X Y X Y X Y X Y 

3 0.057 0.160 13.45 22.61 -3.60 -5.34 3.28 4.80 -57.86 -76.76 58.59 77.03 

4 0.002 0.043 14.15 15.91 -7.45 -4.36 7.27 5.70 -40.39 -53.75 38.70 53.77 

5 0.020 0.000 35.92 4.82 -14.44 -0.03 16.76 0.03 -122.80 -30.64 93.26 30.71 

 
 The deviation between fifth welding point positions for 500 

sample products on the X and Y axis of third welding points are 

illustrated in Fig. 15. It is seen that the deviations on X axis at 

the fifth welding point which is located the exit of the evaporator 

are in wide range because of model transitions. The evaporates 

are used in different size in various models. As the evaporators 

are referenced to the left while being placed on the product, the 

deviations in the fifth welding point are occurred in X direction. 

The deviations on the Y axis are occurred in the narrow range 

due to the deviations the position of the product on the palette to 

the palette dimensions.  

 

Fig. 15. The deviation all and peak fifth welding point (a) X axis (b) Y axis  

 The mean, standard deviation, 1st quartile and 3rd quartile 

of the deviations, minimum and maximum values on the X axis 

and Y for the equilibrium test are given in Table 4. The mean 

values of the welding points X axis and Y axis for equilibrium 

tests are close to 0 like as the welding points for high pressure 

test. It can be said that the welding points are around certain 

points, but it is not possible to interpret the deviation effect by 

using the mean value. In standard deviations, the standard 

deviations are higher at the welding points that are fifth the 

welding points for the equilibrium test where the position 

change is due to the model difference on the X axis. In the same 

way the quartile interval is higher. On the other hand, it is seen 

that the standard deviation value and quartile interval at the third 

and fourth welding points for the equilibrium test are lower. It 

has been observed that the deviation value at these points is 

operator sourced during the welding operator. standard 

deviations on the Y axis are less than the standard deviations on 

the X axis. In particular, deviations due to model differences on 

the X axis are very small on the Y axis. For this reason, it can be 

said that the deviations on the Y axis are caused by the size 

variation of the position of product on the pallet and the 

dimension of pallets rather than the model change. The variation 

is over the quartile intervals at the observed the welding points.  

V. CONCLUSION 

 In this study, the automation project with vision based 

positioning by using ABB IRB 140 robot is proposed, the 

coordinate transformation and camera calibration is applied, two 

types gas leakage test for HP dryers are proposed and the image 

processing algorithms for welding points of gas leakage test by 

dividing three areas of chassis are proposed. For this purpose, 

the robotic automation system has been installed and the real-

time experimental studies are performed in order to show the 

effectiveness of the vision based positioning ABB IRB 140 

robot for the gas leakage test by presentation the derivations of 

welding points positions. The results show that the position 

changes of welding points are detected successfully via the 

proposed image-based robot positioning.  
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Abstract— In this study, a cooperative control problem with 
obstacle avoidance for a team mobile agent system is 
investigated. The agents are modelled with double integrator 
dynamics considering the center coordinates in 2D space. The 
underlying topology of the focused system is captured by an 
undirected graph. Firstly, basic consensus controller structures 
are explained. Then obstacle avoidance problem which is based 
on collision cone approach is examined. Finally, both controller 
algorithms are combined and simulated with using second-
order agent model.  Simulation studies have been conducted 
with MATLAB program. The obstacle is selected a circle 
stationary object. The results show that the agents use the 
collision avoidance algorithm to prevent obstacle and consensus 
algorithm to reach consensus point after passing the obstacle. 

Keywords— multi agent, consensus, obstacle avoidance, 
cooperative control, collision cone approach 

I. INTRODUCTION 

In recent years, cooperative controller design for multi-
agent systems has become increasingly popular, especially for 
mobile robotic applications such as surveillance, rescue and 
reconnaissance problems [1,2]. The motivation behind 
cooperative working is that working as a group has important 
due to low cost, high additivity, and easy maintenance. 
Among cooperative control problems, consensus is the 
attractive one due to its applicability of many systems. 
Consensus means that a group of agents reaches an agreement 
on a common value by interacting with each other via a 
communication network [3]. In the early studies, the multi-
agent systems are modelled by first-order dynamics and some 
main theoretical results are obtained. [4-5]. Then, consensus 
problem modelled with second-order dynamics enables to 
study complex dynamic systems because these systems can 
reduce to second-order model [6-7]. Some necessary and 
sufficient conditions for second-order consensus are given in 
[8] and non-linear first and second-order multi-agent systems
are studied in [9-10]. The multi-agent systems can also be
studied with continuous-time and discrete-time dynamics [11-
12]. In most of the studies related with the consensus control
problem, the agents are generally modelled with the
homogenous dynamics, however the problem with
heterogeneous systems which consist of agents modelled with
a second-order and Euler-Lagrange dynamic is investigated in
[13].

One of the important application area of consensus 
problem is mobile robot systems due to their real world usage 
is increased [14]. When robots are moving in unknown space 
to implement the task cooperatively, there is a possibility for 
them to meet obstacle or another agent. For this reason, 
collision avoidance plays an important role in consensus 
problem. In literature, there are some studies more particularly 
formation control with obstacle avoidance [15-16]. The 

method named as potential field approach for collision 
avoidance is mostly examined for cooperative task. [17]. 
However, collision cone approach, which is also used in this 
study, can be a solution this type of problem with both the 
shape of the obstacles, as well as their instantaneous velocities 
into account [18]. 

The remainder of this paper is organized as follows. In 
Section II, some preliminaries related the graph theory is 
introduced, as well as the model of mobile agent is given. 
Sections III gives the details of consensus control and obstacle 
avoidance algorithms, respectively. Several simulation 
examples are presented in Section IV. Conclusion and future 
works are also given in Section V. 

II. PRELIMINARIES AND SYSTEM MODEL

In this section, some basic concepts related the graph 
theory are first introduced, then agent model which is used in 
this paper is examined. 

A. Preliminaries

Graph theory is one of the main tool used in analysis of
multi-agent systems. The interaction of agents that are 
connected with a communication network is modelled by 
using a graph. A finite, simple graph can be shown as ! =
($, &) which consist of a vertex (node) set $ = ()*, )+ … )-.
and an edge set & ⊆ $0$. In multi agent systems, each agent
is represented by a node and the communication link among
the agents is represented by the edges. The graphical
representation of G consists of “dots” (the vertices )1), and
“lines” between )1  and )2 when )1, )2 ∈  & .  The adjacency

matrix, 5 = 671289:-×- , (712 ≥ 0 (generally 712 = 1  ),
∀', ( = 1, 2 … *)  is used to express the information link
between the agents and if the corresponding edges is the 
element of edge set, this means 712 > 0 that the agent )2 is the
neighbor to )1 , otherwise 712 = 0. In this study, the agents
cannot communicate with itself that means 711 = 0 .  ,1 =
()29$: ()1, )2)9&. denotes the neighbor set of agent ' . The
total number of vertex nodes that connected to a node is called 
the vertex degree. The diagonal elements of the diagonal 
matrix . = /'70(/1)  represent the degree of the
corresponding vertex. The graph Laplacian matrix which is 
frequently used in analysis of multi-agent systems is defined 
as 1 = 62128 = . − 5 . This matrix is symmetric, positive
semi-definite and eigenvalues are always non-negative. If 
there is a node which is reachable from every other node in the 
graph, the node is said to be reachable. If each node in the node 
set is reachable from every other node, then the graph is said 
to be connected. In this study, the considering topology is 
undirected and connected. 
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B. System Model 

In this study, the mobile agents are considered to move in 
2-dimensional vector space and the basic representation of an 
agent is shown in Fig. 1. 4(0, 5) represents the position of the 
agent in 2D space and the orientation angle, θ is the angle 
between the nose of the agent and the x-axis. It is measured 
counterclockwise from the positive direction of the x-axis. In 
here, the mobile agents are modelled by using double 
integrator dynamics as in (1). 

           061(7) = )89(7), )689(7) = :89(7)       (1) 

 561(7) = );9(7), )6;9(7) = :;9(7),   ' = 1,2, … , *.   

Where 01(7), 51(7)9:-  are the position states, )89(7),  
);9(7)9:-  are the velocity states, and :89(7), :;9(7)9:-   are 
the control inputs of the '-7ℎ agent along the x-axis and y-axis. 
Also, the corresponding discrete time model of (1) which is 
obtained using Euler's approximation is given in (2). Here, > 
represents the sampling period whose value is taken as 1. 

                  01(? + 1) = 01(?) + )89(?)> 

                  )89(? + 1) = )89(?) + :89(?)> (2) 

                  51(? + 1) = 51(?) + );9(?)> 

       );9(? + 1) = );9(?) + :;9(?)>       ' = 1,2, … , *. 

 

Fig. 1. The representation of mobile agent in 2D space 

III. PROBLEM DESCRIPTION 

In this section, at first, the detail of the consensus control 
algorithm and obstacle avoidance algorithm are given, then 
they are combined to show how an agent can achieve 
consensus and avoid obstacle simultaneously. 

A. Consensus Control Algorithm 

The consensus control signal which is known as second-
order consensus protocol is defined in (3) [19]. It is applied to 
each agent for both axes separately. 

:AB-9(?) = ?* C 712

-

2D*
E02(?) − 01(?)F

+ ?+ C 712

-

2D*
E)2(?) − )1(?)F             (3) 

Where, 712  is the corresponding element (', ()  of adjacency 
matrix, 5, and ?* > 0, ?+ > 0 are controller parameters. The 
system can be rewritten by substituting (3) into (2), as follows. 
The equations to be written thereafter are constructed just for 
x-axes due to they can be extended for both axes readily. 

01(? + 1) = 01(?) + )89(?) 

)89(? + 1) = )89(?) − ?* C 212

-

2D*
02(?) − ?+ C 212

-

2D*
)2(?)      (4) 

Where, 212  is the corresponding element of Laplacian matrix. 

Eq. (4) can be rewritten in a matrix form as given in (5) [21]. 

                            I 01(? + 1)
)89(? + 1)J = (Γ ⊗ M-) I 01(?)

)89(?)J                     (5)    

where, Γ = I M- M-
−?*1 M- − ?+1J. 

Let O1(?) = 01(?) − 0*(?), P1(?) = )89(?) − )8Q(?) and 0(?) =
RO+

S(?), … , O-S(?) TS, )(?) = RP+
S(?), … , P-S(?) TS, ' = 1,2, … , *, 

then the reduced system is obtained as 

                              I0(? + 1)
)(? + 1)J = (F ⊗ M-) I0(?)

)(?)J                          (6)    

where, F = I M-W* M-W*
−?*1X M-W* − ?+1XJ . LX = Z[

2++ − 2*+ ⋯ 2+- − 2*-
⋮ ⋱ ⋮

2-+ − 2*+ ⋯ 2-- − 2*-
_` 

is defined as reduced Laplacian matrix. Hence, the system 
given (5) reaches consensus if and only if the reduced system 
(6) is stable. 
      In literature, there are some essential definitions about the 
second-order consensus problem with undirected network 
topology [8,19,21]. In these section, these definitions are 
rewritten for proposed system model. For the proof of 
definitions, some references are pointed out. 

Definition 1 [8]: The multi-agent system given in (2) is 
said to achieve second-order consensus if for any initial states 
a01(0), 51(0)b and a)89(0), );9(0)b, there are 

lim
e→g

h0'(?) − 0((?) h = 0,     lim
e→g

i5'(?) − 5((?) i = 0, 

lim
e→g

i)0'(?) − )0((?)i = 0,  lim
e→g

i)5'
(?) − )5(

(?)i = 0 

where ' = 1,2, … , *.   

 Definition 2 [8-19]: The Laplacian matrix of multi-agent 
system given in (2) has a simple eigenvalue 0 and all the other 
eigenvalues are positive if and only if the undirected 
communication network is connected. 

Definition 3 [8-19]: The Laplacian matrix of multi-agent 
system given in (2) has a “0”  eigenvalue with algebraic 
multiplicity l  if and only if  m  has a "1"  eigenvalue with 
algebraic multiplicity 2l . The eigenvalues of the reduced 
Laplacian matrix 1X  consist of the rest eigenvalues of 
Laplacian Matrix 1 except a zero eigenvalue. Γ has two more 
"1" eigenvalues than o, and the rest eigenvalues are the same. 

Definition 4 [19]: The multi-agent system given in (2) is 
said to achieve consensus if and only if the matrix Γ  has 
exactly a "1" eigenvalue of multiplicity two and all the other 
eigenvalues are in the unit circle. Moreover, if the consensus 
is reached, then h01(?) − ∑ O1

-
2D* 02(0) − ∑ O1

-
2D* )2(0)h →

0 , h)1(?) − ∑ O1
-
2D* )2(0)h → 0  as ? → ∞ , where O  is the 

unique nonnegative left eigenvector of L associated with 
eigenvalue 0 satisfying OS1- = 1. 

 

x

y

θ

( , )M x y
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B. Obstacle Avoidance Algorithm 

The obstacle avoidance algorithm proposes a solution for 
multi-agent systems to reach the consensus point despite the 
presence of obstacles. In this paper, collision cone approach 
which is explained in detail in [18], is selected for obstacle 
avoidance method. The graphical representation of an agent 
and obstacle are given in Fig 2.  

 

Fig. 2. Graphical representation of an agent (A) and an obstacle (B). 

 Where, r and α represent the relative distance and bearing 
angle between agent and obstacle, $r  and $s  represent 
velocity vector of agent and obstacle, and γ and β represent 
velocity angle of agent and obstacle, respectively.  

The collision cone represents a set of velocity vectors that 
will cause the agent and obstacle to be on the collision course. 
In Fig 2, 5  and t  are the moving agent and obstacle with 
constant speed , $r and $s, respectively. The relative behavior 
of objects is characterized as in (7). 

  $u = v6 =  $s cos(z − {) − $r cos(| − {) (7) 

       $} = v{6 =  $s sin(z − {) − $r sin(| − {) 

Where, $u  and $}  are the relative velocity components 
with respect to A along and perpendicular to line-of-sight. 

The agent 5 and obstacle t are on the collision course if 
their relative velocities belong to a specific set. This set of 
velocity vectors are defined with a quantity 5, which is given 
in (8). 

                            5(7) = v+$~
+

$~
+ + $u+ − :+                          (8)       

Where, R is the radius of obstacle. As explained in [18], if 
5(7) < 0  and $u < 0 , this means that the agent is in the 
collision cone. If 5(7) = 0, then the agent velocity vector is 
aligned with the boundary of the collision cone. So, the aim of 
this approach is that the control signal (:AÅ ) must drive y 
quantity to zero, therefore the agent can avoid the collision. 
To obtain the control signal, firstly the behavior of agent and 
obstacle are modelled using state equation as in (9). 

           Ç
v6
{6
$}6
$u

É =

⎣
⎢
⎢
⎢
⎡ $u
$}/v
Wàâàä

u
àâã

u ⎦
⎥
⎥
⎥
⎤

+

⎣
⎢
⎢
⎢
⎡ 0

0
− sin Ez + è

+ − {F
− cos Ez + è

+ − {F⎦
⎥
⎥
⎥
⎤

:AÅ    (9)   

Here, (8) represents the output of the system. So, the error 
signal is defined as ë(7) = í(7) − 5(7) , where í  is the 
reference signal and error dynamic is obtained as ë6(7) =
í6 (7) − 56(7). As í(7) = 0,  56(7) = ìë(7) = −ì5(7). ì is 
the feedback gain and ì > 0. Finally, the control signal is 

obtained as in (10) by using dynamic inversion techniques by 
the help of (8) and (9). 

:AÅ(7) = 

−0.5ìa$}
+ + $u

+b Ev+$}
+ − :+a$}

+ + $u
+bF

v+$u$} E−$u sin Ez + î
2 − {F + $} cos Ez + î

2 − {FF
        (10) 

As a result, if the consensus algorithm and collision 
avoidance algorithm are combined the control signal that 
applied to each agent both x and t axes in 2D plane is obtained 
as in (11). 

         :1,8(7)  = :AB-9,ï(7) − :AÅ9,ï(7) cos Eî
2 − zF         (11) 

          :1,;(7)  = :AB-9,ñ(7) − :AÅ9,ñ(7) sin Eè
+ − zF    

IV. PROBLEM DESCRIPTION 

To investigate the performance of the algorithm, the 
simulation is conducted in MATLAB program. Let consider a 
network as given in Fig. 3. It can be seen that the topology is 
undirected and connected. The network is formed by six 
identical agents with the dynamics given in (2). The initial 
positions of agents are randomly set to be in 2D space as (5,3), 
(10,5) , (11,12) , (4,13) , (2,4) , (3,2) . And all the initial 
velocities of agents are equal and set as 0.001 [m/sec]. 

 

 

 

 

 

 

 

Fig. 3. The network topology og the system 

The Laplacian matrix 1 of the network is given below with the 
eigenvalues which satisfies Definition 2 and 3, are  at ó* = 0 
and all the other eigenvalues are at "6". The matrix,  m  has 
"1"  eigenvalue with algebraic multiplicity 2  and the other 
eigenvalues are in the unit circle at 0.8200 +  0.3842'. The 
eigenvalues of the reduced Laplacian matrix 1X consists of the 
rest eigenvalues of Laplacian Matrix 1  except a "0" 
eigenvalue. Γ has two more “1” eigenvalues than o, and the 
rest eigenvalues are the same. 

A. Simulation 1: Consensus Algorithm  

The first simulation is conducted under the protocol given 
in (3). Let the controller coefficients are as ?* = 0.02 and ?+ =
0.04 ,the consensus can be achieved. Fig. 4 shows the initial 
and final position of agents in 2D plane in case of no obstacle. 
Due to the agents are modelled by considering center 
coordinates, they are finally reaches on a common position 
value for both axis as seen from the Fig. 4. 

Fig. 5 shows the deviation of x and y positions of agents. As 
seen from the figures, consensus point is achieved for both 
axes.  
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Fig. 4. Consensus trajectory of agents in 2D plane  

 

Fig. 5. Position states of agents both x and y plane under consensus 
controller 

Fig 6 which shows the velocity consensus of the systems is 

calculated by the formula ò$8,1
+ + $;,1

+ . As expected, when the 

agents draw close to position consensus point, the velocities 
converge to zero. 

 

Fig. 6. Velocity states of agents under consensus controller 

B. Simulation 2: Consensus Algorithm with Obstacle 
Avoidance 

The second simulation is conducted for consensus and 
obstacle avoidance algorithm given in (8). Here the obstacle 
is circular with radius value 0.4 and located at position 
(10,10). Fig 7 shows that the agents reach consensus despite 
the presence of obstacles in their way. 

 

Fig. 7. Consensus trajectory of agents in 2D plane with obstacle 

Fig 8 and 9 give the position and velocity consensus of agents, 
respectively. 

 

Fig. 8. Position states of agents both x and y plane under consensus 
controller with collision avoidance 

As seen in Fig 9, the obstacle is on the way of agent 1and 
when the agent encounter with the obstacle the collision 
avoidance algorithm drives the velocity outside the collision 
cone. 

 

Fig. 9. Velocity states of agents under consensus controller with collision 
avoidance 

CONCLUSIONS 

This study examined consensus problem of mobile agents 
with collision avoidance problem. For collision avoidance, 
collision cone approach is used. Firstly, the detail of consensus 
control algorithm is given, then collision cone approach is 
introduced. Finally, both control algorithms are combined. 
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The numerical simulations show that the mobile agents reach 
consensus point despite the obstacle in their way. 

 For future studies, the collision avoidance algorithm will 
be extended for both moving obstacles and also collision 
between agents. As well as, the consensus algorithm will be 
improved for time varying reference state.  
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Abstract— In this study, consensus-based synchronizing 
control for DC motors is presented. Nonlinear sliding mode based 
dynamical control of DC motors is extended for a group of 
networked DC motors and a novel consensus control is developed 
to make the motors reach the same state (position or speed). One 
of the motors in the network is assigned as the group leader. The 
leader is controlled through sliding mode controller to track a 
given desired trajectory. While the rest of the motors in the 
network are controlled through the novel synchronizing controller 
developed in this work. As long as the communication network is 
connected, it is shown that the motors eventually track the desired 
trajectory given to the leader without having any knowledge of the 
desired trajectory. Experimental results are provided at the end of 
the paper to verify our proposed theoretical claims. 

Keywords— consensus control; networked control; sliding mode 
control; nonlinear control 

I. INTRODUCTION

In lots of different industrial applications, DC motors are one 
of the widely used actuators. Low cost, high reliability, easy 
maintenance can be mentioned as some of the advantages of DC 
motors, and simple control techniques can be developed for 
speed and position. DC motor transforms the electrical energy 
into mechanical energy. It’s been widely used in the equipment 
which is driven by electrical energy because of the good 
performance of the adjustment of the speed [1]. 

Control system design is actually the process of choosing 
feedback gains those meet design specifications in a closed-loop 
control system. Because of the excellent speed control 
characteristics, DC motor has been widely used in industry (such 
as trucks, cars and aircraft). Therefore, authors paid attention for 
position and speed controlling of DC motor and proposed 
several methods. Most commonly, Proportional-Integral-
Derivative (PID) controllers have been used for speed and 
position controls [2]. 

In the literature, adaptive-fuzzy output feedback controller is 
developed in [3], in both [1], [4] , nonlinear model of the DC 
model is consider. In [1] control design in the presence of output 
constrains is given while authors in [4] developed a sliding mode 
controller for DC motors. In [5][6], they produces optimal 
controllers for DC motors. They compared two different 
controllers, PID controller and optimal controller in [6]. The PID 
compensator was designed using (GA), while the other 

controller is made optimal and integral state feedback controller 
via Kalman filter. After computer simulation, they found that the 
optimal controller provides less settling time, less overshoot and 
better performance encountering with noise and disturbance 
parameters variations. 

Among the above mentioned control techniques, SMC is an 
effective robust control technique and a variable structure for 
unknown loads and un-modelled dynamics of the nonlinear 
systems. In many nonlinear systems, a SMC has been already 
performed for improving the system performance and 
robustness against perturbations and disturbances. Also, this 
method is used for decreasing model order so as making simpler 
design and increasing trajectory tracking accuracy as given by 
[7], [8]. The SMC technique has provided a systematic approach 
which improves the system ability in order to destroy the 
stability maintaining problem. In addition to these, the 
performance of the system for modelling imprecisions is 
increased [9]. Due to the characteristic features of the SMC 
given above, many researchers in their studies utilized this SMC 
method in order to overcome control problem in their systems. 

In real-time applications, synchronization of the DC motors 
must be accomplished in a reliable and safe way [10] . This 
coordination problem is generally organized hierarchically, the 
coordinator only generates the references to each DC motor to 
achieve the tight time and/or position/speed synchronization of 
all motors. Among the available synchronization mechanisms, 
master/slave synchronization is a widely used technique [10]. In 
some applications (such as paper industry, packaging 
applications), the slave DC motor needs to follow the actual 
states of the master. In this case, the control of several DC 
motors is necessary from the speed and torque viewpoint in 
order to satisfy the industry requirements. 

Improvements on low-cost wireless communications have 
enabled research on networked systems in the last few years. 
There are several different ways to control networked systems 
which includes leader follower [11], virtual structure [12], or 
behavior-based approaches [13], to name a few. Inspired by 
nature, these networked systems are capable of accomplishing a 
given task without requiring external supervision. 

Consensus-based formation control has several benefits such 
as scalability and reliability [14]-[18] over the other formation 
control methods [11]-[13]. Additionally, robustness of the 
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consensus-based formation controller enables the formation to 
continue even if one of the agents in the network experiences a 
failure [19]. The DC motors share their states in consensus-
based formation control. The shared information is then 
synthesized into a control law which seeks to achieve the same 
speed or position for all DC motors until each of them has the 
same angular speed or position.  

In this paper, a modified consensus-based formation 
controller is developed for a group of DC motors. A modified 
consensus-based formation controller is considered where a 
designated leader DC motor tracks its own trajectory 
independently from the other DC motors in the formation [19]. 
The other DC motors in the formation have no knowledge about 
the leader’s desired trajectory. When the communication 
topology is connected among the DC motors, consensus will be 
reached [19]. 

Each DC motor is assumed to share its states, such as 
position, velocity etc. with neighboring DC motors via wireless 
or wire communication. Alternatively, each DC motor may 
obtain the required states of neighbor DC motors’ through local 
sensors, such as capacitive, photoelectric or ultrasonic sensors, 
when the shared communication is not available. Each DC motor 
determines its consensus-based formation errors by using the 
differences between its own state and the neighbor DC motors’ 
states. 

The organization of the rest of the paper can be given as 
follows. Section II presents system description of DC motors; 
consensus-based formation control using the sliding mode 
technique has been given in section III. In section IV, the 
experimental outcomes have been demonstrated, followed by 
the conclusion in Section V. 

II. SYSTEM DESCRIPTION 
A schematic representation of the DC leader and follower 

motor’ s armature circuits and gear trains is given in Fig. 1. As 
can be seen in figure, both motors have a similar electrical and 
mechanical structure. The lower indices, , shown in the figure 
represent the parameters of the leader motor whereas the lower 
indices, , represent the parameters of the follower motor. 
Furthermore, parametric data for systems can be seen in Table 
1.  

Since the systems are similar in structure, it will suffice to 
extract one of the motion equations of the servo system. To 
obtain the motion equations of servo system which describe the 
angular speed of the load with respect to the input motor voltage, 
firstly, the equation of the electric circuit shown in figure 1 will 
be obtained. Then the equation for the mechanical structure 
shown in figure 1 will be achieved. Finally, these two equations 
will be combined. 

 

 
Fig. 1. DC leader and follower motor’ s armature circuits and gear trains 

A. Electrical Equations 
The back-emf voltage  as shown in Figure 1, depends 

on the back-emf constant of the motor,	  and the speed of 
the motor shaft, . This relation is given in (1). 

                                (1) 

In addition to this, we can write the following equation for 
the electric circuit as follow, 

	 	     (2) 

As shown in Table 1, Since the 	  much less than 	 , it 
can be ignored. Then, the electrical equation becomes; 

	               (3) 

Using the (3), the motor current  can be found as; 

                            (4) 

B. Mechanical  Equations 
As illustrated in Figure 1, the load equation of motion can 

be written using the Newton's second law as follow; 

                     (5) 

where 	  is the total torque applied on the load. Similarly, the 
motor shaft equation of motion can be expressed as; 

          (6) 

where  is the resulting load torque on the motor shaft. The 
torque at the load shaft can be written as; 
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	                           (7) 

Therefore, the torque seen at the motor shaft through gears can 
be expressed as; 

                               (8) 

Since the motor shaft must rotate  times for the output shaft 
to rotate one revolution. 

	                            (9) 

Relationship between the angular speed of the motor shaft, 
, and angular speed of the load shaft is find,  by taking 

the time derivative as; 

	                         (10) 

To find the differential equation that describes the motion 
of the load shaft with respect to an applied motor torque 
substitute (8), (10) and (5) into (6) to get the following; 

 

	 	 	 	 (11) 

Collecting the coefficients in terms of the load shaft 
velocity and acceleration gives 

TABLE I.  PARAMETRIC DATA FOR SYSTEMS 

Symbol 
PARAMETRIC DATA FOR SYSTEMS 

Description Leader DC 
Motor 

Follower DC 
Motor 

 
Motor armature 
resistance   

Motor armature 
inductance 

	 	

Motor back-emf 
constant 	

	
Motor current-torque 
constant 	

	
Gear ratio 	
Motor efficiency 	
Gearbox efficiency 	
Motor shaft moment of 
inertia 	
Load moment of 
inertia 	
Viscous friction acting 
on the motor shaft 	

	
Viscous friction acting 
on the load shaft 	

	
 

	
                               (12) 

Define the following terms; 

	 	                               (13) 

	 	                              (14) 

and simplify the equation as; 

	 	              (15) 

The electrical equations and the mechanical equations are 
brought together to get an expression that express the load 
shaft speed in terms of the applied motor voltage. 

The motor torque is proportional to the applied voltage and 
is described as  

	                             (16) 

with  being the current-torque constant ( ),  is the 
motor efficiency, and  is the armature current  

Motor torque can be expressed with respect to the input 
voltage 	and load shaft speed 	 by substituting the motor 
armature current given by equation (4), into the current-torque 
relationship given in (16); 

	 	                    (17) 

To express this in terms of 	 and 	, 

	 	
                   (18) 

If we substitute (18) into (16), we get: 

	 	 	 	
    (19) 

After collecting the terms, the (19) becomes 

	 	 	
	                             (20) 

This equation can be re-written as: 

	 	 , 	          (21) 

where the equivalent damping term is given by; 

, 	                       (22) 

and the actuator gain 

	                               (23) 

III. CONTROLLERS DESIGN 
In this section, the problem statement and controller 

design is given. We assumed that two DC motor is working 
together on an industrial application and putting two different 
load together. Each motor is assumed to have different 
dynamics parameters as well. First, position and speed control 
of the leader DC motor is given. Then, the position and speed 
control of the follower DC motors which take the leaders 
speed/position as the desired states are given. 
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A. Leader DC Motor Control 
Define the dynamics of the leader DC motor’s dynamics 

as 

	 	 , 	         (24) 

In general, the steady-state variables of the system are 
utilized to design a SMC. For the purpose of controller design, 
we can choose the state variables as follow; 

,					              (25) 

                              (26) 

Hence, state space representation of Eqs. (24) can be 
altered as follows; 

,
	 	 ,               (27) 

Hence the standard second order dynamic equation of the 
system is obtained in the form; 

, , ,             (28) 

where, ,
,
	

, 
	
 , ,

 and , ) is the uncertainties of the system. In this 
proposed method, a sliding surface  is selected as follows; 

, , ,                            (29) 

where, ,  is a positive constant parameter, ,  is the position 
tracking error and it can be given as 

,                             (30) 

Differentiating Equation (29) with respect to time, the 
following equation is obtained 

, , ,                             (31) 

This can be further written as, 

, ,                       (32) 

Substituting  from Equation (28) into Equation (31) 
yields; 

, , , ,             (33) 

It is well known that, in the second order sliding surface 
condition, if,  and  equal to null then the tracking error 

 reaches to zero. Hence, the reaching phase control law ,  
can be obtained by using the 	  as follows; 

,
, , ,                    (34) 

In addition to this, it is not appropriate to use only the reaching 
phase control law to control the system. The uncertainties 
which are constrained in (28) can reduce position tracking 
performance of the system. Therefore, a switching control 
law, , , in Eq. (34), should be added to control signal to 
ensure the robustness of system against the external or system 
disturbances. 

, ,                              (36) 

where, ,  is the switching gain parameter and  can 
be expressed given as below. 

                        (37) 

Thus, the total feedback SMC control law ,  for the system 
is written as follows; 

, , ,
, , ,

,                                  (38) 

Practically, the control law given in Eq. (36) can result in 
oscillations due to the high-frequency switching and this 
oscillation is called chattering effect. To overcome the 
control-chattering during the implementation, the  (high-
frequency switching function), can be approximated to the  
function, which is called the smooth limited function. 

 On the other hand, to obtain the speed control of the leader 
DC motor, take the derivative (27). 

,
	 	 ,              (39) 

The speed tracking control in (37) can be obtained by 
using the same sliding mode control given above as 

, , ,
, , ,

,     
(40) 

where  is the angular acceleration, ,
,
	

, ,  is the speed tracking error. 

The SMC implementation block diagram for the leader DC 
motor is shown in Figure 2. 

 
Fig. 2. Schematic view of the SMC implementation for the leader DC 
motor. 

B. Follower DC Motor Control 
In the network of DC motors, the leader DC motor tracks its 
own trajectory. There is communication network among the 
DC motors. However, only some of the followers have direct 
communication with the leader, while the rest has 
communication links with their fellow follower DC motors. 
Similar to (27), follower DC motor’s angular position 
dynamics can be given as 

,
,                  (41) 

The position tracking error of the follower DC motor is 
defined as 

                  (42) 
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where  is the set of DC motors, is the number of neighbour 
DC motors in neighbourhood of the follower DC motor and 

 is the angular position of the  DC motor . We can 
consider the average angular positions of the neighbors as the 
desired position for the   follower DC motor, 

. 

Similar to the position tracking controller of the leader DC 
motor, follower DC motor’s controller can be given as 

, , ,
, , ,

,     
(43) 

With ,
,  , ,  is 

the first derivative of (42), . Second 
derivative of the desired angular position can be given in more 
details as 

,
	 	 ,             (44) 

Remark: Realize in (44) that the full dynamics of the 
neighbour DC motors are considered as part of the position 
tracking control of the follower DC motor in (43). n this 
work, we assumed that the dynamics of each DC motor is 
broadcasted for their neighbor motors.  

Similarly,  follower DC motor’s angular speed dynamics 
can be given as 

,
,                 (45) 

The speed tracking error of the follower DC motor is 
defined as 

                      (46) 

where  is the set of DC motors, is the number of neighbour 
DC motors in neighbourhood of the follower DC motor and 

 is the angular position of the  DC motor . We can 
consider the average angular positions of the neighbors as the 
desired position for the  follower DC motor, 

. 

Similar to the speed tracking controller of the leader DC 
motor,  follower DC motor’s controller can be given as 

, , ,
, , ,

,     
(47) 

with ,
,  , ,  is 

the first derivative of (46), . Second 
derivative of the desired angular velocity can be given in more 
details as 

,
	 	 , 	        (48) 

Assumption: In this work, it is assumed that the 
communication topology among the DC motors remain 
connected all the time. Which means that each motor provides 
its states to at least one other motor and each motor receives 
at least one other motor’s states information [19]. 

 

 
Fig. 3. Schematic view of the SMC implementation for the networked 
follower DC motors. 

IV. EXPERIMENTS 
As it is show in Figure 4, we utilized 3 DC motors. One of the 
motors is chosen to be the leader of the network while the rest 
two are chosen to be follower motors.  The controller has been 
implemented in MATLAB Software running on a PC with 
Intel Core i7-4790 3.6 GHz processor as shown in Figure 4. 
The experiments are executed by utilizing the Q8 USB data 
acquisition from Quanser that is suitable for rapid control 
applications and provides superior real-time application 
performance. The instantaneous motor angles have been 
calculated by using the data acquisition encoder inputs using 
4x quadrature and the angular velocities are taken by 
implementing the direct backward differentiation technique, 
from the motor angles calculated. The accuracy of each 
encoder of motor’s is 1024 counts per revolution. 

 

 
Fig. 4. The experimental setup. 

 Firstly, a desired square wave with 0.1 Hz frequency is 
given for the leader as a desired speed during all 50 seconds. 
However, the follower DC motors are forced to track a 
sinusoidal desired trajectory, 	  
during the first 20 seconds namely, there is no 
communication among motors and they track their own 
trajectories independently as illustrated on the first part of 
communication topology in Figure 6. By using the sliding 
mode controller, all three motor track their desired 
trajectories with very small errors independently as it can be 
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seen in Figure 4 during the first 20 seconds. After the 20 th 
second, the follower I motor uses the leader’s speed while the 
follower II averages the leader and follower I motor’s speed 
as its desired speed as illustrated on the second part of 
communication topology in Figure 9. As it is shown in Figure 
5, our consensus based sliding formation controller is able to 
make the follower motors’ speed converges to leader’s speed 
with some acceptable errors. After the 35 th second, the 
communication link between the leader and the follower II is 
interrupted and the follower II used the follower I’s speed as 
the desired speed between 35 th and 50 th seconds. Notice 
that the tracking performance of the follower II is worse 
between 35-50 th seconds than 20-35 th seconds. The reason 
of reduced tracking performance is that the follower II uses 
the follower I’s speed as desired speed. Since there is error 
between the follower I and the leader, the follower II tries to 
track a signal with error. Therefore, the error increase 
between 35-50 th seconds. 

 
Fig. 5. Speed trajectories of the leader and followers with the desired square 
trajectory. 

 

 
Fig. 6. Time varying communication topologies between the leader and 
follower motors. 

V. CONCULUSION 
In this paper, a novel consensus based Dc motor formation 

controller was designed. A sliding mode controller was 
utilized to control the leader motor while the follower motors 
were controlled through our novel control scheme. 
Experimental results revealed that the follower DC motors 
reaches consensus with the leader even in the presence of 
communication interruptions as long as the network remains 
connected among the motors. Future work will investigate 
extending the approach to unknown leader DC motor  
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Abstract—Safety critical systems are of capital importance
in processes which could lead to loss of life, injuries or envi-
ronmental damage. Software which is used in sectors such as
aviation, railway, nuclear, machine automation also must be safety
critical. Industry-specific safety standards that reside with IEC
61508 umbrella standard direct the way in which safety-critical
processes should be managed. One of the methods recommended
in these standards, N-version programming uses several versions
of the same software module with the purpose of satisfying the
need for variation in software design. But the matters of choosing
the right alternatives and specifying the version number have yet
to be solved. On the other hand, errors made during design
stage have a substantial impact on the project’s budget and
completion period. One of the Multi-Attribute Decision-Making
Methods (MADM), TOPSIS plays a prominent part in making
the right decisions on the design stage. In this study, a solution
to the problem of which alternatives should be preferred in the
N-version programming technique was found with the help of the
TOPSIS algorithm.

Index Terms—N-version programming, TOPSIS, Safety Critical
Systems, SIL, Decision Support Systems.

I. INTRODUCTION

N-version programming (NVP) techniques use two or more
versions of the same software module that meet the need
for design diversity [1] In different versions, different teams,
coding languages or different algorithms can be jointly used
to minimize the probability of failure. An N-version software
(NVS) unit is a fault-tolerant software unit based on a general
decision algorithm to determine a consensus result of the
results given by NVS units [2]. This decision algorithm is
ordinarily applied as a general voter to judge among the results.
In practice, the number of spare modules is low and is admitted
to be three or five.

Various multi-version programming techniques are used
to create attack-resilient architectures such as those presented
in many of the existing architectures [3]–[6] Some of these
architectures use voter systems to have different types with
different weak spots and to select the final output. It is also
used in decision-making systems as to which versions to be
selected besides the voter system choice. The purpose of Multi-
Criteria Decision-Making Methods (MCDM) is to select the
best alternatives for any decisions to be made. Reliability and
objectivity of the decisions made play a vital role in the design
stage. If the decisions are made superficially and just on the ba-
sis of prediction, this will cause the failure of NVP design. For

this reason, replacing the classical decision-making methods
with modern decision-making methods will be advantageous
in terms of reliability and availability of the cost system.
As one of the most important features of modern decision-
making methods, TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) provides help in decision making
by taking many criteria into consideration for a more objective
performance evaluation. TOPSIS method has a widespread use
in the literature because it is a popular method within MCDM
[7]. In this study, N-version programming and safety-critical
applications will be discussed with Voting algorithms, Sample
NVP Problem definition, TOPSIS algorithm of the MCDM
methods, sample NVP problem and the results.

II. SAFETY CRITICAL SYSTEMS

Today’s technologies are built around electronics and the
software managing these electronic parts. While electronic
and software failures do not pose problems in non-life-critical
applications, the results of software failures in life-critical
applications such as vehicles, railway applications, industrial
applications, nuclear power plants, etc., turn into a tragedy. At-
tempts are made to increase reliability by taking the necessary
precautions to prevent software failure. Despite all these ef-
forts, it is possible for the software to contain some unsolvable
faults. While the software is running under certain conditions,
the faults it has will turn into errors and failures. In order
to avoid the failures that the errors might cause in software
systems where a high level of reliability is aimed, especially
in Safety-critical applications, N-version programming and
Recovery block are the suggested approaches to present Fault-
tolerant software [8].

A. SIL (Safety Integrity Level)

SIL certificate indicates SIF (Safety Instrumented Func-
tion) reliability of a system. SIF is a function to detect and
prevent any hazardous situation that may take place during an
operation. For instance, SIF is the operation where overheating
of an engine is detected via a thermal sensor and the engine is
halted. SIF function controls a specific operation. A separate
SIF function is required for each operation. In addition, the en-
tire SIF functions constitute SIS system (Safety Instrumented
System). SIS is a control system which controls the entire
system and, in dangerous situations, brings the system back
into safety. Besides ”Functional Safety” term expresses the
case where the entire SIF functions in a system take place
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successfully and, as a result of this, risk emerging during the
operation decreases to an acceptable level. SIL certificate is
applied within the context of SIF. SIL certificate specifies the
reliability range of SIF function. Reliability range is expressed
with Probability of Failure on Demand (PFT) or with the exact
opposite term Risk Reduction Factor (RRD).

TABLE I. SIL-RELIABILITY-PFT-RRD

SIL Level Reliability PFT RRD
SIL 4 >99,99% 0,01% - 0,001% 10000 - 100000 times
SIL 3 99,9% - 99,99% 0,1% - 0,01% 1000 - 10000 times
SIL 2 99% - 99,9% 1% - 0,1% 100 - 1000 times
SIL 1 90% - 99% 10% - 1% 10 - 100 times

SIL certificate has been identified in four different levels
according to system’s probability of failure on demand. The
higher the SIL level gets, the less probable the system will fail
and the better the system performance will be. In addition, the
higher the SIL level gets, the higher the cost and the mainte-
nance cost of the system gets and also the more complicated
it gets. Hardware Fault Tolerance (HFT) shows the quality of
Safety feature.

HFT 0: Single channel use: A single fault might cause loss
of safety.

HFT 1: Redundant Version: There have to be at least two
simultaneous hardware faults that cause loss of safety.

HFT 2: Dual Redundant Version: There have to be at least
three simultaneous hardware faults that cause loss of safety.

Safe Failure Fraction (SFF): This value presents the frac-
tion of definite device faults. For examples, 79% SFF value
means no other faults than the 79 in a total of 100 on a
device affect the device’s safety function. SFF value is used
together with HFT. Which device has to be used is determined
by considering these two values.

The level of SIL that a facility or its part require can be
calculated quantitatively or qualitatively. In the quantitative
method, required SIL is found through the calculation of
risk probability: by using the analyses of failure fractions
of comparable situations or using the related databases or
using appropriate estimation methods and making calculations.
Qualitative method is a simplified model, helping to specify
the required SIL level according to the hazard types. It’s shown
in Figure 1.

Fig. 1. Qualitative method used at SIL level determination

Two types of errors, random and systematic errors, can be
mentioned in safety-related systems. Random errors are not
present during shipment. They show up randomly as a result
of the factors such as short-circuit, disconnection and value
shift emerging in parts of the hardware. Systematic errors are
already present in the device during shipment. These are typi-
cally development, design and configuration errors. Examples
include software errors, incorrect device range selection. [9]

III. N-VERSION PROGRAMMING

Space [10], railway signalization systems [11], message
delivery systems [12], e-voting [13], plagiarism detection al-
gorithms [14], network services [15] are among the successful
implementations of N-version programming (NVP) technique
in the literature. Besides software requirements of N-version
programming technique were explained in the literature [16]–
[18]. These studies have made it clear that the software to be
developed must be examined by different working groups, with
different software languages, in different software development
environments.

A. Nvp voting algorithms

N-version programming method is one of the fundamental
approaches to high reliability and fault-tolerant software devel-
opment. This method has been put forward by Avizienis [10].
According to N-version programming (or N-version software),
N number of software versions (or modules) have to be
developed by N number of working groups. These versions
have the same input/output characteristics and are functionally
equivalent, that is, they accomplish the same mission. Nev-
ertheless, depending on the working groups, they may apply
different methods of problem solution during the mission.

According to N-version approach, versions must conform
to diversity condition [17]–[19]. Ideally, versions must be de-
veloped by separate programmers, using separate programming
languages and frameworks. Applying separate methods and
algorithms to accomplish the same mission will help avoid
dependent faults. In other words, N-version programming
method does not overcome software design faults, rather it
protects the whole system lest it should end up in a dangerous
situation.

N-version programming method argues that faults may
arise in various stages in functionally equivalent modules;
therefore, faults can be detected, and actual results can be
gathered [20]. The more the number of software versions,
the more the probability of running the N-version software
correctly is. The greatest advantage of this method is to ensure
software fault-tolerance [21]. Even in case of failure of any
version, the remainder of the running versions will generate
their results and the system will continue running. In this
case, usual operation of the system is insured against faults
that are generated during software development and that is not
specified in test phase [22], [23].

The N-version programming method ensures that the faults
of one of the versions do not disrupt the system’s operation
and that the reliability has strict requirements. In this regard,
this approach is actively used in engineering exercise and has
proven useful in the development of software control systems
and computing. Using the N-version programming method,
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along with available test methods and program validation,
guarantees high-level software reliability [22], [24], [25].

Nuclear industry, underwater and underground research, the
chemical industry, railway locking systems, electronic voting,
messaging systems, web services, plagiarism detection and
detection of zero-day exploits can be regarded as the potential
implementation areas of N-version programming include [11],
[12], [14], [15], [26]–[28].

Recently, there are many algorithms for voting, which
differ in terms of voting schemes and the requirements of the
original data [29]–[31]. Each algorithm has its own advantages
and disadvantages and there are certain conditions for it to be
successfully implemented. In addition, depending on the data
set given by the versions, some algorithms may turn out to
be ineffective or may not be able to find an opportunity to
make a decision regarding the accuracy of the outputs. All
voting algorithms have a set of algorithms containing common
properties.

1) Comparison based voting algorithms: Prior to examin-
ing this class of algorithms, basic properties of the implemen-
tation are noted as follows:

The core of algorithm implementation makes the assump-
tion that the probability of identical and misleading answers
is negligible. Identical and false answers are given when
multiple versions produce incorrect results. All of the results
returned by versions are divided into a subset of the ”correct”
and ”false” outputs. The selection of the ”correct” answer
set is based on a comparison of all the results. The output
equivalence concept is used in the comparison of the results
of the versions. Thus, if the output values are no different than
the constant number called the tolerance value, the output of
one version is equivalent to the output of another version.
As a rule, equivalent output lines are regarded as correct
results. This set is selected from all the results of versions.
Selection of the correct result set of the versions is done
using the agreement matrix or using subsets of the accepted
versions. Voting algorithms, which depend on the comparison
of output results, can be divided into two sub-classes consisting
of formalized and non-formalized voting algorithms.

2) Output data based on similarities of voting algorithms:
The basic characteristic property of these algorithms is that the
result of the evaluations does not depend on how the outputs
of the versions are put at risk. Maximum Likelihood Voting
Algorithms (MLV) and Mean Voting Algorithms belong to
this class of algorithm. The following Voting algorithms are
used for evaluation and correct result choice in the N-version
software. [29]–[36].

N-version programming with majority voting (NVP-MV),
N-version programming with consensus voting (NVP-CV),
Fuzzy Majority Algorithm, Fuzzy Consensus Algorithm, Min-
imized Majority Voting Algorithm (MinMV), Minimized Con-
sensus Voting Algorithm (MinCV), Formalized Majority Algo-
rithm (FMV), Formalized Consensus Algorithm (FCV), Max-
imum Likelihood Voting Algorithm, Mean Voting Algorithm

Fig. 2. Classification of voting algorithm in N-version software

Figure 2 illustrates the classification of voting algorithms
used in N-version software. It shows that classification is
based on decision-making principles of voting algorithms,
classification of output data, and certain properties of output
data classification.

IV. MULTI-CRITERIA DECISION-MAKING METHODS AND
TOPSIS ALGORITHM

Multiple attribute decision making (MADM) is a signif-
icant part of modern decision science. It has been heavily
applied to areas such as society, economy, military, manage-
ment, etc. and has gathered growing interest in the last decade.
MADM involves finding the most appropriate alternative/s
from a separate set of feasible alternatives based on a finite
set of qualifications [37]. MADM has been turning into a
trend research topic of the system in decision science field. It
encompasses engineering, management science, and operations
research and has been extensively applied to various fields. A
number of studies with diverse weights of rating index have
been conducted. Among the widely used methods of MADM
are methods like TOPSIS, MAUT, CP, and VIKOR [38], [39].

Being one of the multiple decision-making methods, TOP-
SIS is being used as a performance evaluation method in
the ever-increasing safety-critical systems. That is why many
areas have been carrying on studies on this method and its
importance is increasing day by day. The basic mentality of
this method is to create a positive ideal solution and negative
ideal solution. That is, the basic principle of the method relies
on sorting of the alternatives in accordance with the ideal
solution. By making an order to start from the alternative
which is relatively close to the ideal solution, the relative
closeness of the other alternatives is respectively determined.
Performance evaluation according to the TOPSIS method is
performed according to the following steps [40].

A. Normalization of decision matrix

Normalized decision matrices are calculated. The values
for each criterion are calculated by dividing the sum of the
squares of those criteria into square root.
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B. Weighting of normalized decision matrix

Normalized Decision Matrix is calculated by being multi-
plied by the weight values determined by the decision maker
by the following formula:

vij=wirij i= 1, 2, . . . ,m and j= 1, 2, . . . ,n (1)

nX

j=1

wj= 1 (2)

C. Determining positive and negative ideal solutions

Positive and Negative values are determined in this step.
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J = (j = 1, 2, 3, ...., n) J : UtilityCriteria,

J

0
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0
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(5)

D. Calculation of the distances

Distances between each alternative, distance of n-
dimensional alternative from positive ideal solution is calcu-
lated by means of this formula:
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2
, i = 1, 2, ...m (6)
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2
, i = 1, 2, ...m (7)

E. Calculation of proximity to the ideal solution

In this step, relative proximity to the ideal solution is
calculated by means of this formula:

C

⇤
i =

S

�
i

(S

⇤
i + S

�
i )

, C

⇤
i 2 (0, 1) , i = 1, 2, ...,m (8)

F. Calculation of proximity values

Calculated proximity values are sorted starting from the
highest to the lowest. While other close alternatives to the
relatively highest C are determined, evaluation and sorting are
performed according to a high-proximity degree C

⇤
i

V. PROBLEM DEFINITION, APPLICATION EXAMPLE

The system designer can use the TOPSIS algorithm to
select the best one for p criterion from m alternative. To be
able to find the best solution for N-version structure, two cases
are in question for safety-critical applications. The first case
is to use the best alternative that comes out of the TOPSIS
algorithm N times (Repetitive Case). The second case is to
choose the first N number of alternatives determined by the
algorithm (Non-repetitive Case).

When the N-version is passed on to, p number of criteria
must be recalculated 220 times for the non-repetitive case and
1748 times for the repetitive case. If one of the criteria is,
hypothetically, cost, in the case of N-version, the new cost
criterion is the sum of the costs of the alternatives to be used.
Here is another example. If CPU scan rate is one of the criteria,
new CPU scan rate criterion is the biggest of the alternatives
to be used in the N-version.

Alternatives which are obtained after the recalculation
of the p criteria for the N-version and alternatives which
will be used in the N-version as a result of the TOPSIS
algorithm’s running. Let us analyze what is said above with
some examples. The system designer tries to find the best one
out of 12 alternatives. The price of alternatives, Proof Test
Interval (PTI),

Reliability, Availability and scan time were specified as
criteria during this selection. The designer wants to determine
the best 3 criteria from 12 alternatives out of mentioned five
criteria for the repetitive and non-repetitive cases, with the
version count being 3.

The table below shows 12 alternatives and criteria to be
used in the sample design.

TABLE II. ALTERNATIVES AND CRITERIA

Alternatives and Criteria
C PTI R A ST

Weights 0.15 0.25 0.15 0.3 0.15
A1 10000 6 0.987578 0.999989 40
A2 15000 6 0.983471 0.999989 20
A3 12000 12 0.951229 0.999954 30
A4 14500 24 0.984963 0.999993 15
A5 16000 24 0.98895 0.999985 20
A6 12500 12 0.983471 0.999954 34
A7 10000 6 0.97531 0.999966 19
A8 20000 24 0.98895 0.999987 20
A9 23000 12 0.987879 0.999996 21

A10 18000 6 0.987578 0.999989 17
A11 14000 24 0.984733 0.999986 18
A12 13000 12 0.967216 0.999966 14

As system criteria here:

C: Cost is used as the cost value of the alternative to
be used. The designer chose Turkish Lira in the alternative
selection section of the application example.

PTI (Proof Test Interval): The time interval between the
start of two consecutive rehearsal tests is called the proof
test interval and is denoted by T. The length of the interval
may vary from a few days to several years depending on the
system. The corresponding test frequency is the inverse of
the test interval (in other words, 1 / T). The rehearsal test
interval is normally selected to be shorter than the duration of
a Dangerous, Undetected Failure. In quantitative analyses, the
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proof test interval is generally accepted to be a constant value,
but in practice, the interval may slightly vary.

In the application example, the designer made the choice
between 6,12 and 24-months timeframes during alternative
selection.

Reliability and Availability criteria are calculated on MTTR
and MTTF, two statistical values of system elements, in criteria
selection of system alternatives. These two values are stated
below.

MTTR (Mean Time To Repair/Retrieve): The average time
to recover from an unplanned failure. It is the average value
of a system element’s ability to recover from an unplanned
unfunctional status to functional status again.

MTTF (Mean Time To Failure): The average time for an
unplanned failure to occur. It is the average value of a system
element’s ability to recover from an unplanned unfunctional
status to functional status again.

R: Reliability is the likelihood of a system to provide
necessary services correctly at any time. It is between 0-1.

R(t) = e

�t 1
MTTF (9)

A: Availability refers to a system’s ability to be functional
and provide necessary services at any time. It is between 0-1.

A(t) =

MTTF

MTTF +MTTR

(10)

ST: Scan Time refers to the alternative’s service completion
time.

The designer chose second in the alternative selection
section of the application example.

According to TOPSIS algorithm, Normalized decision ma-
trix has to be obtained to choose the best of the twelve
alternatives that the designer selected.

TABLE III. NORMALIZED DECISION MATRIX

C PTI R A ST
A1 0.189 0.109 0.291 0.289 0.489
A2 0.283 0.109 0.289 0.289 0.244
A3 0.226 0.218 0.280 0.289 0.367
A4 0.274 0.436 0.290 0.289 0.183
A5 0.302 0.436 0.291 0.289 0.244
A6 0.236 0.218 0.289 0.289 0.416
A7 0.189 0.109 0.287 0.289 0.232
A8 0.377 0.436 0.291 0.289 0.244
A9 0.434 0.218 0.291 0.289 0.257

A10 0.340 0.109 0.291 0.289 0.208
A11 0.264 0.436 0.290 0.289 0.220
A12 0.245 0.218 0.285 0.289 0.171

Afterwards, the weighted decision matrix is obtained by
multiplying each criterion, which is the next step of the
algorithm, by weights.

TABLE IV. WEIGHTED DECISION MATRIX

C PTI R A ST
A1 0.0283 0.0273 0.0436 0.0866 0.0733
A2 0.0424 0.0273 0.0434 0.0866 0.0367
A3 0.0340 0.0546 0.0420 0.0866 0.0550
A4 0.0410 0.1091 0.0435 0.0866 0.0275
A5 0.0453 0.1091 0.0437 0.0866 0.0367
A6 0.0354 0.0546 0.0434 0.0866 0.0623
A7 0.0283 0.0273 0.0430 0.0866 0.0348
A8 0.0566 0.1091 0.0437 0.0866 0.0367
A9 0.0651 0.0546 0.0436 0.0866 0.0385

A10 0.0509 0.0273 0.0436 0.0866 0.0312
A11 0.0396 0.1091 0.0435 0.0866 0.0330
A12 0.0368 0.0546 0.0427 0.0866 0.0257

In the following steps of the algorithm, the distances to
the positive and negative ideal solutions are calculated, and
these values are summed up and the ideal solution distances
for each criterion are summed up for each alternative to obtain
the success value.

TABLE V. PROXIMITY ACCURACY TO IDEAL SOLUTION

Alternative Proximity
Accuracy

A1 0.2799666
A2 0.3398243
A3 0.4211388
A4 0.8827165
A5 0.8194876
A6 0.3875329
A7 0.3927846
A8 0.7479279
A9 0.3977538
A10 0.3434730
A11 0.8753556
A12 0.5280855

When the proximity accuracy to the ideal solution is
calculated, the sorted list starting from the most successful
alternative to the least successful one is obtained after ranking.

TABLE VI. ALTERNATIVE RANKING RESULT

Order Proximity
Accuracy

Alternative

1 0.8827165 A4
2 0.8753556 A11
3 0.8194876 A5
4 0.7479279 A8
5 0.5280855 A12
6 0.4211388 A3
7 0.3977538 A9
8 0.3927846 A7
9 0.3875329 A6

10 0.3434730 A10
11 0.3398243 A2
12 0.2799666 A1

The criteria for the new system, which will include three
alternatives to be selected for NVP, need to be rearranged for
these three alternatives.

C: It is the sum of the costs of the three alternatives to be
used to calculate the cost criterion.

PTI (Proof Test Interval): The minimum out of three
alternatives to be used for this criterion should be selected.
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R: The reliability of the new system for the reliability
criterion is calculated by the following formula.

R= 1� ((1�R1)(1�R2)(1�R3)) (11)

A: The availability of the new system for the availability
criterion is calculated by the following formula.

A= 1� ((1�A1)(1�A2)(1�A3)) (12)

ST: The maximum out of three alternatives to be used for
this criterion should be selected.

According to this sorting, it can be predicted that Alterna-
tive4 will be selected in repetitive or non-repetitive cases.

A. Repetitive case

The recalculation and sorting of the repetitive case alter-
natives in triple permutation according to the new criterion
values provide the following new sorting list.

TABLE VII. DISTANCE SORTING TABLE TO IDEAL SOLUTION FOR
REPETITIVE CASE

Rank Distance to Ideal
Solution

Chosen
Alternative

Chosen
Alternative

Chosen
Alternative

1 0.919506112 A11 A11 A11
2 0.918963607 A4 A4 A4
3 0.916992247 A4 A11 A11
4 0.916992247 A11 A4 A11
5 0.916992247 A11 A11 A4
6 0.914471594 A4 A4 A11
7 0.914471594 A4 A11 A4
8 0.914471594 A11 A4 A4
9 0.901486800 A5 A11 A11
10 0.901486800 A11 A5 A11
11 0.901486800 A11 A5 A5
12 0.899188288 A4 A5 A11

B. Non-Repetitive case

The recalculation and sorting of the non-repetitive case al-
ternatives in triple combinations according to the new criterion
values provide the following new sorting list.

TABLE VIII. DISTANCE SORTING TABLE TO IDEAL SOLUTION FOR
NON-REPETITIVE CASE

Rank Distance to Ideal
Solution

Chosen
Alternative

Chosen
Alternative

Chosen
Alternative

1 0.924794594 A4 A5 A11
2 0.904954316 A4 A8 A11
3 0.897630123 A5 A8 A11
4 0.895206705 A4 A5 A8
5 0.379022222 A4 A11 A12
6 0.371806481 A5 A11 A12
7 0.371173322 A4 A5 A12
8 0.366970269 A8 A11 A12
9 0.366404539 A4 A8 A12
10 0.364762844 A5 A8 A12
11 0.360996988 A9 A11 A12
12 0.360482859 A4 A9 A12

VI. CONCLUSIONS

In this study, a solution to the problem of how to determine
the best alternative (repetitive) or alternatives (non-repetitive)
among a certain number of alternatives (m) for the NVP
method, whose implementation is recommended in safety-
critical systems, has been found. The fact that N number
of alternatives, whether they are repetitive or non-repetitive,
can be presented at the design stage of the project provides
remarkable benefit with respect to both conforming to the
project schedule and keeping project budget at the targeted
level. The TOPSIS algorithm, one of the multiple criteria
decision-making methods, has also contributed to come to this
conclusion. This has shown that the best one of m number of
alternatives may sometimes not turn to be the best for repeated
or recurrent cases when the NVP method is passed on to. As a
result of this, an effective method has been put forward for the
development process of safety-critical software. Besides, since
choosing the same hardware alternative N times in repetitive
cases would create the possibility to lose all the alternatives
in case of a common cause failure, the necessity to use the
separate software in the same hardware arose. In this study, the
problem of what the optimal value of version count should not
have been examined, studies on this topic are still continuing.
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Abstract— In recent years, the importance of the cyber-
attack concept has started to increase in the network 
environment. Therefore, companies need to take some certain 
measures to prevent these attacks, and they employed some 
penetration tests (shortly pentests) which are performed to 
evaluate the security of the system by authorized attackers. 
Companies need to direct some employees who have a hacker 
point of view, to look for the vulnerabilities of their systems. 
These type employees are called as “pentester”. A penetration 
test is not only laborious but also time-consuming operation 
and pentesters use manually lots of software tools require 
additional time for execution and follow-up. Therefore, 
generally, pentesters select several tools to make the test easier. 
These tools can find some vulnerabilities of the system; 
however, they can also miss some important points due to the 
lack of time or getting out of sight of the tester. The most 
important parts of the penetration test information gathering 
in which the targeted system is identified and the critical points 
where vulnerability can occur are detected. In this study, it is 
aimed to collect the manual scans of the pentester in a single 
software system to conduct them automatically, which leaves 
additional time for pentester to go a deeper analysis. After 
executing this type of test routine, pentester can also look back 
and see the collected information about the system, which is 
stored in the database of the system to compare with the 
previous tests and making some additional analysis. 
Additionally, we have surveyed information gathering tools in 
the penetration test and propose a new-generation 
vulnerability management system for security professionals 
who automate the important tools of penetration testing via a 
web-based solution. Experimental results show that the 
proposed system decreases the checking time of pentester and 
increase the efficiency of the testing process. 

Keywords— penetration test, information gathering, pentest, 
whois, wfuzz, nmap 

I. INTRODUCTION 

With the increasing use of the Internet for 
communication, the size of information in the cyber world is 
increasing day by day. All companies transfer the flow of 
their work and also information to this new platform to 
conduct their work. Although in the networks detection of 
intrusion with different algorithms [1, 3] is important for the 
security and the availability of the system, preserving the 
data is also a very critical topic for the companies.  

It becomes increasingly difficult to secure the 
confidentiality of the transmitted and processed data, the 
authorized access to the data, the integrity and the 
availability of data/systems. Therefore, the security of 
information not only for individuals and but also for 
companies must be ensured at the highest level. The most 
valuable asset of them is their sensitive information. The 
power of information came to the forefront with the 

advancement of technology and the development of the 
Internet and connecting everything to this global network.  

In recent years, accessing the information and 
disseminating them have become easier and conducted 
within a short time. However, these operations must be 
conducted in a secure way and this concept; information 
security defines what is important to protect the 
confidentiality, integrity, and usability of data belonging to a 
company [2, 4]. The important threats are the information's 
disclosing, modification and being unusable. Therefore, 
information security aims to protect information against 
these threats. Networks should be designed to be more secure 
while thinking that they can always be attacked by hackers. 
Hackers want to find the security vulnerabilities of the 
system and obtain some important information in it. 
Therefore, three important factors are considered in order to 
maintain the safety of the system develops [6]: 
Confidentiality, Integrity, and Availability. 

• In the confidentiality feature, information access is
restricted to authorized users and that it is not accessible
to unauthorized persons. The information must be
protected from unauthorized access while moving
between computer systems, both in storage media and
between the sender and receiver on the network. An
attacker can access information without permission by
exploiting a configuration or software failure or by
exploiting the mistakes of authorized persons with Social
Engineering techniques.

• Integrity represents the reliability of information sources.
It means that the original information has to be not
modified by unauthorized users [6]. For this reason,
access control for critical information needs to be
realized, and the backup should be created at regular
intervals. In this case, the data arrives at the receiver site
should be not modified in the way that it is monitored
during the communication, no new data is added, a part
or all of it is not repeated, and the sequence is not
changed.

• The availability of the information is that only the
authorized user can access the related data within the
limits of the information authority that he needs and at
the requested time. Availability service aims to protect
information systems against performance threats that may
arise from inside or outside of the organization.
Availability also allows users to access data within the
access authority in a timely and reliable manner without
losing the freshness of data.

Hackers can access the target system by exploiting some
security vulnerabilities that may arise from the factors 
mentioned above. The company should take some 
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precautions to protect their information's confidentiality, 
integrity and accessibility properties. In this domain, 
information security has a critical place for companies with a 
variety of sensitive information. The most effective way to 
secure information is making some penetration tests before 
attacks. A penetration test is a controlled tentative 
network/system testing which aims to penetrate into a 
network/system to find the insecure parts by using some 
techniques and tools [5] which are used by real attackers [8]. 

Penetration testing is a type of hacking operations. 
However, hackers are identified as white hackers or ethical 
hackers which perform their actions to find the security 
vulnerabilities of the network/ computer system and web 
application. The most significant difference between 
penetration tester and hacker that pentester is signed a 
contract with the company which will try to hack the system. 
After the testing process, pentester need to submit a test 
report at the end of the test [8]. The main purpose of 
penetration tests is not only to identify weaknesses but to 
exploit them in a way that does not harm the system and 
obtain authorized access. To detect these vulnerabilities, 
there is some malicious software, and their number is 
increased day by day. While hackers are constantly 
developing new attack techniques, the first step of 
information security testing should be the testing the security 
vulnerabilities of a developed application/system not from 
the implementer, but from third-party testers. Pentest is 
significant because [9]; 

• Penetration test determines how the system will attack 
by an ethical hacker. 

• The goal is to find the weakest parts of the system. 

• It prevents the malicious people from harming the 
system, and it protects sensitive data. 

• It emphasizes the importance of safety in technology 
and demonstrates the benefits of investments made in 
this area. 

To ensure the safety of a system, leak testing at regular 
intervals is required. The reason is that different attack 
techniques are developing every passing day. 

If any of the following conditions exist, you may need to 
take a penetration test in your company or system. 

• If a new network infrastructure is added to the system 

• If you install new software on your system 

• If you change your location, 

• If you create an end user program 

Information gathering is one of the most important parts 
of pentests. They are performed by the use of two different 
methods: technical methods (DNS, WHOIS, etc.) and non-
technical (search engines, e-mail, etc.) methods [10]. Domain 
names, operating systems, server platforms, application 
programming language, version information, IP ranges, 
device information, etc., personal information from public 
sources about the target systems and networks all the 
information are needed to be collected in Information 
Gathering phase. In some methodologies, this section can be 
called “information gathering” or “reconnaissance.” The 
information gathered at this stage sheds light on the next 

steps: Active information gathering and Passive information 
gathering. In the active information gathering process, the 
systems to be tested are contacted. This contact can be 
detected by the security experts of the institution or in the 
logs of security devices. As a simple example, the scan to an 
IP address will fall into the firewall logs. In passive 
information gathering process, direct communication with 
the target system is not contacted. Many of the relevant 
institutions IP and service information are discovered. 

Obtaining accurate and complete information about the 
target system is very important. Also, these operations must 
be employed in an acceptable time. The highly manual 
nature of pentest increases this execution time. Therefore, to 
decrease this duration, some automated mechanisms are 
needed, which is one of the main aims of the proposed 
system. Additionally, when a pentest information gathering 
step is performed, a set of data is collected from the system. 
The collected data includes open ports of the target system, 
sub-domains, directories and much service information. If 
the collected information is correctly associated, the basis of 
the next steps will be better. The Pentester uses many tools 
and search engines to gather this information. Most of the 
time, information is collected, but the association is not done 
correctly. Using this project, more effective the information 
gathering phase aims at by minimizing the rate of mistakes 
that can be done with the collection of information and 
related information. 

The rest of the paper is organized as follows. In the next 
section, the related works about Penetration Testing are 
listed. In Section 3 the methodology of pentesting is detailed. 
Section 4 focusses on the proposed system, and Section 5 
gives the experimental results of this system. Finally, 
conclusions and future works are shown. 

II. BACKGROUND 

In this section some background knowledge about pentest 
and pentest studies are detailed. 

A. Related Works 
Information security is a very important factor for 

companies, especially for their sensitive information. The 
penetration test is required to protect this critical data. The 
main aim of the penetration test is to act as an ethical 
attacker and makes his attacks as if he is a real hacker. When 
a penetration test is performed on a company, many tools are 
needed to use, from collecting information about the target 
system to exploiting the system. These tools have been 
chosen because they are commonly used tools in the past. 
The manual operation of these tools takes the time of the test 
team. During the tests, it describes the script of the tools used 
for the process used by the institution and the test team for 
efficient passing. The generated tool and the tools used in 
certain stages of the test are modified to ensure that the test is 
completed more successfully. Thus, this project has shown 
that automatic tools are no problem regarding safety [7]. 

In [11], the authors aimed to gather information about the 
target system with footprinting using some open source tools 
and apply it in a way that conforms to PTES. This article 
examines the information gathering phase using open source 
tools for the target system. The step of gathering information 
before starting a penetration test is the first and most 
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important step. The methods and tools used for footprinting, 
known as the study of information about the target system, 
are presented. It is important to examine and classify the 
information obtained. During the information gathering 
phase, it is aimed to reduce the minimum amount of time. 
When all this is performed, the Penetration Testing 
Execution Standard (PTES) conformance established to 
bring the penetration test to a standard has been considered. 
PTES is a wiki-based security service. 

B. Pentest Types 
Penetration tests can be classified into different types 

according to the applied system as Internal Penetration Test, 
External Penetration Test, and Web Application Penetration 
Test. In the internal penetration test, the security testing is 
performed within the local network, which includes the 
inspection of the servers and systems that are requested to be 
examined from the corporate network. The purpose of this 
supervision is to exploit some known vulnerabilities such as: 
determining weak passwords or testing the system against 
configuration errors by emulating attackers or institutional 
employee. With the use of this type of testing, risks, which 
are generated by employees or someone involved in the 
network, can be revealed. The institutional resources (DNS, 
FTP, email, Web, firewall, etc.) accessible over the Internet 
are tested with authorized or unauthorized user rights by 
using different tools and methods which are named as 
external penetration tests. Nowadays, web applications are 
indispensable, and they have a crucial place for all types of ıf 
organizations. Sometimes, web applications are designed 
without security considerations, this type of systems acts as a 
backdoor for attackers and can cause serious damage to 
companies. The purpose of web application penetration 
testing is to reveal these types of weaknesses that could lead 
to unauthorized access or data loss using manual and 
automated tools. Risks and data loss can be determined using 
a penetration test of web applications. 

C. Penetration Testing Approaches  
Pentest is dependent on the scope and the needs of the 

institution concerned. Penetration testing techniques are 
divided into three categories as White-Box Testing, Grey-Box 
Testing, and Black-Box Testing as depicted in Figure 1 [9]. 
In the white box testing, the pentester only informs the 
system about the target system. The security testing team 
have some information about the company. Therefore they 
can easily determine some security weaknesses. Pentester 
determines the damage by connecting to the system or 
network to be tested as a guest user. This type of test is done 
on the internal network. 

 
Fig. 1. Types of Penetration Test 

Pentester which has no information about the tested 
system is named as black box tests. Tester only knows the 
access addresses of the network and tries to find the 
vulnerabilities of it. Firstly, the security test team gathers 
information about the target system. Because there is no 
information about the target system. Therefore, the 
information gathering process of how it can access the 
system that may take a long time and can accidentally 
damage the system must be a continuous process. 

The black box penetration test needs the longest time 
between these testing models. The tester must find some 
information about the network architecture and related 
network and should use their capabilities. This type of test is 
usually done from the external network to the internal 
network. In the grey box testing, the pentester knows some 
partial information such as IP Addresses, Server System 
information, etc. It takes less time than the black box test. 
The possibility of harming the system is decreased because 
the information gathering process is given. The tester does 
not have full information of the target network. The white 
and black boxes are known as the combination of test types. 
This type of test can be done either from the external 
network or the internal network. 

D. Penetration Test Life Cycle 
The vulnerability assessment and penetrations test 

consists of 9 main steps as depicted in Figure 2. In the first 
phase of the penetration test, the type of test is determined by 
the scope (white box, gray box, black box). After that, the 
information about the target system (operating system, 
network, email, etc.) must be reached. This section is called 
Reconnaissance. The tester detects the vulnerability that may 
cause security weakness in the specified systems.  

 

Fig. 2. The Penetration Test Life Cycle 

After determining the vulnerabilities in the next step, the 
tester analyses the information gathered about the target 
system before the penetration test begins. Then tester plans 
to start the penetration test. The goal of the penetration test is 
to get the privilege to enter the system in one way. The 
purpose of the privilege escalation has switched to an 
entirely authorized user mode with any system account. In 
the analysis step of the results, after the tester finds security 
vulnerabilities, tester suggests solutions for how to close the 
vulnerability. The vulnerabilities can be more than one 
solution. Reports are the most important part of a penetration 
test for a customer. If the reports are more informed and 
clear, the customer could be assessed the risk and the 
vulnerabilities easily. Testers prepare a report about the 
critical security vulnerabilities that occur during testing [12]. 
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III. PROPOSED SYSTEM 

In this project, it is aimed to automate the penetration 
tests more accurately by giving related information about test 
types and parameters. Additionally, the testing results are 
collected and stored in a central manager and processed in a 
more structured way. Therefore, firstly the scope of the test 
must be determined that the most used testing tools are 
organized. The GUI and the main steps of the system are 
depicted in Figure 3. 

 

a) Main GUI of the implemented System 

 

b) Steps for using main pentest tools 

Fig. 3. Automated and web-based system for Pentest 

The step involved all the pre-engagement actions and 
determining of scope. Scoping is mostly one of the neglected 
parts. It shows us where we should pay more attention to the 
testing [11]. The first phase of the penetration test is the pre-
engagement phase. In this phase, Pentester needs to collect 
some information about the company to determine the scope 
of the penetration test. The penetration test started when the 
company accepted these specified targets and scopes. If the 
company did not previously make a penetration test, they 
need to be informed about the pentests and their aims. 
Additionally, pentester should learn whether the company 
has a delicate device that can be damaged during the 
penetration test [4]. Before starting to the penetration test, an 
appropriate plan must be created to obtain the highest 
efficiency. Determining scope is the most important step of 
penetration tests to achieve this aim. There is no standard 
formula for determining the scope. It is different for every 
institution and environment. Generally, the penetration test is 
divided into different components such as DDoS and 
Performance Testing, Web Application Pentest, Network 
Pentest, Mobile Pentest, Cloud Pentest, Code Review, 
Wireless Pentest, VoIP Pentest 

A.  Used tools 
This section provides information about the penetration 

testing tools used in the project. The tools used in the project 
are Nmap, Wfuzz, The Sublist3r, The Harvester, Whois. 

Nmap: For testing, the main target is the network of the 
company. Therefore, sniffing this network by using some 
additional tool is very crucial. As the one of the most 
preferred tool, the Network Mapper (Nmap) is an open 
source and free tool that is used for network discovery and 
security control [13]. This popular scanner is developed by 
computer network specialist Gordon Lyon (Fyodor) using C / 
C ++ and Python programming languages. Nmap could 
detect active assets on the network by scanning network 
ranges [11]. Nmap provides information about the open or 
closed ports of the detected assets, and the services running 
on those ports. Nmap can use many different combinations to 
get information about the target system. Information such as 
the operating system of the computer connected to the 
network, running physical device types, the working time, 
what services the software uses, the version numbers of the 
software, and whether the computer has a firewall is learned 
by using Nmap. Nmap runs on Linux, Windows, Mac OS X 
platforms [13]. Nmap can scan any client and server by using 
many ways. 

 

Fig. 4. Usage of Nmap 

TABLE I.  NMAP FEATURES 

Parameters Explanation 
Open Ports are open and actively accept TCP or UDP 

connections. 

Closed Ports are closed but accessible. There is no active 
connection on which they are listening. 

Filtered A packet filtering mechanism blocks rotating 
reactions. Nmap cannot decide if the port is open. 

Unfiltered Ports are accessible, but Nmap cannot decide if 
ports are open or closed. 

Open|filtered Nmap cannot decide that if ports are open or 
filtered. 

Closed|filtered Nmap cannot decide that if ports are closed or 
filtered. 

 
We must specify a target to use Nmap as simple as possible. 
If you only target Nmap and do not specify any options, 
Nmap defaults to 1000 most used SYN scans. Using the IP 
addresses found on the network, it is used to find out which 
ports are open in these addresses. The Nmap lists the open 
machines and the open ports in the open machines when all 
subnets scan. By default, Nmap scans the most used 1000 
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SYNs. Ports are divided into 6 categories as depicted in 
Table I, according to the response that the scans will give. 
Some of the Nmap parameters used in the project are given 
in Table II. 

TABLE II.  NMAP PARAMETER 

Parameters Explanation 

--open Only shows open ports 

-sS SYN Scan 

-Pn Do not check ping 

Nmap can easily find the service and version of that 
service. Nmap finds the service running on the port in the 
“/usr/share/nmap/nmap-services” file. But to get the right 
result, Nmap finds the version information by comparing 
with the database according to the response from the port. -
sV parameter tries to find out what service is running in the 
open port. One of the most recognizable features of Nmap is 
the discovery of the operating system.  

Wfuzz: The vulnerability may not always be in the codes. 
Sometimes a simple password or login form can be 
vulnerable to brute force attack. Using the relevant 
weakness, the rights in the target system can be privilege 
escalation. In order to be able to do this, the admin login 
page must first be determined. Wfuzz can be used for this 
aim as a discovery tool. Wfuzz is a tool that is used to 
actively identify files, panels, scripts, and directories on an 
application. One or more-word list is needed when using the 
tool. There is an extensive word list archive in the Kali 
operating system for this. But it is also possible to use 
specially prepared wordlists. The options are given in Table 
III. 

TABLE III.   WFUZZ OPTIONS 

Parameters Explanation 
-c Output with colors 

--hc/hl/hw/hh Hide responses with the specified 
code/lines/words/chars 

-h This help 

--help Advanced help 

-o printer Show results using the specified printer 

-z payload Specify a payload for each FUZZ keyword used in 
the form of name[parameter],[encoder] 

-w wordlist Specify a wordlist file (alias for -z file, wordlist). 

 

Fig. 5.  Wfuzz Output 

As an example, the screenshot of Wfuzz running using 
some parameters is given below. 

wfuzz -c --hc 400,404,302 -z file, list.txt 
"https://www.***.edu .tr/FUZZ" 

Wfuzz output gives a lot of information about the target 
system. For example, response code, response length, etc. In 
Figure 5, a sample of these results is depicted. The details of 
the information in the Wfuzz output are given below. 

• ID: The request number in the order that it was 
performed. 

• Response: Shows the HTTP response code. 

• Lines: Shows the number of lines in the HTTP response. 

• Word: Shows the number of words in the HTTP 
response. 

• Chars: Shows the number of characters in the HTTP 
response. 

• Payload: Shows the payload used. 

The analyzing of Wfuzz output is very significant. This 
option can be used to hide specific HTTP response code in 
the output. Table IV shows the most commonly used HTTP 
Response codes. 

TABLE IV.  WFUZZ RESPONSE CODES 

Response Code Explanation 
200 OK 

201 Created 

204 No Content 

301 Moved Permanently 

302 Found 

400 Bad Request 

403 Forbidden 

 
Whois: Whois is a very common protocol running on port 
43. Whois is queried to the database to identify the owner of 
a domain name, an IP network or an Autonomous System 
Number (ASN). As a result of Whois query, information like 
e-mail addresses, contact numbers, address information, 
organizational contact, administrative, and technical contact 
information are obtained. Whois proxies run on HTTP / 
HTTPS between client and server. If Whois is encountered 
with a firewall, it queries through a browser. The information 
returned by the Whois server is ASCII characters. The output 
of Whois queries may differ. This is because whois queries 
are found in different servers. Whois lookups is a key step 
required to gather information about the target system. It is 
important that domain names have an association with the 
target system [15]. Whois can provide information about 
DNS discovery [11]. Table V list the Whois basic command-
line flags, and Figure 6. shows WHOIS from the command 
line. 

TABLE V.   WHOIS COMMAND-LINE FLAGS 

Parameter Explanation 
-h HOST Connect to WHOIS database host HOST 

-a Search all database 

-p Port When connecting, connect to network port PORT 
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By using Whois the obtained information is significant. 
The email address is important when the domain receives. 
An attacker could make various password attempts to this e-
mail address. The e-mail address may send various phishing 
attacks. Or the person using the e-mail address can try to 
steal the address by making various social engineering 
attacks. Because when the e-mail address is seized, the 
attacker will possess the domain address. The domain bought 
from which company. It is important for the attacker. This 
information will try to find vulnerability in the service 
provider when it finds no vulnerabilities in the reaching 
attacking domain address. If the attacker finds the 
vulnerability in the service provider, he will also obtain the 
domain address of the person he/she is targeting. 

 

Fig. 6.  Whois Output 

TABLE VI.  THE SUBLIST3R 

Parameter Explanation 
-h, --help Show this help message and exit 

-d DOMAIN Domain name to enumerate its subdomains 

-p PORTS Scan the found subdomains against specified TCP 
ports 

-v [VERBOSE] Enable Verbosity and display results in real-time 

-t THREADS Number of threads to use for sub brute force 

 

The Sublist3r: Sublist3r is a python tool designed to find 
subdomains of websites. Penetration testers and bug hunters 
help to collect the domain names subdomains targeted. 
Sublist3r provides information about the target website using 
many search engines such as Google, Yahoo, Bing, Baidu 
and Ask. Sublist3r also lists subdomains using Netcraft, 
Virustotal, ThreatCrowd, DNSdumpster, and ReverseDNS 
[16]. The general options are given in Table VI.  

The general usage of the sublist3r is given below, and 
Figure 7 presents a sample of the sublist3r results. 

Sublist3r [-h] -d DOMAIN [-b [BRUTEFORCE]] [-p 
PORTS] [-v [VERBOSE]] [-t THREADS] [-e ENGINES] [-
o OUTPUT] 

 

Fig. 7.  The Sublist3r 

The Harvester: The Harvester is an open-source tool 
written in python language for information gathering 
purposes. With this program, we can reach email, domain 
and subdomain information of target site by searching on 
Google, Bing, LinkedIn, etc. Figure 8 shows a sample of the 
harvester options and their sample usage. 

 

Fig. 8.  The Harvester Options 

B. Storage of the Results for Further Analysis 

 

Fig. 9. The Documentation and Analysis Part of the System 

Due to the structure of the penetration tests, many 
different tests are needed to conduct separately, and their 
results are produced in the prompt screen and testers are 
needed to copy and paste these results in a text-based file. 
Most of the testers skip this documentation step. However, in 
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the implemented system we can store the results in a 
structured format, and we can review them in the ongoing 
analysis. As depicted in Figure 9 the results are categorized 
and stored in the system, and all outputs can be documented 
in it. 

IV. EXPERIMENTAL RESULTS 

In this project, it is aimed to execute the penetration test 
of a network in a web-based automated way and outputs are 
generated by mostly used tools which vary according to 
server and scope. At the same time, these tools are associated 
with each other and run separately for making a detailed 
analysis. Therefore, two different categories were examined. 

• Scanning with the separate execution of tools 

• Scanning by associating tools with each other 

In the first category, only the domain name is given to the 
tester in the scope is the target-based scanning. In this case, 
the analysis of the outputs of the tools is not related to each 
other. This method is usually preferred in tests where scope 
or time is limited. Because one of the most important factors 
of penetration testing is time. If the tester tries to make a 
deeper analysis in the scope, he needs a longer time. The 
time spent to gather information is added to the time spent in 
the other steps, thus increases the duration of the test. In such 
cases, it is not wanted to deepen the tests and scope is 
limited. Thus, only specific tools are operated to prevent 
them from going out of scope. The working of the tools in 
the project has been improved so that it can be arranged 
according to the requests of the teste. If the scope of a pentest 
is limited, the means to expand the scope will not be run. As 
an example, a penetration test can only target the student 
information system of a university. In this case, the detection 
of subdomains causes out of scope. In this case, the Sublister 
tool and the Harvester tool used in the project will not be 
included in the pentest. Except for these tools, the output of 
the tools will be used for pentest. 

In this method, the output of Nmap is analyzed. When the 
Nmap option is run on the project, the open ports of the 
system, the services running on those ports, and the versions 
of these services are detected as output. Firstly, open ports 
detected in the target system and then analyzed. Leaving 
some ports open poses a danger to the system. For this 
reason, the Pentester must carry out a test for exploitation of 
open ports identified. By examining the information detected 
during Pentest, it is necessary to check whether the versions 
of the services are updated and whether there are any 
weaknesses in the current version that will damage the 
system. While open ports are found in the system, the time 
spent depends on the resources of the servers, the security 
devices in between and the internet infrastructure. For this 
reason, time is a very important variable which needs to be 
taken into consideration. 

The other tool that runs on the project is Whois. Whois 
shows the information about the domain that we have 
scoped. For each scan in the project, Whois information will 
automatically be presented to the Pentester as depicted in 
Figure 10. Thus, it is the basis for phishing attacks. 

Another tool that runs separately is Wfuzz. When the 
Wfuzz option is run on the project, it lists the directory and 
files of the target system as output. Project Wfuzz output is 
only listed in 200 and 302, 301 HTTP response codes. The 

detected directory and files are examined for the presence of 
sensitive data. Pentester gains from time. 

 

Fig. 10.  Results of the Whois and Wfuzz in the system 

This project, which automates the information gathering 
phase, the separate operation of the tools guides both the test 
team during the test and they win more than time. In cases 
where the scope is wider, the second category will be 
preferred. This method is mostly preferred in black box tests. 
The most important step in black box testing is to expand the 
scope as much as possible and to gather in-depth information 
about the system. For this reason, every subdomain must be 
handled as a new domain and scanned in a recursive. It takes 
a lot of time to follow these steps manually regarding job 
tracking. Therefore, this project has been developed to 
facilitate the follow-up work. At the same time, the user 
designed to save time. A standard testing operation’s 
execution times for a specific system is given in Table VII. 

TABLE VII.  SCANNING TIME 

Tool List Through the terminal 
Nmap 35 seconds 

The Sublist3r 125 seconds 

Wfuzz 75 seconds 

The Harvester 182 seconds 

Whois 3 seconds 

Sum 420 seconds=7 mins 
 

According to the information given in the table, it takes a 
total of 7 minutes for the tools to be run manually via the 
terminal of the separate and Kali operating system. But with 
this tool developed, the running time of all vehicles will be 
completed at the end of the longest scan in about 180 
seconds. And these tools can be executed parallel with the 
help of multicore structure. As you can see from this while 
adding a new tool, extends the time of the manual method, 
there will be no significant difference in time using this 
application. 

V. CONCLUSIONS 

In recent years, there is an increasing trend in the number 
and types of cyber-attacks. Therefore, companies started to 
focus on the security features of their networks. Penetration 
testing is one of the most preferred testing techniques to 
identify and reveal out vulnerabilities of the system. In these 
operations, testers can be accepted as white attackers who try 
to simulate an attack to the computer system as if they are 
real attackers without giving hazards to the system. 
However, there are lots of tools that can be used for 
penetration testing, and most of them are executed in prompt 
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screen manually. This increase the testing time and generally 
scanning results are not stored. 

In this paper, it is aimed to automate penetration testing 
in a web-based environment and stores the results in the 
documents with a structured format. Experimental results 
show the decreasing testing time and documentation style is 
depicted in the previous section with the related GUIs. The 
main advantages of the proposed system can be listed as 
follows: 

• It does not need expert security professionals to 
perform the test. Even some novice workers with 
introductory-level knowledge can use the system  

• It does not need different tools for the testing. All tools 
are integrated into the system. 

• Results do not vary from test to test. It has a fixed 
output style. 

• It is more efficient and fast. With the help of multicore 
CPUs, parallel execution is possible.  

• It makes its own documentation and stores previous 
searches and scanning results in a structured way. 

• With the help of these benefits, the results can be 
maximized 

As a future work, it is aimed to increase the used tools in 
the system. With parallel execution platform of the current 
computers, adding new tools will improve the efficiency of 
the system, while not increasing the execution time.   
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Abstract—With the extended use of the Internet, which con-
nects millions of computers across the world, there is a growing
number and types of intrusions which complicate ensuring the
security of information and computers. Although Firewalls and
rule/signature base Intrusion Detection Systems (IDSs) are used
as the first line of the defense of networks, they cannot be
sufficient for detecting the zero-day type attacks, which are not
previously encountered. For this type of attacks, Anomaly-Based
Intrusion detection systems arise as an acceptable solution which
models the normal communication behavior of the network and
identifies the others as a suspicious transaction. To classify the
normal behavior, usage of neural networks and machine learning
approaches are accepted as powerful solutions. However, due to
the lack of computation power, generally single hidden layer
approach is preferred.

With the enhancement of the parallel computation technology,
especially in Graphics Processing Units (GPUs), it will be easy
to implement a multi-layer approach in Deep Neural Network
concept which has a great deal of attention within Deep Learning
approach. Therefore, a better accuracy rate could be reached.
In this paper, we aimed to implement a Deep Neural Network-
based Intrusion Detection System. Moreover, we also study the
performance of the proposed model in the binary classification
with a different number of layers, neurons, and parameters.
Additionally, the acceleration of the GPU usage is also measured
and presented with a comparison. To measure the performance
of the proposed system the NSL-KDD data set, which is a cleaned
data set of the KDD data set, is preferred. The experimental re-
sults showed that the proposed multi-layer Deep Neural Network
model produces an acceptable performance in its classification
with a high accuracy rate with the design of a 64x32 hidden layer
structure depending on the data set NSL-KDD .

I. INTRODUCTION

Due to the recent enhancements in Internet technologies, all
type of communications and coordination shifts to the cyber
world as in electronic commerce, e-mails, internet banking,
online enrollments, etc. At the same time, the number of
attacks to the computer networks is also increasing. This
type of attack threatens the valuable assets of the companies
as efficient execution of their online systems and also their
information. Therefore, securing computer networks against
this type of attacks becomes a very important problem and
research area for lots of scholars [1], [2], [3]. Most of the
companies use some traditional security mechanisms such

as firewalls, authentication mechanisms, encryptions, etc [4].
As the computer systems grow, they become more complex,
and this results in more weaknesses, which lead to additional
security problems. Traditional mechanisms are not sufficient for
preserving the information and network because the attackers
evolve their attack types according to new detection and
prevention mechanisms. Therefore, security admins necessitate
more dynamic and robust detection systems in their companies.

There are many types of attacks/intrusions which cyberse-
curity experts need to protect the networks and information
from. Most common attack types are, Web application attack,
Reconnaissance, Dos/DDoS, Sniffing, Spoofing, Malware,
Phishing, etc. Intruders using this type of attack methods may
be performing acts in system-destruction, service disruption,
or information leakage on the network.

Intrusion Detection Systems (IDSs) are network security
technologies that are developed to detect nasty and unauthorized
activities from outside the network [5]. The main aim of an
IDS is to detect and catch the intruders before they perform any
real damage in the computer networks or information. IDSs
are software or hardware security tools that are used to detect
threats that are encountered while processing information, to
prevent unauthorized access and to report attacks to the system
administrator (who are responsible for security). Therefore,
IDSs have become a crucial component of the companies
cybersecurity structures, and it is applied to protect the system
from the threats as mentioned above [6], [7]. Depending on
the location of the IDS, IDS systems can be classified in two
categories: Host-Based IDS and Network-Based IDS [8].

Host-based IDSs are designed to provide IDS functions
for the detection in the host. Mostly they run as a service
or application on the system they protect. In these IDSs, the
resource requirement is usually lower. Host-Based IDS listen to
the server traffic, registration files and transactions, detect the
attacks and take the necessary actions. Network-based IDSs
are designed to capture network packets by monitoring network
traffic and analyze them for attack detection. Network-based
IDSs typically run on different hosts. They can provide a high
level of security against intruders because most of them are
hard to be noticed by attackers. They are especially used in
the detection of Probe and DoS attacks.978-1-5386-7641-7/$31.00 c�2018 IEEE
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Depending on the IDS techniques, IDS systems can be
classified into two categories: Signature-Based Detection and
Anomaly-Based Detection [9], [10].

1) Signature-Based Detection. This type of detection mecha-
nism maintains a signature database which stores the informa-
tion about the known attack types. If a packet is detected, this
is compared with the data in the database and if it matches
with a record then a signal is generated for the security admin.
However, it is a challenging issue to keep the database up to
date. Therefore, these type of systems is more fragile especially
for the zero-day type attack, in which no previous signature
records are stored. At the same time, in case of the existence
of an automatic update mechanism, detection system has a
very low false alarm rate.

2) Anomaly-Based Detection. This type of detection mainly
tries to learn the normal behavior of the network by using
some machine learning algorithms and reacts to the other
type of network behaviors. This type of IDSs are able to
detect zero-day attacks. However, depending on their learning
methods they can have a high false alarm rate. Therefore, the
performance of the system is directly related with the used
learning methodologies. The most common of these techniques
are as follows: Bayesian Network, Support Vector Machines,
Decision Trees and Artificial Neural Networks.

In classical machine learning approaches, firstly important
features of the data set are extracted and then processed in the
system to map these features to an output. Artificial Neural
Network is one of the most preferred approaches for a learning
system. Due to the computational constraints, the learning
system is designed in a simple manner by using a single
hidden layer. However, with the current processing capacity
of the todays computers, especially with the use of multi-
core graphics processing units (GPUs), there is an acceptable
processing power on standard computers. Therefore, a complex
system designs with multi-layer structure which can also be
named as deep neural networks can be used to design system
with high accuracy rate (as depicted in Figure 1).

Fig. 1. Deep Neural Networks Architecture

A. Project Scope

The purpose of this Study is to develop a Deep Neural
Network system using Deep Neural Network technique. To
build the DNN model, we used the Googles open-source
framework called TensorFlow, which is a successor to Googles
distributed system with the name of DistBelief for training and
developing neural networks since 2011 [11]. To decrease the
training time, the proposed system is executed on the CUDA
based GPU platform. To train and test the built neural network
model, we used an enhanced version of the original KDD99
dataset called as NSL-KDD dataset [12] and obtained results
are presented comparatively.

The rest of the paper is organized as follows. In the next
section the related background knowledge, which contains
artificial neural networks, deep learning, deep neural networks
and CUDA architecture is depicted. Same section also gives
the related works as a subsection. In Sect. 3 the details of the
proposed system are drawn. The experimental results of the
proposed system are given Sect. 4. And finally, Conclusion
and future works are mentioned.

II. BACKGROUND

In this section some background knowledge about the
proposed system is given.

A. Artificial Neural Networks

Artificial Neural Networks (ANN) are computer systems that
can learn events using pre-determined examples [13]. They are
a subtitle under the concept of Artificial Intelligence. They are
applied successfully in subjects such as learning, classification,
association the human brain accomplishes. They create their
own decision-making mechanisms with the information they
obtained from the samples. ANN must provide the following
features for proper training: All inputs must be numeric, it is
necessary to choose the correct model to achieve the desired
result, and Learning algorithm must be selected appropriately
[14]. An ANN contains three main layer in its architecture:
Input Layer sends coming inputs to the next layer, which is
named as Hidden Layer to processes the information according
to its activation function and forward to the final layer, Output
Layer, which produces the output for real world [13], [14]. An
ANN is composed of artificial neurons (in the hidden layer)
and these neurons have several inputs, weight (for each input),
net function, activation function and outputs. Net function
calculates net inputs coming to the neuron. Activation function
generates output by processing the incoming information from
the net function.

B. Deep Learning

In recent years, a great deal of attention has been given to
deep learning approach and there are lots of application areas
which covers such as Image Processing, Natural Language
Processing, biomedical, Customer Relationship Management
automation, Vehicle autonomous systems and similar [15]. It
has the advantage of using Big Data with lots of samples
to reach a high accuracy especially in the comparison with
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traditional machine learning techniques like Nave Bayes, SVM,
or even ANN. Deep Learning approach can use not only
supervised but also unsupervised strategies to learn multi-level
representations for classification [15], [16]. Due to the its huge
needs in processing power especially in the use of Big Data, it
is somehow hard to implement this type of learning systems.
However, in recent years, with the enhancement in technologies,
with the use of some current tools, such as Tensorflow, it can
be easy to implement this type of systems.

C. Deep Neural Networks

Deep Neural Networks (DNN) are artificial neural networks
that contain a large number of hidden layers between input
and output layers. The general properties of the layers they
contain are like artificial neural networks [17]. However, in
DNN, each layer runs on a different set of properties based
on the output of the previous layer. To further train the neural
net, the more complex features network nodes can recognize
[17], [18]. DNN are capable of discovering structures like
unlabeled data and they can model nonlinear relationships.
DNN is a computational intensive learning model and it will
needs extra time to train the system [17], [18]. However, as a
new technology Graphics Processing Units (GPUs) are used to
decrease the computation time by several orders of magnitude.

D. Compute Unified Device Architecture

Compute Unified Device Architecture-CUDA is a parallel
computing architecture developed by NVIDIA in 2006 to use
GPUs computing power [19]. In general, it can be defined
as a computing architecture that allows algorithms written in
C/C++, FORTRAN, and Java, etc. to run on the GPU. CUDA,
whose architecture is depicted in Figure 2, is widely used in
scientific research areas.

CUDA finds a wide range of applications such as image
and video processing, computational biology and chemistry,
fluid dynamics, and computerized tomography [19], [20].
Applications developed in the CUDA architecture do not only
work on the GPU [21]. First of all, the data controlled by the
CPU must be copied to the memory on the graphics card via
RAM. The data in the GPU memory is processed by CUDA
task threads and completed in a parallel calculation, and then
sent back to the main memory to terminate the process. Running
codes on the CPU are different from those running on the GPU.
When the application is developed with CUDA architecture,
the code should be written by this rule. The workflow model
between CPU and GPU is as followed; In the CPU general
calculations are organized, while in GPU paralel codes are
executed.

E. Related Work

In previous studies, many approaches based on traditional
machine learning algorithms have been proposed and have
achieved success for an intrusion detection system. Recently
deep learning has become increasingly popular and has been
applied for intrusion detection studies. These studies have
shown that deep learning is more successful than traditional

Fig. 2. CUDA Architecture

algorithms. In 2018 Farahnakian and Heikkonen presented a
deep learning approach for intrusion detection systems. They
used Deep Auto-Encoder model for their approach and KDD-
CUP99 dataset. Their model is trained using an unsupervised
learning algorithm to avoid overtting and local. The results
show that their approach provides an improvement over other
deep learning approaches in detection rate and false alarm [22].
Hasan Ali and other researchers used Fast Learning Network
and Particle Swarm Optimization for Intrusion detection on
the KDD-CUP99 dataset in 2018. They named the model as
PSO-FLN. PSO-FLN model is based on designing a particle
that represents one candidate solution of FLN weights. They
compared their model against a wide range of meta-heuristic
algorithms for training an extreme learning machine and
FLN classier. Their results show that PSO-FLN has better
performance than other learning approaches in the testing
accuracy of learning. Yin et al. did the most recent study
on deep learning and intrusion detection. They used Recurrent
Neural Network and performed the model in binary classication
and multiclass classication on NSL-KDD dataset. In the binary
classication experiments, they have compared the performance
with a machine learning methods, and they analyzed the multi-
classication of the RNN-IDS model based on the NSL-KDD
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dataset. Their results show that RNN-IDS is very suitable for
modeling a classication and its performance is much higher than
traditional learning algorithms. (A Deep Learning Approach
for Intrusion Detection Using Recurrent Neural Networks)
Another type of research was made in [23] using the NSL-
KDD dataset and three different ML techniques presented in
the WEKA tool. Before training the models, two pre-processing
methods called normalization and feature selection are used
and reduced the total number of features in the dataset from 41
to 6. The results for the two ML techniques J48 and SVM were
above 90% accuracy. The third technique which is called as
Naive Bayes had accuracy results between 70-75%. A similar
approach was used in [24] compared with [23] which includes
the ML methods included in the WEKA tool. A 10-fold cross
validation assumption was made to evaluate all nine different
ML techniques. Many formulated and explained performance
measures were taken into account for comparing the results of
evaluated techniques such as Mean Absolute Error (MAE), F1
Score and Kappa. The results compared with the accuracy of
the models are represented as 91.52% for the best result using
Random Forest method and 84.96% for the worst using Logistic
Regression. A review of 55 studies/systems that were made
from 2000 to 2007 and related to IDSs was conducted in [2].
Types of classifier design that were used in the reviewed papers
are generally divided into three different group of techniques
as single, hybrid and ensemble techniques. The technique used
in each of the groups are analyzed in a year wise distribution.
Another analysis was made for the datasets used on the same
interval of years. Among the studies that are reviewed, some
of them used feature selection algorithm before training the
classifier, and this is explained that the method could have a
possibility of improvement over the accuracy of the classifier.
In parallel to [2], there is another research in [25] that reviews
49 studies which were made between the years 2009 and 2014.
As a difference, the NSL-KDD dataset was used in some of
the researches and a year wise representation of all the datasets
can be seen in the figures.

III. PROPOSED SYSTEM

In this study, we implement a Deep Neural Network based
approach fr solving IDS with the use of NSL-KDD dataset
which is a successor of DARPAs KDD99 dataset which was
obtained from the previous 1998 DARPA intrusion detection
evaluation program. The environment created in this program
was aimed to acquire raw TCP/IP data for a Local Area Network
(LAN). Every TCP/IP connection was represented with 41
various features. Although it has been noted that this newer
version of the KDD data set has some flaws as pointed out
in, it is also a good candidate as a benchmark dataset in the
Intrusion Detection field. The NSL-KDD data set has a total of
42 features, which 41 of them being the attributes that define
the characteristics of the records. In NSL-KDD data set, the
total number of different attack types is 39. All of the attacks
can be grouped into four main categories as DoS, Probe, R2L,
and U2R. While the NSL-KDD dataset contains a total of
39 different attack types, the number of unique attack types

contained in the train set and test set differentiate from each
other. The attack types contained in the train set which are
called as known attacks have a total number of twenty-two
attack types. On the other hand, the test attacks have a total
number of thirty-seven attacks. The additional attacks in the
test set which are not present in the train set are called as novel
attacks. Having unknown attack types in the test set shows if
the system can adapt to different scenarios when the testing is
done. The attack types contained in the train and test sets are
shown in Table 1 with the novel attacks being represented as
bold.

TABLE I
ATTACK TYPES CONTAINED IN THE TRAIN AND TEST SETS OF NSL-KDD

DOS Probe R2L U2R

back
teardrop
pod
neptune
smurf
mailbomb
processtable
udpstorm
worm
apache2
land

nmap
portsweep
ipsweep
satan
mscan
saint

imap
multihop
warezclient
guess password
ftp write
phf
warezmaster
spy
mscan
snmpgetattack
xsnoop
snmpguess
xlock
httptunnel
sendmail
named

buffer overflow
perl
rootkit
loadmodule
xterm
sqlattack
ps

One of the advantages of the NSL-KDD over to its successor
KDD99 data set is that the amount of data contained in the
train and test sets are reasonable so that every classifier can
be evaluated on equal terms by using the same data sets. The
number of data contained in the NSL-KDD train set is 125973
and 22544 for the test set. Figure 3 shows the total number of
data contained in NSL-KDD data set with the distribution to
5 classes.

Fig. 3. The number of data contained in the NSL-KDD data set

A sample record from the NSL-KDD data set is shown in
Table 2:
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Fig. 4. General Structure of Neural Networks

TABLE II
SAMPLE RECORDS OF NSL-KDD DATASET

0,tcp,http,SF,310,2794,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,
4,4,0.00,0.00,0.00,0.00,1.00,0.00,0.00,255,255,1.00,

0.00,0.00,0.00,0.00,0.00,0.00,0.00,normal
0,udp,other,SF,146,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
13,1,0.00,0.00,0.00,0.00,0.08,0.15,0.00,255,1,0.00,

0.60,0.88,0.00,0.00,0.00,0.00,0.00,normal
0,icmp,eco-i,SF,18,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,

1,1,0.00,0.00,0.00,0.00,1.00,0.00,0.00,1,16,1.00,
0.00,1.00,1.00,0.00,0.00,0.00,0.00,ipsweep

A. DNN Classifier

Using the TensorFlow framework, we built a GPU-
accelerated DNN structure for classification of the data in
NSL-KDD data set. The structure of the DNN classifier is
composed of two hidden layers containing 64 neurons in the
first layer and 32 neurons in the second layer. The parameters
for the classifiers initiation specified as 1000 for the batch size
and 500 for the number of epochs. A pair of sigmoid functions
is used as activation functions for both of the hidden layers. In
Figure 4, a general structure of the neural networks is shown.

IV. EXPERIMENTAL RESULTS

To find the best number of hidden layers that would work
most efficiently in the learning system, we conducted a number
of experiments by using a group of two, three and four hidden
layers. Every group of layers contains six various combinations,
where the number of neurons contained in the hidden layers is
chosen in an order respectively starting from the first hidden
layer. An identical neural network structure is used to compare
the hidden layer groups. For every combination of layers, we
conducted ten experiments using random weight and bias values
to compare the accuracy results of the learning process. Firstly,
two layered hidden structure is tested. To get real accuracy
rate without the effect of randomness we executed each system
design 10 times and get the average of all these executions as
depicted in Table 3.

TABLE III
EXPERIMENT RESULTS OF 2-HIDDEN LAYER NEURAL NETWORKS

Exp # First Layer x Second Layer
20x10 20x20 32x16 32x32 40x20 64x32

1 18,67 22,22 19,20 17,31 18,10 19,27
2 19,38 21,95 18,85 21,40 20,26 16,05
3 20,19 18,44 19,02 18,84 21,06 18,07
4 18,40 20,86 19,61 20,79 18,82 16,83
5 20,70 17,01 20,93 18,36 17,21 19,64
6 19,36 15,88 16,34 18,55 18,61 17,61
7 18,32 18,94 19,80 22,40 16,46 17,26
8 21,08 16,98 18,32 18,96 19,57 19,14
9 20,97 18,00 21,52 18,01 17,00 17,57

10 17,57 17,26 17,93 17,86 18,90 17,96
Avg 19,46 18,75 19,15 19,25 18,60 17,94

After that w conducted similar tests with three layered and
four layered structures, the results are shown in Table 4 and
Table 5 respectively.

After analyzing the accuracy results of the three different
hidden layer groups, we also compared the time for the training
and testing processes. Figure 5 shows the results for each of the
hidden layer groups. Based on all the experiments made with
different hidden layers, it is analyzed that the 2-hidden layer
groups give the best accuracy results while generally having
good train and test timings. For this reason, from the 2-hidden
layer group, the hidden layer that gives the best accuracy result
and contains 64 neurons for the first layer and 32 neurons for
the second layer is chosen for the IDS system.

The test environment contains a notebook with the features
of Intel(R) Core(TM) i7-7700HQ CPU @ 2.80GHz, 8 GB
Random Memory Access (RAM), Windows 10 Education
Edition 64-bit Operating System. All the experiments have
been conducted on the Python based IDE called as PyCharm.
GPU specifications can be seen in the Table VI below.

After going through the experimental set-up and combining
the best methods we experimented, the optimal neural network
structure is achieved. To evaluate the performance of the neural
network, different evaluation methods are considered for a
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TABLE IV
EXPERIMENT RESULTS OF 3-HIDDEN LAYER NEURAL NETWORK

Exp # First Layer x Second Layer x Third Layer
12 x 6 x 3 16 x 8 x 4 20 x 10 x 5 32 x 16 x 8 40 x 20 x 10 64 x 32 x 16

1 21,54 27,02 22,15 19,33 20,07 22,14
2 23,98 24,52 19,46 18,74 18,69 17,91
3 18,73 22,96 20,02 19,18 19,46 15,56
4 19,07 19,54 19,96 19,95 21,99 21,53
5 20,72 23,13 17,79 23,89 18,99 18,30
6 24,47 19,25 19,74 18,65 19,52 21,20
7 23,96 19,81 22,34 20,79 19,60 20,32
8 24,04 21,45 18,22 17,26 18,55 19,96
9 22,20 19,38 18,63 19,40 18,37 19,34
10 21,88 21,03 18,04 20,79 15,00 23,08
Avg 22,06 21,81 19,64 19,80 19,02 19,93

TABLE V
EXPERIMENT RESULTS OF 4-HIDDEN LAYER NEURAL NETWORK

Exp # First Layer x Second Layer x Third Layer x Fourth Layer
16 x 8 x 4 x2 20 x 10 x 5 x 2 25 x 15 x 10 x 5 32 x 16 x 8 x 4 40 x 20 x 10 x 5 64 x 32 x 16 x 8

1 23,12 23,74 24,56 25,57 25,55 25,80
2 26,11 26,96 26,15 22,06 22,74 26,26
3 23,17 26,11 26,82 26,18 23,95 24,03
4 20,09 26,85 26,11 24,63 25,90 25,71
5 23,33 26,19 27,16 24,96 21,84 24,85
6 26,50 24,66 24,05 25,63 24,26 24,16
7 26,59 26,44 25,92 21,15 26,20 25,18
8 26,42 26,41 26,13 26,41 26,02 27,14
9 25,82 26,62 26,50 24,46 22,86 24,56
10 24,42 27,22 24,04 25,20 25,15 23,99
Avg 24,56 26,12 25,74 24,63 24,45 25,17

Fig. 5. Time Comparison of Hidden Layer Experiments

TABLE VI
GRAPHICS PROCESSING UNIT SPECIFICATIONS

GPU Specifications
CUDA Cores 768
Graphics Clock (MHz) 1290
Processor Clock (MHz) 1392
Graphics Performance high-6747
Memory Clock 7 Gbps
Memory Config 4GB
Memory Interface GDDR5
Memory Interface Width 128-bit
Memory Bandwidth (GB/sec) 112

better measurement of the performance criteria.
The performance measures used for the evaluation of the

neural network are the following:
– False positives (FP): defines the attacks that are detected

incorrectly.
– False negatives (FN): instances of attacks detected as

normal behavior.
– True positives (TP): correctly classified instances as

normal behavior.
– True negatives (TN): correctly classified instances as

attacks.
– Accuracy or True positive rate (TPR): the percentage of

the ratio of correct predictions over all predictions:

TP + TN

TP + TN + FP + FN
⇥ 100 (1)

– False alarm rate is defined as:

FP

TN
(2)

– Detection rate is defined as:

TN � FN

TN
(3)

– Precision (P) is defined as:

TP

TP + FN
(4)
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– Recall (R) is defined as the ratio of correctly predicted
normal behaviors over all the correctly predicted instances:

TP

TP + FP
(5)

– F-measure is defined as the consideration of both the
precision and recall to compute the score:

2⇥ P ⇥R

P +R
(6)

According to these performance measures, the results ob-
tained by the optimal neural network trained on NSL-KDD
data set is shown in Table II.

All the experiments made using a neural network with 2
layers. First layer contains 64 neurons and the second layer
contains 32 neurons. The initial parameters used for batch size
is 1000 and 500 for the epochs. The comparisons of GPU and
CPU times can be seen in Table VII.

TABLE VII
COMPARISON OF THE CPU AND GPU

TRAINING TIME FOR 64X32

GPU Time CPU Time
Train Data Test Data Train Data Test Data

138,5928 0,0048 209,2566 0,0156

TABLE VIII
PREDICTION RESULTS OF THE OPTIMAL NEURAL NETWORK ON THE TEST

DATA

Data
Label

Test
Data

Correct
Predicted
Test Data

Incorrect
Predicted
Test Data

Prediction
Rate

Normal 9711 9424 287 94,04

DoS 7458 7060 398 94,66

Probe 2421 2084 337 86,08

R2L 2754 815 1939 9,5

U2R 200 19 181 29,59

TABLE IX
NUMBER OF TP, TN, FP AND FN

FOR THE OPTIMAL NEURAL NETWORK RESULTS

True
Positive

True
Negative

False
Positive

False
Negative

9424 9978 287 2855

After analyzing the Table VIII, the prediction rates of the
attacks from the attack class of R2L and U2R took our attention
as the neural network could not give good results predicting
them. Finding the performance measure results showed that
the performance of the neural network is indeed not good as
expected. The analyzation of the NSL-KDD data set showed
that the number of data contained in the train and test sets

TABLE X
PERFORMANCE MEASURES FOR THE OPTIMAL NEURAL NETWORK

RESULTS

Accuracy False
Alarm

Detection
Rate Precision Recall F-measure

86,0628 0,0287 0,7138 0,7674 0,9704 0,8571

based on the attack classes R2L and U2R are not appropriate
for the learning process. Therefore for these types of attack
some additional measures should be taken.

To made a statistical results in Table IX we give the
number of true-positive, true negative, false positive and false
negative rates. According to these values we also depicted the
performance measure of the proposed system. As can be seen
from these results, we can reach an acceptable accuracy wit
the use of deep neural networks.

V. CONCLUSION

In this paper, we proposed a machine learning based Intrusion
Detection System which uses Artificial Neural Networks
and multi-layered Deep Neural Networks(DNNs) as learning
approaches. Although, in previous years, multi-layered ap-
proached are not preferred due to the its computational power
need, Due to the enhanced processing capability of the current
computers, especially with the use of Graphics Processing
Units(GPUs), we are mainly focused on the use of Deep Neural
Network as our learning mechanism. We also compared the
experimental results not only on CPU execution but also on
GPU execution, and draw the advantage of parallel computing
usage. For obtaining comparative results, we preferred the use
of NSL-KDD data set. The experimental results showed that the
proposed system with DNN approach has a good classification
accuracy. The best configuration is reached with 64x32 hidden
layer structure. Additionally, usage of parallel execution tools
increase the training performance of the system.

As the future works it is planned to increase the accuracy
rate of the system. As can be seen from the details of training
set and test sets, Accuracy rate of this dataset is less than the
KDD’99. Because in NSL-KDD training sets and test sets are
divided at the beginning. It is estimated that with the random
construction of data sets, we will reach a better accuracy
rate. Additionally the use of ensemble techniques which uses
clustering data sets, can also increase the performance of the
system.
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Abstract— Many quality models have been used to measure e-
government portals’ quality. However, the absence of an 
international consensus for e-government portals’ quality models 
results in many differences in terms of quality dimensions, 
attributes, and measures. The aim of this paper is to propose a 
quality framework for e-government portals based on best 
practices and ISO 25010.  For this purpose a mapping between 
the e-government portal best practice and the ISO 25010 quality 
characteristics for product quality is conducted. The findings 
show that only some of the e-government portal best practice can 
be mapped with the ISO 25010 quality characteristics for 
product quality. The portal is also a software product, but with a 
particular features. As a consequence, new quality characteristics 
and sub-characteristics were introduced to fulfill the requirement 
of e-government portals quality. Moreover, an initial quality 
framework for e-government portals’ is also proposed. 

Keywords— E-government; Portal; Best practices; Quality 
model; Standard; ISO 25010; Front-end; Back-end; Web design; 
Web content, Service. 

I. INTRODUCTION 

Several e-government quality models have been proposed 
in research to measure the quality of e-government portals. In a 
previous work [1], a survey of the existing e-government 
quality models in the literature has been conducted. Those 
quality models [2-12] were compared and analyzed according 
to several criteria, such as, ISO standard used, quality attributes 
used and measures provided. Regarding this comparison, some 
remarks were revealed. From the 3 quality models which focus 
on e-government portals, only one is using the ISO standard 
9126 [13], which is the [8] model, and two others [4] and [5] 
models none. Moreover, each of these 3 quality models has a 
different set of quality attributes and only the ISO based model 
that is providing a list of measures.   The only model using the 
new ISO standard 25010 [14] is the [12] model. However, this 
model focuses on service quality and not on portals quality. 
None of the models is based on e-government portals a best 
practice model.    

Therefore, the absence of an international endorsement for 
e-government portals’ quality results in a divergence in terms
of quality dimensions and attributes. Bringing convergence on
quality dimensions attributes and measures would facilitate the
measurement and the use of them among the researchers as
well as industrials. On the other hand a set of required e-
government portals best practices, that ensure the design and

the building of good portals, has been proposed and validated. 
Such best practices, if not implemented, could seriously 
compromise the ability of the portal to meet its requirements. 
This paper provides a framework, to help designers and 
developers to achieve a high level of quality of e-government 
portals, based on both: the ISO 25010 international standard 
[14] and a best practice model for e-government portals [15,
16].

This paper is structured as follow: section 2 provides a 
general view on ISO 25010 international standard, whereas, 
section 3 describes the best practice model. Then, section 4 
provides a mapping between the quality characteristics of the 
international standard and the subcategories of the best practice 
model. Section 5 provides the quality framework for e-
government portals. Finally, section 6 concludes the paper and 
gives directions for future work.  

II. ISO 25010 STANDARD

ISO 25010 product quality model is related to the static 
properties of the software and the dynamic properties of the 
computer system. The model is applicable to both computer 
systems and software products. The product quality model 
divides system/software product quality properties into eight 
characteristics as the following [14]:  

− Functional suitability: “Degree to which a product or
system provides functions that meet stated and implied
needs when used under specified conditions”.

− Performance efficiency: “Performance relative to the
amount of resources used under stated conditions”.

− Compatibility: “Degree to which a product, system or
component can exchange information with other
products, systems or components, and/or perform its
required functions, while sharing the same hardware or
software environment”.

− Usability: “Degree to which a product or system can be
used by specified users to achieve specified goals with
effectiveness, efficiency and satisfaction in a specified
context of use”.

− Reliability: “Degree to which a system, product or
component performs specified functions under specified
conditions for a specified period of time”.
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− Security: “Degree to which a product or system protects 
information and data so that persons or other products 
or systems have the degree of data access appropriate to 
their types and levels of authorization”. 

− Maintainability: “Degree of effectiveness and efficiency 
with which a product or system can be modified by the 
intended maintainers”. 

− Portability: “Degree of effectiveness and efficiency with 
which a system, product or component can be 
transferred from one hardware, software or other 
operational or usage environment to another”. 

Each characteristic is composed of a set of sub-
characteristics. 

III. E-GOVERNMENT PORTALS BEST PRACTICE MODEL  

An e-government portals best practice model has been 
provided in [15, 16]. The model is composed of five best 
practice categories.  Each category contains sub categories and 
each subcategory contains best practices related to it. The five 
categories of the best practice model are as the following: 

− Back-end that can be defined as the best practices that 
run in background and usually the users do not see 
them. This includes the system, data processing and 
business logic. 

− Front-end Web design that can be defined as the best 
practices that the user usually interacts with and see and 
are related to the interface or design of the portal.  

− Front-end Web content that can be defined as the best 
practices that the user usually interacts with and see and 
are related to the information and content of the portal.  

− External that can be defined as the best practices that are 
loosely coupled with the technical aspects of the portal 
and are mostly related to the marketing of the portal and 
to the involvement of the citizen in the e-government 
process.  

− Service that can be defined as the best practices that are 
related to the services offered in the e-government 
portal.        

IV. MAPPING BETWEEN BEST PRACTICES AND ISO QUALITY 

CHARACTERISTICS 

This section provides the result of the mapping conducted 
using the definitions of the best practice subcategories and the 
quality characteristics and sub characteristics of the ISO 
product quality model as a criterion. The purpose is to verify to 
which extent the best practices are aligned with the quality 
characteristics of the ISO 25010 product quality model. The 
mapping is done only with the ISO software product quality 
model because the portal is also considered as a software 
product and the ISO 25010 product quality model is related to 
such product. The following sections present the mapping with 
the back-end, front-end (design and content), external, and 
service best practice subcategories. 

A. Back-end mapping 

All the Back-end best practice subcategories can be mapped 
to the ISO 25010 product quality characteristics model since 
they share some things in common, in particular: 

− Performance efficiency (resource utilization quality 
sub-characteristic) can be mapped to the 
responsiveness best practice subcategory: the former is 
about having response and processing times of a 
product that meet the requirement and the 
responsiveness subcategory is about having short 
response time when navigating in the portal. 

− Compatibility quality characteristic can be mapped to 
the interoperability best practice subcategory: both are 
about joining up entities and exchanging information 
between them. 

− Security quality characteristic can be mapped to: 
security, privacy, single sign on and delegation best 
practice subcategories. Allowing citizens to make 
transactions in a secure or safe way and keeping the 
citizens’ data and preferences private from any 
disclosure can both be considered as security aspects. 
Moreover, single sign on and delegation subcategories 
are related to authentication which can also be 
considered as an aspect of security.  

− Maintainability quality characteristic can be mapped 
to: use of standard, modularity and reusability best 
practice subcategories. All those subcategories help 
achieve maintainability. For instance, the use of 
standards enables flexibility and ease of change in 
requirements and technology [17], and modularity such 
as SOA helps making loosely coupled services so that 
changing small functionalities does not break the 
whole functionality [18]. Moreover, reusability such as 
reusing open source modules benefit from the editors’ 
upgrades that contains enhancements and bug fixes. 

B. Web design mapping  

Four Web design best practice subcategories can be 
mapped to the ISO 25010 product quality characteristics model 
as the following: 

− Usability quality characteristic can be mapped to: ease 
of navigation, personalization and structuration best 
practice subcategories. Navigating in the e-government 
portal easily, offering the possibility to the citizens to 
personalize and customize the portal’s functionalities 
according to their needs, and organizing the Website in 
a structured way that helps the users stay oriented in 
the portal, help the users navigate in the portal with 
effectiveness, efficiency and satisfaction [19]. This is 
considered the primary aim of usability. 

− Maintainability quality characteristic can be mapped to 
the industrialization best practice subcategory. 
Industrialization is about following industry guidelines 
in Web design. An example is the use of CSS which 
helps achieving maintenance (i.e., changing style of an 
object is reflected in the whole Web site). 
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C. Web Content mapping 

As shown in the Table III, four Web content best practice 
subcategories can be mapped to the ISO2510 product quality 
characteristics model as the following: 

− Usability quality characteristic can be mapped to: 
accessibility, search engines and help best practice 
subcategories. Making the portal accessible to people 
with and without disabilities, allowing citizens to 
search for the portal’s content and services, and 
offering help to guide the citizens navigate in the portal 
and perform their needed tasks are all considered best 
practice subcategories that can help citizens achieve 
their goals with efficiency and effectiveness.  This is 
considered the primary focus of usability.  

− Portability quality characteristic can be mapped to 
mobile applications best practice subcategory: 
portability is about components that can be transferred 
from one hardware or usage environment to another, 
while, mobile applications can be installed on various 
hardware, such as: smart phones and tablets, no matter 
what the environment is.  

D. Service mapping 

Three service best practice subcategories can be mapped to 
the ISO25010 product quality characteristics model as the 
following: 

− Compatibility quality characteristic can be mapped to 
the interoperability best practice subcategory: both are 
about joining up entities and exchanging information 
between them. 

− Usability quality characteristic can be mapped to the 
user forms best practice subcategory: user forms 
relates to the forms submitted and filled by the citizen 
during the execution of an e-government service. The 
good design of those forms can help citizens achieve 
their goals with efficiency and effectiveness, which is 
the primary focus of usability  

− Performance efficiency (time behavior or service time 
behavior quality sub-characteristic) can be mapped to 
the responsiveness best practice subcategory: both 
relate to having response and processing times (such 
as: time to execute a service) that meet the 
requirements.  

E. Summary of the mapping 

Table V. summarizes the result of the mapping between the 
ISO quality characteristics and the best practice categories and 
subcategories. As it can be noticed from this table, although not 
all the best practice subcategories could be mapped with the 
quality characteristics of ISO, all the best practice categories 
could be mapped to some ISO quality characteristics, with the 
exception of the external category which could not be mapped 
to any ISO quality characteristic. From this result, it can be 
concluded that some quality characteristics of the international 
standard ISO 25010 are suitable for some of the e-government 
portals’ best practices. 

In order to build a complete quality model for e-
government portals, we have proposed some quality 
characteristics for those practices not covered by ISO Standard 
(see Table I – last column) based on their purposes and 
definitions given in section 3. This set of quality characteristics 
related to e-gov portals best practices will be the basic for 
building the new quality model: architecture, quality 
characteristics, sub characteristics and definitions, provided in 
details in the next section.  

TABLE I.  SUMMARY OF THE MAPPINGS 

Best 
practice 
category 

Best practice subcategory ISO quality 
characteristics 

Back-end Interoperability Compatibility 
Use of standards Maintainability 
Modularity Maintainability 
Security Security 
Privacy Security 
Single sign on Security 
Delegation Security 
Reusability Maintainability 
Security Reliability/Recove

rability  
Responsiveness Performance 

efficiency 
Web 
design 

One stop shop NA 
Ease of navigation Usability 
Personalization Usability 
Industrialization Maintainability 
Structuration Usability 

Web 
content 

Accessibility Usability 
Search engines  Usability 
Mobile applications Portability 
Help Usability 
Periodical change , Relevancy, Rich 
content, Interactive games, Statements, 
Translations, Understandability 

NA 

External E-participation, Sociability, Advertising, 
Referencing, Incentives, Contests, 
Emailing, Data analytics, Contact 
information, Performance ratings 

NA 

Service Interoperability Compatibility 
Help, Service customer centricity, 
Payments, Workflows, Performance 
ratings 

NA 

User forms Usability 
Responsiveness Performance 

efficiency 

 

V. E-GOVERNMENT PORTALS QUALITY FRAMEWORK 

In order to build a quality model for e-government portals, 
there is a need to build quality models for each category of best 
practices, which are: back-end, front-end (Web design and 
Web content), external and service. This means that the best 
practice categories can be classified as quality aspects for e-
government portals. For this purpose, e-government portals 
quality can be divided into the same best practice categories of 
the best practice model (as in shown Fig. 1) as the following: 

− Back-end quality: Relates to properties of the portal’s 
back-end that run in background and usually the user 
does not see it.  
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− Front end Quality: Relates to properties of the portal’s 
front end that the user usually can interact with and 
see. This includes two quality aspects; the Web design 
quality and Web content quality.  

− External quality: Relates to properties linked to the 
marketing of the portal and the involvement of the 
citizen in the e-government process.  

− Service quality: Relates to properties of the various 
services offered in the portal. 

 
Fig. 1 E-government portals quality model 

 
Each quality model is composed of quality characteristics 

and each quality characteristic is composed of one or more 
quality sub-characteristics. Besides that, each quality sub-
characteristic can be linked to one or more best practices 
subcategories. It should be noted that, a quality characteristic 
may exist in one or more quality models depending on the 
quality point of view.  

A. Back-end quality  

The back-end quality model is composed of five quality 
characteristics and eleven quality sub-characteristics (Table II).  

TABLE II.  BACK-END BEST PRACTICE BASED QUALITY MODEL 

Quality 
characteristics 

Quality sub-
characteristics 

Best practice 
subcategories 

Security (ISO) Confidentiality Security 
Privacy Privacy 
Authentication Single sign on, 

Delegation 
Hackability Security 

Maintainability 
(ISO) 

Modularity Modularity
Reusability Reusability
Standardization Use of standards

Performance 
efficiency (ISO) 

Resource utilization (ISO) Responsiveness

Compatibility 
(ISO) 

Vertical interoperability Interoperability
Horizontal interoperability Interoperability

Reliability (ISO) Recoverability (ISO) Security! 
 

− Security: Degree to which the portal protects 
information and data so that citizens or other products 
or systems have the degree of data access appropriate 
to their types and levels of authorization. This includes 
four quality sub-characteristics as the following: 
confidentiality, privacy, authentication and hackability, 
which are linked to the following best practice 

subcategories: security, privacy, single sign on, and 
delegation. 

− Maintainability: Degree of effectiveness and efficiency 
with which the portal can be modified by the intended 
maintainers. This includes three quality sub-
characteristics as the following: modularity, reusability 
and standardization. Those are related to the following 
best practice subcategories respectively: modularity, 
reusability and use of standards.  

− Performance efficiency: Performance relative to the 
amount of resources used under stated conditions. This 
includes one quality sub-characteristic which is 
resource utilization and is linked to the responsiveness 
best practice subcategory. 

− Compatibility: Degree to which the portal, services, or 
system can exchange information with other portals, 
services or systems. This includes two quality sub-
characteristics as the following: vertical 
interoperability and horizontal interoperability. Both of 
them are linked to the interoperability best practice 
subcategory. 

− Reliability: Degree to which the portal performs 
specified functions under specified conditions for a 
specified period of time. This includes one quality sub-
characteristic which is recoverability, which relates to 
the security best practice subcategory. 

B. Front-end Quality - Web design  

The Web design quality model is composed of three quality 
characteristics and five quality sub-characteristics (Table III).  

TABLE III.  WEB DESIGN BEST PRACTICE BASED QUALITY MODEL 

Quality characteristics Quality sub-
characteristics 

Best practice 
subcategories 

Customer centricity Centralization One stop shop
Usability (ISO) Navigation Ease of 

navigation 
Personalization Personalization
Structuration Structuration

Maintainability (ISO) Industrialization Industrialization
 

− Customer centricity: Degree to which the portal or its 
services are designed for the citizen and not for the 
organization. This covers one quality sub-characteristic 
which is centralization; this is linked to the one stop 
shop best practice subcategory. 

− Usability: Degree to which the portal and its services 
can be used by citizens to achieve specified goals with 
effectiveness, efficiency and satisfaction. This includes 
three quality sub-characteristics as the following: 
navigation, personalization and structuration. Those 
quality sub-characteristics are related to the following 
best practice subcategories respectively: ease of 
navigation, personalization and structuration. 
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− Maintainability: It includes one quality sub-
characteristic which is industrialization. The latter is 
linked the industrialization best practice subcategory. 

C. Front-end Quality - Web content 

The Web content quality model is composed of six quality 
characteristics and thirteen sub-characteristics (Table IV).  

TABLE IV.  WEB CONTENT BEST PRACTICE BASED QUALITY MODEL 

Quality 
characteristics 

Quality sub-
characteristics 

Best practice 
subcategories 

Customer 
centricity  

Relevancy Relevancy 

Usability (ISO) Accessibility Accessibility
Searchability Search engines
Documentation Help 

Content 
suitability 

Timeliness Periodical change
Richness Rich content 
Translations Translations 
Understandability Understandability
Responsibility Statements 

Performance 
efficiency (ISO) 

Page time 
behavior (ISO) 

Responsiveness 

Portability (ISO) Mobility Mobile 
applications 

Template 
responsiveness 

Accessibility 

Entertainment Playability Interactive games
 

− Customer centricity: It covers one quality sub-
characteristic which is relevancy. The latter is linked to 
the relevancy best practice subcategory. 

− Usability: It includes five quality sub-characteristics as 
the following: timeliness, richness, translations, 
understandability and responsibility. Those quality 
sub-characteristics are related to the following best 
practice subcategories respectively: periodical change, 
rich content, translations, understandability and 
statements. 

− Content suitability: Focuses on the degree to which the 
portal’s content is suitable for the citizen. This covers 
five quality sub-characteristics that are: timeliness, 
richness, translation, understandability, and 
responsibility. Those quality sub-characteristics are 
related to the following best practice subcategories 
respectively: periodical change, rich content, 
translations, understandability and statements. 

− Performance efficiency: It includes one quality sub-
characteristic which is page time behavior. This is 
related to the responsiveness best practice subcategory. 

− Portability: Degree of effectiveness and efficiency with 
which the portal can be transferred from one hardware, 
software or other operational or usage environment to 
another. This includes two quality sub-characteristics 
from ISO/IEC 25010 that are: mobility and template 
responsiveness. Both quality sub-characteristics are 
linked to mobile applications and accessibility best 
practice subcategories respectively. 

− Entertainment: Degree to which the portal provides 
enjoyment to the citizens. This covers one quality sub-
characteristic which is playability. This is linked to the 
interactive games best practice subcategory. 

D. External quality 

The external quality model is composed of three quality 
characteristics and eleven quality sub-characteristics (Table V).  

TABLE V.  EXTERNAL BEST PRACTICE BASED QUALITY MODEL 

Quality 
characteristics 

Quality sub-
characteristics 

Best practice 
subcategories 

Communication Interaction Contact information 
Advertising  Advertising  
Emailing Emailing 
Referencing Referencing 

Citizen Inclusion E-participation E-participation 
Sociability Sociability 
Incentives Incentives 
Competitiveness Contests 

Analyzability Performance 
ratings 

Performance ratings 

Data analytics Data analytics 
Continuous 
improvements 

E-participation 

 

− Communication: Degree to which the portal provides 
ways of communication between governments and 
citizens and covers the following sub-characteristics: 
interaction, advertising, emailing and referencing. 
Those sub-characteristics are linked to the following 
best practice subcategories respectively: contact 
information, advertising, emailing and referencing. 

− Citizen inclusion: Degree to which the portal is 
providing ways for citizen inclusion in the e-
government process and covers the following sub-
characteristics: e-participation, sociability, incentives 
and competitiveness. Those sub-characteristics are 
linked to the following best practice subcategories 
respectively: e-participation, sociability, incentives and 
contests. 

− Analyzability: Degree to which the portal is getting 
continuous feedback from the citizens and is including 
this feedback into the portal. It covers the following 
sub-characteristics: performance ratings, data analytics 
and continuous improvements. Those sub-
characteristics are linked to the following best practice 
subcategories respectively: performance ratings, data 
analytics and e-participation. 

E. Service quality 

The service quality model is composed of five quality 
characteristics and nine quality sub-characteristics (Table VI).  

− Customer centricity: It covers one quality sub-
characteristic which is service customer centricity. This 
is linked to the service customer centricity best practice 
subcategory. 
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− Sophistication: Degree of sophistication of the e-
government services present in the portal. It covers the 
following quality sub-characteristics: documentation, 
e-payments, trackability and performance ratings. 
Those quality sub-characteristics are linked to the 
following best practice subcategories respectively: 
help, payments, workflows and performance ratings. 

− Compatibility: It includes two quality sub-
characteristics which are service vertical 
interoperability and service horizontal interoperability. 
Both are related to the interoperability best practice 
subcategory. 

− Usability: It includes one quality sub-characteristic 
which is forms suitability and is related to the user 
forms best practice subcategory. 

− Performance efficiency: It includes one quality sub-
characteristic which is service time behavior and is 
related to the responsiveness best practice subcategory. 

TABLE VI.  SERVICE BEST PRACTICE BASED QUALITY MODEL 

Quality 
characteristics 

Quality sub-
characteristics 

Best practice 
subcategories 

Customer centricity Service customer 
centricity 

Service customer 
centricity 

Sophistication Documentation Help 
E-payments Payments 
Trackability Workflows
Performance ratings Performance ratings

Compatibility (ISO) Service vertical 
interoperability 

Interoperability

Service horizontal 
interoperability 

Interoperability

Usability (ISO) Forms suitability User forms
Performance 
efficiency (ISO) 

Service time behavior 
(ISO) 

Responsiveness

VI. CONCLUSION 

In this paper, an e-government portals quality framework 
was built to help designers and developers to achieve a high 
level of quality of e-government portals, based on both: the 
ISO 25010 international standard and a best practice model for 
e-government portals. 

Afterwards, the global view of the new quality model of e-
government portals was provided. This quality model is 
composed of 5 quality models which are: back-end, front-end-
web design, front-end web content, external and service. Each 
quality model is composed of quality characteristics and each 
quality characteristic is composed of one or more quality sub-
characteristics. Besides that, each quality sub-characteristic can 
be linked to one or more best practices subcategories. It should 
be noted that, a quality characteristic may exist in one or more 
quality models depending on the quality point of view. 

As a future work, the next step is to define the quality 
characteristics and sub-characteristics and provide a list of best 
practices and metrics for each quality sub-characteristic. This 
way, agencies would be able to use this quality model to 
measure their e-government portals’ quality and identify the 

missing best practices to be implemented to improve their 
quality level. 
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Abstract— E-government portals are playing an important 
role in facilitating the citizens’ life. The e-government services 
can be executed by citizens without any time and location 
constraints, which results in great benefits for them. Therefore, 
governments should pay a special attention to the quality of their 
e-government portals. In a previous work the ISO 25010 quality
characteristics were mapped with the e-government portals’ best
practices. As a result a new e-government portals quality model
based on ISO 25010 quality characteristics and the e-government
portals’ best practices was proposed. The aim of this paper is to
present the detailed view of this quality model with its
characteristics and sub characteristics. Such a quality model, will
allow agencies to both; measure e-portals quality in a unified,
reliable and easy manner, and identify the missing best practices
that could improve the quality for those e-portals.

Keywords: e-government; e-portal; best practices; quality 
model; ISO 25010; front-end; back-end; Web design; Web content. 

I. INTRODUCTION 

The quality of the e-government portals is important. The 
ISO models 9126 or 25010 for software quality are intended to 
be used for software products. However, several researchers 
have adopted those models as a base for their quality models. 
For instance, this has been adapted to measure quality of 
Websites [1,2,3] quality of e-commerce Websites [4], quality 
of e-learning Websites [5], quality of e-government services 
[6], quality of e-government [7], and eventually quality of e-
government e-portals [8]. The latter, is our concern in this 
research. 

Building a new best practice based quality model for e-
government e-portals (composed of quality characteristics, sub-
characteristics, measures and best practices) have been done in 
two steps. In the first step, a comparison of the available e-
government quality models in the literature has been conducted 
in [9]. The authors have concluded that there is a need to make 
use of both, the new international standard 25010 [10] and a 
best practice model [11] to build a new quality model for e-
government e-portals]. In the second step, a mapping between 
the ISO 25010 quality characteristics and the best practice 
model subcategories has been conducted in [12]. The result of 
the mapping shows that the international standard ISO/IEC 
25010 does not meet all the e-government portals’ quality 
needs and some best practice subcategories could not be 
mapped to any ISO quality characteristic. Therefore, new 
quality characteristics (QC) and sub-characteristics (QSubC) 
related to e-government portals were introduced, and a global 
view of the new best practice based e-government e-portals 

quality model have been proposed in [12]. In this paper, we are 
going to provide a detailed view of the proposed quality model.  

This paper is structured as follow: Section 2 provides a 
global overview on the e-government e-portals quality model. 
Section 3 provides a detailed overview on the e-government e-
portals quality model including: quality characteristics, sub-
characteristics and measures. Finally, section 4 concludes the 
paper and gives directions for future work. 

II. QUALITY MODEL – GLOBAL VIEW

The quality model for e-government e-portals is composed 
of the 5 following models (as shown in Fig.1): 

− Back-end model that describes the quality of the
components that run in background and usually the
users do not see them. This includes the system, data
processing and business logic quality.

− Front-end Web design model that describes the quality
of the components that the user usually interacts with
and see and are related to the interface or design of the
e-portal.

Fig. 1 E-government e-portals quality model 

− Front-end Web content model that describes the quality
of the components that the user usually interacts with
and see and are related to the information and content of
the e-portal.

− External model that describes the quality of the
components that are loosely coupled with the technical
aspects of the e-portal and are mostly related to the
marketing of the e-portal and to the involvement of the
citizen in the e-government process.
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− Service model that describes the quality of the services 
present in the e-government e-portal. 

Each model is composed of a set of quality characteristics 
in the first level, which are decomposed in sub characteristics 
in the second level, to which a set of metrics have been 
proposed in the third level. These metrics are based on the best 
practices identified in the best practice model, and can be used 
as a checklist to evaluate to which extend the quality is 
achieved in the measured portal. 

 Backend quality model is composed of five quality 
characteristics and eleven quality sub-characteristics 
(Fig.2).

 
Fig. 2 Backend quality model 

 Front-end Quality - Web design quality model is composed 
of three quality characteristics and five quality sub-
characteristics (Fig.3). 

 
Fig. 3 Web design quality model 

 
Fig. 4 Web content quality model 

Front-end Quality - Web content quality model is composed of 
six quality characteristics and thirteen quality sub-

characteristics (Fig. 4). External quality model is composed of 
three quality characteristics and eleven quality sub-
characteristics (Fig.5). Service quality model is composed of 
five quality characteristics and nine quality sub-characteristics 
(Fig.6). 

 
Fig. 5 External quality model 

 
Fig. 6 Service quality model 

III. QUALITY MODEL – DETAILED VIEW 

A. Back-end quality model 
The back-end quality can be expressed in terms of the 

following characteristics and sub characteristics with their 
corresponding examples of metrics (Table I):  

− Maintainability: Measures the extent of effectiveness 
and efficiency with which the e-portal can be modified 
by the intended maintainers. 

− Performance Efficiency: Measures the performance 
relative to the amount of resources used under stated 
conditions.  

− Compatibility: Measures the extent to which the e-
portal or system can exchange information with other e-
portals or systems.  

− Reliability: Measures the extent to which the e-portal 
performs specified functions under specified conditions 
for a specified period of time.  

− Security: Measures the extent to which the e-portal 
protects information and data so that citizens or other 
products or systems have the degree of data access 
appropriate to their types and levels of authorization. 
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TABLE I.   BACK-END  QUALITY MODEL SUB CHARACTERISTICS DEFINITIONS AND METRICS 

QC QSubC Definition Metrics 
Security Confidentiality Measures the extent to which the e-portal is 

preventing an authorized access to users’ data. 
Presence of digital signatures for security or encryption [13, 14, 
15, 16]. Presence of  HTTPS or secure link [15, 16] 

Privacy Measures the extent to which the e-portal is 
protecting the citizens’ data against an 
improper use. 

Absence of cookies [17]. Website is operational by disabling 
cookies [18], Presence of role-based authorization for officials 
[19]. Not sharing personal information with others [20] 

Authentication Measures the extent to which the e-portal is 
providing enhanced authentication 
mechanisms. 

Presence of digital signature for authentication [13, 14]. Possibility 
of printing and verifying the digital signatures. Presence of 
delegation [13] and  of single sign on 

Hackability Measures the extent to which the e-portal can 
resist to hacking attempts. 

Granting minimum authorizations for database users. Limit file 
system permissions to configuration files contains passwords.  

Maintainability Modularity Measures the extent to which the e-portal is 
built in a modular way. 

Presence of Web services [21] 

Reusability Measures the extent to which the e-portal is 
reusing components and services. 

Presence of open source Web 2.0 modules [22], and of Web 
services. 

Standardization Measures the extent to which the e-portal is 
using international standards. 

Presence of Web services ,  of SOAP , of XML [23], and of 
Dublin core metadata  or similar metadata standard [24] 

Resource 
Utilization 

Resource 
Utilization 

Measures the extent to which the e-portal is 
accessible by devices with minimum memory 
and processor requirements. 

The e-portal is functioning with devices with minimum 
requirement [17] 

Compatibility  Vertical 
Interoperability 

Measures the extent to which the e-portal is 
integrated vertically and can exchange 
information with other systems. 

Presence of standards and open source standards [13, 23, 25], of 
Web services [21], and of vertical interoperability. 

Horizontal 
Interoperability 

Measures the extent to which the e-portal is 
integrated horizontally and can exchange 
information with other systems. 

Presence of standards and open source standards [13, 23, 25], of 
Web services [21, and of horizontal interoperability. 

Reliability  Recoverability Measures the extent to which the e-portal can 
recover to the desired state after an 
interruption. 

Presence of recovery , and of real-time backup mechanism [26] 

TABLE II.  WEB DESIGN QUALITY MODEL SUB CHARACTERICS DEFINITIONS AND METRICS 

QC QSubC Definition Metrics 
Customer 
Centricity 

Centralization Measures the extent to which the e-
portal provides a single point of entry 
for all e-government services. 

Number of offered services [15,16, 27],  of offered jurisdictions [15, 16] 
Presence of services from local level (municipalities), regional level 
(provinces), national level (ministries) [15, 16]. 

Usability Navigation Measures the extent to which the user 
can navigate in the e-government e-
portal easily and perform his/her needed 
activities in a user friendly way. 

Presence of a clear menu structure  and other pages/services available [28],  
of a frequently searched items [29], of a list of most used services [15, 16, 
27, 30, 31]. Standardize templates or make the Website similar to other 
sites in appearance [31, 32, 33] , and Standardize navigation process [31] 

Personalization The extent to which the e-portal is 
offering the possibility to the citizen to 
personalize and customize the e-portal’s 
functionalities according to his/her 
needs. 

Presence of personal account [34], of storage space [35],  of customization 
options of services of interest or according to user profiles and 
requirements [22], of personalized sections or Personalized Internet Pages 
[35],  and of personalization options for themes or ergonomics  and for 
content [15, 16]  

Structuration Measures the extent to which the e-
portal is organized in structured way. 

Presence of sitemaps  
Presence of XML sitemaps 

Maintainability  Industrialization Measures the extent to which the e-
portal is using industry guidelines in 
Web design. 

Compliance with ISO/IEC 16982 [36],  with WCAG 1.0 or 2.0 [37,38]  
WebXact or e-accessibility checker can be used to assess compliance with 
WCAG 1.0 [14,15,16]. Presence of Cascading Style Sheet (CSS) [17] 

 

B. Front-end quality model - Web Design  
The frond-end web design quality can be expressed in 

terms of the following characteristics and sub characteristics 
with their corresponding examples of metrics (Table II):   

− Customer Centricity: Measures the extent to which the 
e-portal is designed for the citizen and not for the 
organization.  

− Usability: Measures the extent to which the e-portal can 
be used by citizens to achieve specified goals with 
effectiveness, efficiency and satisfaction.  

− Maintainability: Measures the extent of effectiveness 
and efficiency with which the e-portal can be modified 
by the intended maintainers. 

C. Front-end quality model- Web Content  
The web content quality can be expressed in terms of the 

following characteristics and sub characteristics (Table III): 

− Customer Centricity: Measures the extent to which the 
e-portal is designed for the citizen.   

− Usability: Measures the extent to which the e-portal can 
be used by citizens to achieve specified goals with 
effectiveness, efficiency and satisfaction. 
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− Content Suitability:  Measures the extent to which the e-
portal’s content is suitable for the citizen. Performance 
Efficiency: Measures the performance relative to the 
resources used under stated conditions.   

− Portability: Measures the extent of effectiveness and 
efficiency with which the e-portal can be transferred 

from one hardware, operating system or other usage 
environment to another.  

− Entertainment: Measures the extent to which the e-
portal can provide amusement content to the citizens. 

 

TABLE III.  WEB CONTENT QUALITY MODEL SUB CHARACTERISTICS DEFINITIONS AND METRICS 

QC QSubC Definition Metrics 
Customer 
centricity  

Relevancy Measures the extent to which the e-portal is 
organizing its content according to the citizens’ 
needs. 

Presence of groupings of information by theme (marriage, birth, 
etc.) [35], by target groups (students, workers, job seekers.) [31, 
35]. Information is at the right level of detail [39]. 

Usability  Accessibility Measures the extent to which the e-portal is 
accessible to people with abilities and 
disabilities. 

Presence of ’listen features‘ to hear text of a page, of sign 
language videos ([15, 16], of possibility to change font size  and 
colors of the pages [15,16,35].Browser/system compatibility [40].  

Searchability Measures the extent to which the e-portal is 
allowing the citizens to search for the e-portal’s 
content and services. 

Presence of search engines [14,28]. of metadata [29]. Offering 
many search options in the search engine [15,16,28] . Search 
engine rank the results [41] 

Documentation Measures the extent to which the e-portal is 
providing help to guide the citizens navigate in 
e-portal and perform their needed tasks. 

Presence of help [15,16, 34, 35],  of FAQs [15,16, 35],  of 
interactive assistance like videos explaining the navigation 
process [31], and of guided tours [42] 

Content 
Suitability 

Timeliness Measures the extent to which the e-portal 
contains regularly updated information. 

Presence of expiry dates or review dates [28].  
Presence of date of the last update [17] 

Richness Measures the extent to which the e-portal is 
offering information to the citizens. 

Presence of codes, laws, news, regulations, etc.[15, 16,27], of 
videos in reception, and organized by themes or live events [28].  

Translation Measures the extent to which the e-portal’s 
content is translated in different languages. 

Presence of an English version [14], of local dialects translations 
[15,16], of translations to different languages [27, 31,34, 35]. 

Understandability Measures the extent to which the e-portal’s 
content and information can  be understood. 

Presence of plain language content (clear and understandable 
language)[43] 

Responsibility Measures the extent to which the e-portal is 
providing statements of rights and 
responsibilities. 

Presence of disclaimers and of copyrights [28],  of privacy  and of 
security statements[19,27,33,35],  of information how data is 
retrieved, stored, and shared among other departments [19,33] 

Performance 
efficiency  

Page Time-
Behavior 

Measures the extent to which the e-portal is 
providing response time of pages’ loads that 
meets the requirements. 

Small loading time using a small bandwidth connection [17] 
Small size of Web pages ([20] 

Portability Mobility Measures the extent to which the e-portals’ 
services can be accessed by various hardware 
types without visiting the e-portal. 

Presence of mobiles apps (iPhone, iPad, Android…). 

Template 
Responsiveness 

Measures the extent to which the e-portal is 
accessible using various platforms and 
hardware. 

E-portal can be accessed by IOS devices [44], and  by Android 
devices (Tablets and Phones)  

Entertainment  Playability Measures the extent to which the e-portal is 
offering a way for the citizens to learn in a fun 
and educational way. 

Presence of interactive games 

D. External quality model 
The external quality can be expressed in terms of the 

following characteristics and sub characteristics (Table IV): 

− Communication: Measures the extent to which the e-
portal is allowing citizens to communicate with 
governments.  

− Citizen Inclusion: Measures the extent to which the 
citizen is included in the e-government process.  

− Analyzability: Measures the extent to which the e-portal 
is getting continuous feedback from the citizens and 
including this feedback into the e-portal. 

E. Service quality model 
The service quality can be expressed in terms of the 

following characteristics and sub characteristics (Table V). 

− Customer centricity: Measures the extent to which the 
e-portal is designed for the citizen.  

− Sophistication: Measures the extent to which the e-
government services are sophisticated. 

− Compatibility: Measures the extent to which the e-
portal or system can exchange information with other e-
portals or systems.  

− Usability: Measures the extent to which the e-portal can 
be used by citizens to achieve specified goals with 
effectiveness, efficiency and satisfaction. 

− Performance Efficiency: Measures the performance 
relative to the resources used under stated conditions. 

IV. CONCLUSION 

In this paper we have provided the detailed view of the new 
quality model for e-government portals. The quality model is 
composed of 5 models: Back-endl, Front-end web design, 
Front-end web content, External, and Service. Each model is 
composed of a set of characteristics in the first level, sub 
characteristics in the second level, then measures in the third 
level. This way we have built a best practice based e-
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government quality model that will allow agencies to both; 
measure the e-portals quality in a unified, reliable and easy 
manner, and identify the missing best practices. The next step 

is to present a procedural view of the quality model and explain 
how it can be used to measure e-government e-portals’ quality. 

TABLE IV.  EXTERNAL QUALITY MODEL SUB CHARACTERICS DEFINITIONS AND METRICS 

QC QSubC Definition Metrics 
Communication  Interaction Measures the extent to which the citizens can interact 

with the government. 
Presence of contact information [ 31,45,46, 47],  and of 
contact details of relevant government officials [41] 

Advertising Measures the extent to which the e-portal’s content 
and services are advertised. 

Advertisement in printed brochures, in television, in radio 
[45], and in internet. 

Emailing Measures the extent to which the e-portal’s 
content/services are advertised using emails. 

Presence of email subscription for newsletter [34,45] 

Referencing Measures the extent to which the e-portal’s content 
are accessible by search engines. 

Possibility to find the e-portal, the services and content from 
search engines using relevant keywords. 

Citizen 
inclusion 

E-participation Measures the extent to which the citizen is involved 
in the e-government process. 

Presence of e-participation policy [34],  of E-petitions 
[16,44], and of E-voting [49, 50, 51, 44, 52] .  

Sociability Measures the extent to which the e-portal is sociable 
and present in social media. 

Use of social media Websites [16] such as Facebook, Twitter, 
Number of likes in Facebook, of followers in Tweeter. 

Incentives Measures the extent to which the e-portal is offering 
privileges for online citizens over the non-online. 

Presence of privileges for online users [16] 

Competitiveness Measures the extent to which the problem solving 
skills of the citizens are exploited. 

Presence of competitions to create services. 
Making public data available [22] 

Analyzability Performance 
Ratings 

Measures the extent to which the e-portal is offering 
the citizens the possibility to rate its  content. 

Presence of feedback icons [35]. Presence of surveys. 

Data Analytics Measures the extent to which the data is analysed for 
insights. 

Existence of an analytics tool  such as Google Analytics [53] 

Improvements Measures the extent to which the e-portal is 
enhanced regularly according to users’ feedback. 

Gathering and Analyzing users’ feedbacks, , and iIntegrating 
the users’ feedbacks into the e-portal [ 27,33,54] 

TABLE V.  SERVICE QUALITY  MODEL SUB CHARACTERICS DEFINITIONS AND METRICS 

QC QSubC Definition Metrics 
Customer 
Centricity 

Service customer 
centricity 

Measures the extent to which the services are 
designed to the citizens  

Observatory approach,  Ethnographic approach, and Eye 
tracking approach[35] 

 Documentation Measures the extent to which the service is mature. Presence of online help when filling the form online [19, 46] 
E-payments Measure the extent to which the service is providing 

help for the citizens. 
Presence of payments via credit cards and  via electronic 
banking [14,19], and via phones[16] 

Trackability Measures the extent to which the e-portal is offering 
the ability for citizens to pay in the e-portal via 
various methods of payments. 

Presence of possibility for users to track status of their 
application via dashboard, and via mail [15],  and  of progress 
tracking + possibility to save earlier versions [35] 

Performance 
Ratings 

Measures the extent to which the e-portal is offering 
the possibility for citizens to track the status of their 
applications online. 

Presence of ratings and scoring a service [22, 35], and of 
emoticons to rate services[35] 

Compatibility Service vertical 
Interoperability 

Measures the extent to which the e-portal is offering 
the citizens the possibility to rate its services. 

Service can communicate with local, regional and national 
levels. 

Service horizontal 
Interoperability 

Measures the extent to which the service is 
integrated vertically and can exchange information 
with other systems. 

Service can communicate with different jurisdictions [47] 

Usability  Forms Suitability Measures the extent to which the service is 
integrated horizontally and can exchange 
information with other systems.  

Presence of mandatory fields, of drop down menu, of online 
help [19, 20], and of information regarding the form [19]. 
Reuse of citizen information for future interaction [20] 

Performance 
efficiency 

Service Time-
Behavior 

Measures the extent to which the user forms are 
easy to use by the citizens. 

Having short response time when executing the service. 
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Abstract—In today’s world, we are having enough user name
and passwords to remember; often causing accounts to be locked
due to forgetting them. Here, we propose a different perspective
of login, where you only need to remember your recent activities
on the smartphones, which will be posed in such a way that
a genuine user could easily answer. The proposed system will
collect the events happening on the phone and put intelligent
algorithms to generate challenges specific to user. The challenge-
response will give a score to the user, where a threshold is set
to allow or disallow user from entering into the system. The
proposed model uses machine learning based techniques to learn
user’s behavior and creates a continuously improving user profile.
The system found to be effective with 85% accuracy, where out
of 30 real world test users 26 could easily able to authenticate
themselves.

Index Terms—Authentication; Android; Context-Based Au-
thentication; Andrologger; Passwords

I. INTRODUCTION

The proliferation of smartphone in our day to day life
has offered us scope to develop more on the number of
applications of these devices. The increased number of sensors
in these smartphones provide us a huge amount of opportunity
to exploit it for development of new technologies and better
assisted life style. With such potent devices comes greater
challenges to check the authenticity of the user of the device.
The increased usage of these devices and the number of new
Apps (common abbreviation for Applications) have made it
a hotbed of private information. Any breach in privacy due
to unauthorized access to these can result in huge losses.
Another aspect to these systems is the increase in number
of Apps make it difficult for users to remember huge number
of passwords. Thus, the user is forced to circumvent the com-
plexity of remembering passwords by different tendencies such
as keeping same password or passwords which can be easily
deciphered. This leads to a large number of users vulnerable
to being compromised on security against the convenience
of remembering passwords. As a smartphone user, we tend

to store a lot of personal information on our phones, which
further need to be protected through some or other ways,
mostly using user names and password. These passwords could
be an effective way of protecting information unless you don’t
forget them. A strong password with varying complexity could
give enough protection from unauthorized access, for sure.
However, remembering all of them is not easy. Our motive
to develop an authentication system in standalone mode to
provide an augmented security to these system is driven by
the potential of these devices. This work on Android based
systems is essentially an extension of ActivPass mentioned at
[5]. They have used a client-server based model to leverage
on the unique signatures of activities done by a user. We have
aimed to extend it to standalone mode to provide authenticity
to the system by utilizing more number of attributes associated
with the user of the smartphone. Activities on smartphones
include making calls, sending SMSs, browsing internet, saving
contact details and fixing up schedules on calendars. All
these activities provide enough private information to validate
authenticity of a user. Additionally, the sensors included in
these devices predominantly GPS, helps us to identify the
movement activity of a user. All these activities can be used to
generate authenticity challenges known only to the authentic
user of the system.

II. BACKGROUND

Android applications gives possibility to openly develop
application with minimum requirements. They are mainly
composed of activities, content providers, broadcast receivers,
intents and services. The AndroidManifest is an important
component of the application which summarizes the appli-
cation declaring the permissions, intents, classes etc. These
permissions are presented to user for user’s acknowledge-
ment and assent. Existing authentication schemes have certain
advantages as well as few drawbacks, which has led to
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exploration of new ways to login. Few existing mechanisms
has been discussed below:

A. Password based Authentication Systems

Password based schemes have been around since years
and found to be effective because of its simplicity. However,
with the growth of internet, the no of user-password pair has
extensively increased, making it difficult to maintain for an in-
dividual. Since users tend to create same or similar passwords
for multiple websites [1], makes this scheme vulnerable to
single point of failure. Another drawback of this scheme is,
passwords are static. So, if we lose the password, user has no
way of knowing, whether they have lost it or not.

B. Keystroke based schemes

In this scheme, the user’s experience with the keyboard
is recorded to form a unique signature for authentication.
The keyboard interaction differs from user to user, the time
difference between press and release of a particular key, usage
in writing a sentence etc. For example, to write a sentence
’There are 3 Zebras’, a user may use caps lock to capitalize
first letter or he can use shift (can be either left or right) to
capitalize that letter, to write number 3, a user may use top
keyboard or the numpad on the right. The study on keyboard
dynamics [2] has brought out features to identify users based
on habitual rhythm pattern.

C. Click Pattern based schemes

In this scheme, a user is presented with a set of click points
and being asked to draw a predefined pattern. The path and the
way a user draws a pattern varies for each individual [3] [4].
So, this signature can be used to identify user. This scheme is
effective when being used as part of two factor authentication
[7].

D. Graphical Passwords

In Graphical password scheme, the user is presented with
a GUI to select images (of certain types or predefined) in
a specified order. Sometimes this scheme is also called as
Graphical User Authentication (GUA) because of the GUI
component [?]. The advantage with graphical passwords is,
they may be easier to remember since they stimulate the visual
memory which studies have indicated might be better suited
for the task than the verbal memory [?]. However, the problem
with graphical passwords is that most platforms and services
which request a password do not support graphical passwords
and implementing them would be costly for them [6].

E. Biometric based solutions

Biometric based solutions have been around since years and
also, they are found to be effective. However, there have been
instances of tampering with this method too. E.g. cloning of
fingerprints and retina iris [?].

F. OTP based solutions

Of modern day techniques of two factor authentication, OTP
based solutions work efficiently. Here, after providing a text
based password, a token is sent to user’s mobile phone/email-
ID to provide for the authentication. Most financial institutions
and e-commerce based services have utilized this carefully.
The user activities on a phone are important data points for
a context based authentication framework. It gives the system
chance to interpret the responses in an intelligent manner. The
context in the proposed system include time of day, duration
of activity, type of activity, successor and predecessor of the
activity and frequency of the activity. These parameters form
a intelligent challenge specific to the user.

III. RELATED WORK
ActivPass [5] explores the feasibility of automatically ex-

tracting passwords from a user’s daily activity logs, such as her
Facebook activity, phone activity etc. In an end to end system
ActivPas, observes that infrequent activities (i.e., outliers) and
generates challenges for the user. One shortcoming from this
system, we found was the level of security is inadequate for
serious authentication systems, however, certain practices such
as password sharing can be thwarted from the dynamic nature
of passwords.

IV. PROPOSED METHODOLOGY
The high-level block diagram of the system looks like

the following in figure 1, where user activities are recorded
and then fed to the challenge generation module where user
specific questions are generated and stored in SQLite database.
The Module calculates running score of authorization for the
user and depending on the threshold the user is authenticated
or denied access to the system.

Fig. 1. High Level Diagram of the System

A. Andrologger: Logging activities of the user

We developed an android based application [?] to collect
various user activities including calls, sms’s, browsing history,
accounts information, location etc to record events particular
to the user. The andrologger service starts running after user
accepts the consent of being monitored. The application is set
to collect data every 15 minutes, and forward the same to seg-
regation and categorization module. Andrologger needs some

0http://github.com/pradeeptewary/andrologger/
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specific permissions from user to access the user activities as
in figure 2.

Fig. 2. Few Specific permissions requested by Andrologger

Andrologger is an android application which runs in a non-
rooted environment with user’s consent. Once the application
is launched, it runs as a service and keeps collecting the user
activities in the background. We implemented the service using
Alarms, Content Provider and Broadcast Receivers. These
mechanisms ensure that data is being collected at regular
intervals and appended to existing logs. After collection of
activities over a week’s time we made a trend of usage of a
particular user and it was found that most user activities in-
volved screen based (ON/OFF/LOCK/UNLOCK) nearly 23%,
location based (movement from one place to another) nearly
19% and Browser based (url visits, browser searches) nearly
12%. Calls, SMSs, Bluetooth based activities were sparse for
obvious reasons. It can be followed in figure 3.

Fig. 3. User Activity Analysis over a Week Time

The inference that could be drawn from above analysis
about most frequent activities belonging to the screen is due
to the fact that users tend to check their phones for any
notification or time of the day. The 2nd most frequent activity
was browser related, as the users tend to open links coming
from messaging applications or using google to search for
certain keyword. We observed that even when home launcher
is in focus, it make url requests to web servers, e.g. making
request to get weather data from accuweather.com in case of
moto G4.

B. Activity Segregation and Categorization

Segregation and categorization is required to reduce the
complexity of searching for logs from the complete list of

activities as it could pose to be time consuming and allowing
the application to freeze. By default, all the activities are
recorded in the events table. Events table records all the
logs from calls to screen activity, causing the table to grow
exponentially. There was need to segregate them into multiple
table, so after collection of activities the events are being sent
to the segregation and categorization module for putting them
in a different structure format. There is a total of 8 categories,
in which records are segregated based on the criteria of APIs.
Activities are segregated in the manner mentioned in table 1:

TABLE I
VARIOUS SEGREGATED CATEGORIES AND THEIR DESCRIPTION

Category Status Description

Browser Based (bsr) derived Browser Searches, URL Visits
are recorded with their timestamp

Call Details Record (cdr) derived

Calls made, missed calls,
received calls with their
timestamp, call duration and
contact number/name

Contacts original
Complete list of contacts, also
triggered to add to new
contacts, if added

Location derived Movement from one location to
another with set threshold

Events original
Any other events like package
installation/removal, screen
activity etc

Calendar Based original Any event or reminder added
to the calendar

Short Messages (sms) derived

Text based sms sent or
received with their timestamp,
sender/receiver information
and content of the message

Questions observed
It contains our challenge
responses generated by the
system.

Parsing of each field of these records is carried out to
segregate each type of records. The details of fields in events
table is given in table 2:

TABLE II
FORMAT OF LOGS COLLECTED IN EVENT TABLE

id detector detected action event occured
5 CallWatcher 1489058933 PhoneCall 1489058929451

description additional info

Outgoing ID:447;Number:+91xxxxxxxxxx;Name:xxxxx;
Duration:150;NumType:1

Questions table is a derived table and part of deliverable
from the current module. Questions schema contains its type,
difficulty level, and the answer, where the difficulty level is
used to determine the weight of the question, helping to create
user’s profile over a period of time.

C. Question Generation

• Type of Questions
It is observed that different types of questions have
different acceptance levels by users. Thus, a good mix of
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all types of questions will be deterrent to an unauthorized
user. We have set the type of questions to Binary, MCQ
and Text based questions. Thus, a mix of these questions
are posed to a user to keep the security complacency
varied. In addition to this, for all data points which are
outliers, we generate positive questions that are true to
ground truth as well as negative questions which are false
to ground truth. For MCQ based questions, we generate
answers which are randomly distributed among options.
Thus, ensuring that maximum number of dynamic ques-
tions are generated and maintained.

• Rule Based Question Generation
In this approach, data from different segregated tables
are addressed separately. The approach towards all type
of data is to identify Frequent, Periodic and Irrelevant
and reduce them in order to get Outlier logs. These are
logs which are most likely to be remembered by a user.
It has been proved in [5] that these activities are highly
remembered by a user. We then generate questions from
these Outlier logs. The type of the question generated is
based on the type of the data. Table 3 shows the format
of questions generated.

TABLE III
FORMAT OF QUESTIONS GENERATED

id detected question type question answer

15 148926677907 3

Did you receive
a call from
xxxxxx around
7pm today?

N

• Dynamic Question Generation
All types of data are subjected to basic filtering tech-
niques to identify outliers within the data. Interquartile
range is used to filter out Outlier event from the data.
The percentile defines the range of quartile. Thus, it is
used to identify the outlier events in the data. Once these
Outlier events are identified, they are used to generate
questions.

TABLE IV
FORMAT OF OUTLIER QUESTIONS GENERATED

id detected question type question answer

08 148926568955 3

Did you move
to a location
other than your
frequent places?

Y

D. Challenge Response Validation

Based on the question posed to user, the reply from the user
are matched to the available Answer from the Question gen-
eration module. All positive matches are maintained against
a running average each time a user logs into the system. A
minimum threshold is set based on the requirement of the
Application environment. The user is allowed access to the
system/app which are marked secure only if the user crosses
the minimum threshold.

1: procedure RUNNING SCORE1

2: Answers  AskQuestions API
3: for each Ai do
4: As  answerSubmitted
5: Ad  databaseAnswer
6: if (As == Ad) then
7: runningAnswer-

Weight=(runningAnswerWeight+ 1)/2;
8: else
9: runningAnswer-

Weight=(runningAnswerWeight)/ 2;
10: end if
11: end for
12: return profile
13: end procedure

E. Data Flow Diagram

Fig. 4. Abstract View of Data Flow in the System

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

Smartphone location and records are used for results shown
here. Since, the data in smartphone is personalized, privacy is
a deterrence in sharing. The results shown here are applicable
to other log types. The details of logs are given below:

1Calculates the running score of user
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A. Location Data

Total Location Records 5707
• We find such plots of 5707 data points.
• Grouping in 1-hr data reduces to 18 such points.
• Finding Outlier by Multivariate Interquartile Ranges gives

3 such points.
• These points used to generate question of format: Did

you visit some new location yesterday? (Y/N)

The location records plotted on Time, Latitude (X-axis) and
Longitude (Y-axis) are shown in Fig.5. It is evident that each
user follows a very evident location pattern in a day. Fig.6
shows outliers detected by applying Interquartile Ranges with
quartile range of 0.25 and 0.75. Fig. 7 shows only the outliers.
It can be seen that these outlier points are far from others and
very likely to be remembered by a user.

Fig. 5. Location Data: Time, Latitude, Longitude

Fig. 6. Location Data and Outliers

B. Call Data Record

Total Call Records 35
• We find such plots of 35 data points.
• Grouping in 1-hr data reduces to 17 such points.

Fig. 7. Location Outliers

• Finding Outlier by Multivariate Interquartile Ranges gives
3 such points.

• These points used to generate questions like of format:
Did you get a call from XXXX between 5-6 pm yesterday?
(Y/N)

The call data records plotted on Time, Number and Duration
is shown Fig.8. All Outlier call can be found out using In-
terquartile ranges as in locations. Fig.9 shows outliers detected
by applying Interquartile Ranges with quartile range of 0.25
and 0.75. Fig. 10 shows only the outliers. It can be seen that
these points very likely to be remembered by a user.

Fig. 8. Call Data Records Data: Time, Number (Person) and Duration

C. Application Screenshots

Figure 11 shows the welcome screen. The user can browse
through the tables as well as go to ask questions. Fig.12 shows
an example of the Questions generated.
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Fig. 9. Call Data and Outliers

Fig. 10. Call Outliers

Fig. 11. Welcome Screen and Consent Banner

Fig. 12. Events Collected and Type of Challenge Generated

VI. CONCLUSION AND FUTURE SCOPE

We have explored and drawn following deductions for the
design and implementation of Activity/Event based Authenti-
cation Framework:

• Outlier events are well remembered by authentic users
and can be used for dynamic password generation.

• Rule based question generation works well when the
number of log data is small and sparse.

• Statistical machine learning based approaches can be
applied in case the number of logs are large.
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Abstract—To move the web from a Web of documents to a
Web of data commonly named semantic web, it is obviously
necessary to extract objects as terms and named entities that
support a substantial proportion of texts semantic. This step
could be the basis for existing web annotation which can
improve the precision in handling documents for applications.
The rapid growing of the web make impossible doing this
manually. Many extraction and annotation techniques are used
to resolve the first and easyiest problem of information search
which is finding documents containing the searched data. In
this work we proposed an experimentation of improvements
on a model that allow locating and extracting the more exact
parts of documents that correspond to the user request. This
work extends SHIRI 1 which is an ontology-based system for
integration of semi-structured documents related to a specific
domain. The ontology is described by a set of concepts, relations
and their properties. It also contains a lexical part. It relies on
an automatic, unsupervised and ontology-driven approach for
extraction, alignment and querying for semantic annotation of
tagged semi-structured documents elements. In this paper we
focus on experimenting of two major improvements we proposed
in our previous works. Experiments on a real datasets show that
these improvements increase greatly the recall and the returned
answers are effectively more precise and ranked according to
their precision.

I. INTRODUCTION

Moving the web from a Web of documents to a Web of
data commonly named semantic web become more and more
current and relevant problem. Information available on the
Web, the very huge amount of data, is mostly in HTML form
and thus is more or less syntactically structured. Tags of XML
documents can be used as a first annotation of their contain.
For HTML documents tags are only about the final presenta-
tion and nothing allows programs to interpret and handle their
contain. The need to automate these information processing,
their exploitation by applications and their sharing justify the
interest that research carries on the semantic web. Because of
the lack of semantic, the querying over these resources are
generally based on keywords. This is not satisfying because it
does not ensure answer relevance and the answer is commonly
a set of whole documents. The extraction of objects as terms

1Système Hybride d’Intégration et de Recherche d’Information, Digiteo
labs project (LRI, SUPELEC)

and named entities that support a substantial proportion of
texts semantic and the annotation of web resources with
semantic metadata should allow better interpretation of their
content. The difficulty lies in the heterogeneous structure of
documents and the fact that instances of concepts (objects
as terms and named entities) and properties are sometimes
difficult to detect and dissociate. Metadata semantics are
commonly defined in domain description model as ontologies
through domain concepts and their relations. Nevertheless,
manual annotation is time-consuming and the automation of
annotation techniques is a key factor for the future web and
its scaling-up.

Many works belonging to complementary research fields
such as machine learning, knowledge engineering and lin-
guistics investigate the issue of extraction and annotation
of such documents. Some works are based on supervised
approaches or on the existence of structure models in the
input documents. Other research works are based on the
existence of lexico-syntactic patterns which belong to the
vocabulary used in the documents. Generally, the assumed
hypotheses are incompatible with the heterogeneity and the
great number of documents. Now, one information may appear
in different kinds of structure depending on the document
forms. Moreover, one document may contain both structured
and unstructured (textual) parts. Each part of one document
may describe different instances of different concepts. Except
for named entities, instances are often drowned in text, so they
are not easily dissociable. Even advanced Natural Language
Processing techniques often adapted to very specific corpora
could not succeed.

SHIRI [8], on which this work is based, can be defined
as an ontology-based integration system for integration of
semi-structured documents related to a specific domain. The
system’s purpose is to allow users to access to relevant
parts of documents as answers to their queries. SHIRI uses
RDF(S)/OWL standard W3C languages for representation of
resources and SPARQL for their querying. The domain is
covered by an ontology. Ontologies are commonly described
by a set of concepts, relations and their properties. The
ontology describing the domain is enhanced with a lexical
part. The system relies on an automatic, unsupervised and

978-1-5386-7641-7/18/$31.00 c�2018 IEEE
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ontology-driven approach for extraction, alignment and for
semantic annotation of tagged elements in web semi-structured
documents. The extraction relies on a set of named entity
patterns and domain-independant term patterns that allow
extracting term candidates to be aligned with the ontology.
Because of the huge amount of extracted terms and named
entities the process requires an establishment of a pruning step
which uses statistical methods. The purpose of this phase is to
reduce noise driven by the boundary errors of certain named
entities which are often very long. After this step it proceeds
in an incremental manner in order to populate the ontology
with aligned terms describing instances of the domain and
reduce the need to access to extern resources such as the Web.
Furthermore, the annotation takes into account the fact that
terms are generally not located in accurate manner and may
be drowned in a same tagged element in document (named
structural unit). It attributes the same semantic metadata
to structural units according to its structuration level. This
metadata is then indexed by the appropriate ontology concepts.

In this paper we focus on the SHIRI system and its main
components, the pruning step and its experimentation.

The paper is organised as follows. In section II, we present
a global view of researches in the domain. In section III, we
present the SHIRI system and its main components. In section
IV, we detail the pruning step on the extraction. In section V,
we present the experimentation results and compare them to
SHIRI’s original results. In section VI, we conclude and give
the perspectives of this research work.

II. SURVEY OF EXISTING WORKS

The Semantic Web, a layer above the current web, is a
portfolio of technologies to increase the potential of the web
through formal metadata system. It aims to build a web of
knowledge. This allowes web content resources to be acces-
sible and usable by software programs and agents. To access
these contents, Semantic search one of major motivations of
the Semantic Web is used. A semantic web search engine can
be viewed as a tool that processes ontology-based queries by
matching them against datasets of annotations or knowledge
bases. In an ideal case, this information retrieval problem is
similar to information retrieval in relational databases where
answers are sets of tuples satisfying the query. However, this
view makes sense only when all information are represented
as instances of ontology concepts and relations.

The research advances on automating ontology populating
and document annotation are promising. But even for named
entity-based approaches [5], [9], [10] or pattern-based ap-
proaches [19] it remains difficult to locate precisely instances
since some of them may be blended in text. Thus, the
granularity of the annotation could be precise, at the term level,
or imprecise, at the node level, in a semi-structured document
[19]. In the worst case, the granularity is the whole document.
It depends on the used techniques to extract concept instances
and on documents heterogeneity. Semantic imprecision may
also appear when associated annotations are not accurate
enough (e.g. using Event metadata instead of Conference

metadata). From another hand, semantic annotations are often
incomplete since automatic annotators do not find all instances
and relations. Semantic relations are particularly difficult to
annotate when documents are heterogeneous.

To overcome these problems, some semantic search systems
try to gather answers satisfying the user query by simply
using available metadata. Some approaches [18], [20], [25]
deal with semantic imprecision by approximating the concepts
and relations expressed in user queries using an ontology (e.g.
exploiting subsomption, contextual closeness, path of semantic
relations). Other works combine ontology-based search and
classical keyword search [17], [21] in order to deal with in-
complete annotations. The use of keywords increases the recall
by retrieving instances that are not reached with semantic
annotations. Often In these cases some of semantic constraints
of the query are relaxed.

There are works also based on supervised approaches or on
the existence of structure models in the input documents as in
[13], [4], [6], [12], or in text as in [7], [9]–[11]. Generally, the
assumed hypotheses are incompatible with the heterogeneity
and the great number of documents.

Other works focus on improving the querying of semi struc-
tured documents. SHIRI-Querying [16] proposes : (i) a refor-
mulation method to query incomplete and imprecise semantic
annotations of semi-structured documents (ii) an order relation
that ranks the constructed queries according to their relevance
and (iii) a dynamic algorithm which builds and executes
reformulated queries w.r.t. the defined order. SHIRI-Querying
allows querying a set of RDF annotations that conform to the
annotation model of the SHIRI system2. This generic model
[8] is based on a domain ontology described in OWL. The
granularity of annotation is the document node (e.g. XML
and HTML tags). Each node is annotated as containing one or
several instances of different concepts of the ontology. Thus,
SHIRI-Querying allows exceeding the imprecise instances
localisation at the term level. The annotation model also allows
the representation of structural links between document nodes.
These links are exploited in order to retrieve answers when
the required relations are not provided by the annotation
tool. Thus, SHIRI-Querying deals with incompletness of the
semantic relations in the provided annotations. In SHIRI-
Querying approach, user queries are described using SPARQL
language and are built using concepts and relations defined in
the domain ontology. The reformulation of keywords-based
queries into structured and semantic-based queries is done as
in [22], [24] .

III. SHIRI SYSTEM PRESENTATION

SHIRI [8] can be defined as an ontology-based integration
system for integration of semi-structured documents related to
a specific domain. Its architecture ans its main component, the
annotation model are presented in the following sections.

2SHIRI : Digiteo labs project (LRI, SUPELEC)
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A. SHIRI Architecture
SHIRI system uses RDF/OWL standard W3C languages for

representation of resources and SPARQL for their querying.
The architecture described in figure 1 presents the main
components of the system.

• The component SHIRI-Extract is designed to locate terms
and named entities in tagged documents. This component
exploits syntactic term patterns to extract a set of term
candidates to be aligned with the concepts of the domain
ontology using either the ontology itself or an extern
source like the Web. The main output results are : (1) rdf
triples which enrich the ontology with terms describing
the concepts and (2) rdf triples refering the structural
units of the documents (tagged elements), the type of
domain concepts these units contain and the values of
corresponding terms or named entities.

• The component SHIRI-Annot is designed to annotate
documents semantically. The granularity chosen for the
annotation is the structural unit. This allows taking into
account the fact that instances are generally not located
in accurate manner and may be drowned in a same struc-
tural unit especially in unstructured ones. The annotation
consists of associating a final annotation to a structural
unit using a semantic metadata defined either in the
domain ontology or in the annotation model. It allows
inferring relations linking identified concept instances by
exploiting the neighborhood of structural units. Thus, the
annotation based on an annotation model and a set of
logical rule patterns generates automatically : (1) the
set of rdf triples refering the structural unit, the type of
semantic metadata and (2) the set of rdf triples refering
the domain relation inferred between structural units.

• The component SHIRI-Querying is designed for an
ontology-based querying of the set of annotation rdf
triples stored in the knowledge base. This component
allows approximating user’s queries according to the
ontology and the annotation model. These approximations
are defined to retrieve the imprecise annotations due to
unstructured documents parts. Each approximated query
constructed from a user domain query allows gathering
more answers than it is expected to obtain using only the
domain query.

B. SHIRI Annotation Model
The annotation model represents of one of the more impor-

tant parts of SHIRI system. It constitutes an extension of the
domain ontology. An ontology is an explicit specification of
a conceptualization [26]. The model enriched using a lexical
part is defined as follow.

Let O(CO,RO,�,SO,XO,LEX ) be the domain ontology
where CO represents the set of concepts, RO the set of
relations between concepts, � denote the subsumption relation
between concepts and between relations. SO defines the do-
main and the range for each relation and XO is a set of axioms
and rules defined over concepts and relations. For example,
functional properties of relations of RO are specified in XO.

I SHIRI-Extract

Knowledge 
Base

Corpus of HTML 
documents

SHIRI-Querying

I

I
I

I

WEB

Domain 
Ontology

Uniform 
annotation 

model

SHIRI-Annot
[Domain-independant 

declarative rules]

Crawler

Annotations
(RDF)

SHIRI-Align with 
pruning steps

Fig. 1: SHIRI Architecture Modules

LEX (L, T , prefLabel, altLabel, hasTerm, hastermNe)
defines the set L of concept labels and the set T of terms or
named entites describing the concepts of the domain. Each
element c 2 C is related to a preferred label via prefLabel
property and to alternate labels via altLabel 3 belonging to
L. Each element c 2 CO is related to terms via hasTerm
property and to named entities via hastermNe belonging
to T . We assume that the sets L and T can be initialized
respectively by a set of labels and a set of terms selected by
the domain expert.

The Annotation model, denoted A, is generated automati-
cally from the domain ontology. A is defined by the sextuplet
(CA,RA,�,SA,XA,LEX ) where CA = CO [ CS , RA =
RO [RS and SA = SO [ SS . CS and RS are the concepts
and the relations defined for the annotation task. SA defines
the domain and the range of new relations defined for the
annotation task. XA = XO[XS where XS is the set of logical
rules used by the adapter to annotate document nodes.

In this model (cf. figure 2), concept instances are identified
by URIs of document nodes and the literals associated by the
hasValue attribute are the textual contents of document’s nodes
(cf. figure 2).

These metadata instances are generated by the adapter using
the set of logical rules XS [8]. If a document node contains
only one instance of a domain concept c, it is annotated by
c. The datatype properties of instances become properties of
the node. Else, it is annotated by PartOfSpeech, the only ag-
gregate concept metadata. The property isIndexedBy metadata
is instanciated for PartOfSpeech nodes used to annotate a
document node containing :

• several instances of different concepts. These concepts
are then used to index the node using the isIndexedBy
property.

3Properties defined in SKOS: Simple Knowledge Organization System
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• several instances of the same concept. The concept is then
used to index the node using the isIndexedBy property.

• neighborOf relation expresses some structural link be-
tween document nodes (e.g. a path of length d in the
XML/HTML document tree).

The provided annotations of domain relations r 2 RO
are instanciated between nodes whose type is in CO (domain
concepts). In the case where r relate a node of type cj 2 CO
to a node of type PartOfSpeech indexed by one concept,
the relation is substituted by rSet and its inverse rSet�1.

PartOfSpeech

Concept

Literal

Topic

Person
Noeud

Metadata

hasValueInstance

Extension Ontology

neighborOf[k]

containInstanceOf

skos:altLabel
skos:prefLabel

LiteralisIndexedBy

skos:label

Event

subsomption property (domain to range)

Fig. 2: Uniform Annotation Model

IV. PRUNING STEP IN SHIRI-EXTRACT

A. SHIRI-Extract Approach

In this section, we focus on the way that our pruning
step improves terms extraction and their alignment with the
ontology (see figure 1). The extraction method applies a set
of patterns to extract term candidates. It distinguishes the
named entity patterns and the term ones. The term candidates
are to be aligned with the concepts of the domain ontology.
This alignment is either directly done with the ontology or
indirectly using the Web. The ontology is then populated with
the aligned terms that are exploited for the next alignments. In
the following, we introduce the used notations, then we detail
the Extract-Align algorithm.

The SHIRI extraction and alignment approach proceeds
in an incremental manner. Each Extract-Align invocation [8]
processes a subset of documents. More precisely, at each
invocation, the algorithm is applied to a subset of documents D
belonging to the same domain, to the ontology of this domain
O, to a set of patterns P , to a set Processed of terms handled
in previous steps. The algorithm distinguishes two types of
patterns : syntactic named entity patterns and syntactic term
patterns. These two types of patterns are used to extract a set
of term candidates denoted I (see example in table I). Each
t 2 I is identified by the sequence of the numbered words
according to their occurrence order in the document. These

Original Text Extracted Terms
... Areas71 of72 interest73 are74
distributed75 databases76 and77

artificial78 intelligence79.
The80 workshop81 SEMMA82

focuses83 also84 on85

databases86. Intelligence87
areas88 ...

... [Areas71] of72 interest73
are74 [distributed75

[databases76]] and77 [artificial78
[intelligence79]]. The80
[workshop81] SEMMA82

focuses83 also84 on85

[databases86]. [Intelligence87]
[areas88] ...

TABLE I: An example of extracted terms

terms are to be aligned wih the set of labels L and the set of
terms T defined in the ontology O.

At each step, the algorithm attempts to directly align terms
of I with the ontology, otherwise by using the web. Besides,
each step enriches the set T of domain terms and named
entities, so the number of web invocations should be reduced
when the next documents will be processed. That is also the
reason why the set of unaligned processed terms are kept in
Processed.

The function alignTerm(t) is applied to each t 2 I and
returns a set of concepts Ct ⇢ CO if it succeeds. Then, t is
added to T and related to each c 2 Ct via hasTerm or via
hastermNe relations depending on the matched pattern (see
example below). The invoked alignTerm(t) function uses
similarity measures that are appropriate to compare two named
entities or two terms.

The unaligned terms are submitted to the Web like in
CPankow approach [9]: lexico-syntactic Hearst patterns for
hyponymy [3] are used to construct queries containing the
unaligned term t. These queries are submitted to a search
engine in order to find a set of label candidates Lt. For each
l 2 Lt, the function webAlign(l) is applied and returns a set
of concepts Ct ⇢ CO. If webAlign(l) succeeds, then, l and t
are added to T . t is related to each c 2 Ct via hasTerm or
via hastermNe relations depending on the matched pattern.
l is related to each c 2 Ct via hasTerm relation. Since l is
extracted automatically it is considered as a term.

In addition, the term candidates I are also processed in an
incremental manner from the longest to the shortest. We as-
sume that a term is more precise and meaningful than the terms
it contains. For example distributed databases is more precise
than databases. But for a term such as Interoperability of data
on the Semantic Web, the alignment will fail very probably.
We denote a term of length k occurring at position i in the
document as a sequence of k words: tki = wiwi+1...wi+k�1,
where wi+j denote the word at position i+ j, j 2 [0, k � 1].
We note Ik = {tki , i 2 [1, N ]} the set of extracted terms of
length k varying from len to 1 (len is the maximal length).

At iteration k, the algorithm proceeds terms of Ik and
I =

Sk
i=1 Ik. We say that tk2

i2
is included in tk1

i1
if k2 < k1

and i2 2 [i1, i1 + k1 � 1]. When the system aligns a term
x 2 Ik then 8y 2 Sk�1

i=1 Ii such that y is included in x, y is
deleted from I.

Example: Given the text in table I and the two patterns
P 1
t = JN and P 2

t = N where J denotes an adjective
and N a name, the extracted terms are the following:
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I1 = {Areas71, databases76, intelligence79, workshop81,
databases86, Intelligence87, areas88} and I2 = {distributed75
databases76, artificial78 intellige-nce79}. The terms
[distributed75 databases76] and [artificial78 intelligence79] are
aligned with the concept [Topic]. So, we delete databases76,
Intelligence79 from I1. Three kinds of outputs result from
the Extract-Align invocation: (1) rdf triples which enrich the
ontology with terms or named entities describing the concepts
(hasTerm and hastermNe relations) and (2) rdf triples
refering the structural units of the documents, the concepts
these units contain (containInstanceOf ) and the values of
corresponding terms or named entities (hasV alueInstance)
(3) the set of all processed terms.

B. Pruning Step

SHIRI, via its module SHIRI-Extract, produces a big number
of terms and named entities. The idea is to purge them and
eliminate those, likely to cause a failure, when aligning with
the ontology.

In its current version the algorithm tries to annotate all the
results of its extraction. The main purpose of this step is to
apply a purge method. Some of the terms and named entities
extracted by SHIRI-Extract algorithm are deleted before next
step : SHIRI-Annot. In this way we reduce noise and redun-
dancies. We know that similarity measures between words
according to their distribution in a text corpus can be used
For this we use the function Prune which take a set of terms
and named entities and :

1) prn-long(n) : delete all term that its length is greater
than n words;

2) prn-sub(k) : delete all sub-term having more than k
upper-terms.

Very long terms may contain less long ones. Therefore we
first call prn-long(n) to avoid deleting a short term st because
of its inclusion in a long one lt and prn-long(n) delete lt. Then
we call prn-sub(k) that delete a term t which is included in
k preceding terms not aligned. In this case, either t is bad-
extracted either its alignment will likely fail. We can also use
a parser to extract dependency triples from the text corpus. A
dependency triple consists of a head, a dependency type and a
modifier. These techniques can help to prune extracted terms
and named entities. More details about the Prune algorithm
can be found in [27].

V. IMPROVEMENTS EXPERIMENTATION AND ITS
COMPARISON WITH SHIRI’S ORIGINAL RESULTS

We present SHIRI’s old results before presenting the im-
proved experimental studies.

A. Results of SHIRI-Extract

Table II shows that a lot of terms occurs many times since
all documents talk about the same domain. Obviously, most of
them are not aligned with the ontology. Moreover, those which
are included in aligned terms are not processed. These terms

Length Extracted Terms Extracted Terms (distinct)
1 101430 14413
2 32712 15806
3 17912 10020
4 5704 3797
5 966 602
7 104 48

Sum 158828 44680

TABLE II: Number of terms extracted according to their length

Total terms Wrong terms Precision
2153 968 55,04%

TABLE III: Term extraction precision evaluation

are obtained after a morpho-syntactic tagging of the corpus of
documents and an application of patterns defined in [2].

The precision of the extraction is assessed over 2300
distinct terms extracted from randomly selected documents.
We extracted 147 terms that do not belong to the field as
Fax or Regular Mail and audiovisual aids and train hours.
These terms are passed over in the evaluation. So the precision
was computed over 2153 terms. The results of the extraction
of terms are presented in Table III. Most of extracted terms
are meaningful, but many bad terms are due to typographical
errors such as lack of whitespaces. This is the case of many
examples like onsemistructured data in order and ofmachine
learning. In other cases, the syntactic pattern return a series
of words with no meaning as reviewers to make and large
populations of self.

B. Results of SHIRI-Annot

Expert validation was done about 5% of extracted terms.
Table IV shows the ratio of aligned terms for concepts Event,
Topic, Person, Affiliation and Location. Other terms aligned
with named entity concepts have been also found with good
precision and recall. For example affiliations which are often
described using complex terms [19]. Globally the precision of
the alignment process was 74.31% and the recall 70.81%.

C. Results of SHIRI-Extract Improvements

1) prn-long(n), while n=6: deletes 104 terms, that corre-
spond exactly with the number of 6-over extracted terms as
shown in Table II. According to the results of [19], any of
these terms was not aligned.

Aligned with O Precision Recall
Affiliation 165 96.97% 91.95%
Location 143 80.42% 78.77%
Person 206 63.59% 59.01%
Event 80 65.00% 65.00%
Topic 276 65.58% 59.34%

TABLE IV: Results for term alignment
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2) prn-sub(k), while k=2: deletes 34479 terms, which in-
clude only ten (10) aligned terms according to [19]. Let us
remind that if one of the terms containing a term t were aligned
with a concept belonging to the ontology, SHIRI-Annot would
have remove t.

These experimentations are done in the same set of terms
after the two pruning steps, that is 1686 terms. Globally the
precision is about 93.83% and the recall is 90.45%.

Comparing to SHIRI-Extract results, the recall and the
precision are effectively enhanced by these improvements.

VI. CONCLUSIONS AND FUTURE WORKS

In this paper, we have presented SHIRI, its two improve-
ments and there experimentations. SHIRI is an automatic,
unsupervised and ontology-driven approach for extraction,
alignment and semantic annotation of tagged documents el-
ements. The extraction process uses a set of named entity
and term patterns to extract term candidates to be aligned
with the ontology. The Extract-Align algorithm proceeds in
an incremental manner in order to populate the ontology with
terms describing instances of the domain and to reduce the
access to extern resources such a Web.

Our first improvement reduce the number of metadata
used to annotate structural units into documents. It simplifies
and also uniformes the annotation model. It reduce also the
number of queries reformulations. The second improvement
reduce the number of terms and named entities to align with
the ontology. The results of our experiments on a HTML
corpus related to call for papers in computer science show
how the improvements in Extract-Align algorithm enhance the
alignment process.

In the near future we plan to reduce requests reformulations
using the first improvement, the uniform annotation model.
It will increase the query recall without loosing completely
the semantics of the query. We also could use semantic-based
heuristics in order to avoid some wrong answers.
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[16] Yassine Mrabet, Nacéra Bennacer, Nathalie Pernelle, and Mouhamadou
Thiam. Supporting semantic search on heterogeneous semi-structured
documents. In CAISE, Tunisie, 2010.

[17] Bhagdev, R. and S. Chapman and F. Ciravegna and V. Lanfranchi
and D. Petrelli. Hybrid Serach: Effectively Combining Keywords and
Semantic Searches. European Semantic Web Conference proceedings
LNCS, 2008.

[18] Corby, O. and Dieng-Kuntz, R. and Gandon, F. and Faron-Zucker, C.
Searching the semantic web : Approximate query processing based on
ontologies. IEEE intelligent systems journal, IEEE Computer Society.
Vol. 21, n. 1, pp 20-27, 2006.

[19] Thiam, M. and Bennacer, N. and Pernelle, N., Lô, M. Incremental
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Abstract— Network management processes of Wireless 
Body Area Networks (WBANs) such as installation and 
configuration are quite complex because of heterogeneous 
structure and limited resources of WBANs. In addition, the 
lack of a manageable and flexible structure poses an important 
problem in WBANs. The software-defined network (SDN) 
approach suggests a new network architecture that is simple, 
flexible, and manageable and has less workload. This approach 
is considered to be a solution to the above-mentioned problems 
of the WBAN architecture. In this context, WBAN architecture 
based on SDN approach, a new network approach for WBANs, 
is proposed in this paper.  

A controller as SDN control unit is responsible for all 
network-related management and control operations in 
WBANs. This unit effectively and efficiently manages all the 
wireless communication processes necessary for the 
coordinator nodes to communicate with each other and with 
the controller. The throughput and end-to-end delay results of 
the proposed architecture are examined for the performance 
analysis. The results show that the proposed network 
architecture improves the performance of the traditional 
WBANs structure and simplifies the control and management 
processes. 

Keywords—WBAN; SDN; Controller; Wireless Networks 

I. INTRODUCTION

Wireless Body Area Network (WBAN) is a radio 
frequency-based wireless networking technology formed by 
small nodes with the sensor or actuator characteristics within, 
on, or around the human body. The mission of WBAN is to 
enable the human body to monitor its functions and 
surroundings through the sensors and actuators. For example, 
by the help of sensor nodes placed on the athletes, necessary 
information can be collected about the athletes who are in 
motion at certain times. WBAN allows the athlete to monitor 
the working conditions of the various muscles of the body; 
the health condition and movements of the athlete. In 
addition, speed, distance, heart rate and position information 
of the athlete can also be traced with the WBAN [1]. 

Another usage area of WBAN is the health sector. They 
can be very useful healthcare applications for patients who 
are treated outside the hospital especially. With the WBAN 
of a patient at home, the body functions and vital signs are 
monitored, and the collected information is periodically 
transmitted to the healthcare centers to provide necessary 
intervention and surveillance. When such examples are 
reproduced, it seems that the WBAN makes life easier by 
finding the possibility to use in many places in daily life [2]. 

Recent developments in WBAN, Internet of Things (IoT) 
and remote health applications have attracted academia and 
industry associations [3]. In this context, in 2012, the 
Institute of Electrical and Electronics Engineers (IEEE) 
developed the 802.15.6 standard following the establishment 

of a task group (TG-6) defining technical specifications for 
the WBAN. The IEEE 802.15.6 standard is developed to 
address service differences in short distance communications 
between small devices that surround the human body. This 
standard works on physical and data link layers and suggest a 
star topology with one and two hops. In addition, the 
802.15.6-based WBAN architecture consists of only one 
coordinator node and a large number of nodes connected to it 
[4]. All sensor nodes send the collected data to the 
coordinator. The coordinator node also sends all data to a 
medical center or health officer [5]. 

One of the goals of WBAN applications is to constantly 
follow individuals in healthcare environments (hospitals or 
eventide home) where a large number of people are present. 
The wireless monitoring of the physiological signals of a 
large number of patients is an important requirement for the 
complete implementation of the wireless sensor network 
(WSN) in the health care system. There are a number of 
problems in these types of applications in terms of software 
and hardware design. Also, the existing WBAN applications 
do not guarantee safe communication by minimizing signal 
collisions between sensors, do not avoid interference caused 
by other wireless devices, have not low power consumption 
and cost, and do not provide flexibility. The WBAN-based 
wireless medical sensor network system offers great 
advantages over traditional cable-based patient data 
collection models in terms of improving patient survival and 
better rehabilitation when this system is applied to medical 
centers. In addition, the WBAN systems provide important 
benefits such as reducing the workload of medical workers, 
decreasing healthcare costs, and increasing productivity [6]. 

The software-defined networking (SDN) approach 
ensures that all network infrastructures can be combined and 
managed through standardized interfaces with centralized 
control panel architecture. So it allows changes to be made 
on existing network infrastructures to be implemented much 
more quickly. In addition, new technologies to be built on 
the network infrastructure are becoming easier to implement. 
These benefits increase service performance and resource 
utilization [7]. Furthermore, SDN offers a controllable, end-
to-end real-time traceable and programmable network 
infrastructure [8], [9]. 

Although there are many studies in the literature about 
SDN, a bit of study on SDN-based WBAN have been found. 
In [10], they have studied the development of network 
management of SDN. In the study, they have worked on the 
structure of the existing network architecture and 
management mechanisms in order to develop network 
management in various ways and to identify its problems. 
Network management was focused on three problems; 
allowing for frequent changing network conditions and 
conditions, ensuring a high-level network configuration, 
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providing network visibility and better visualization and 
control over tasks for problem resolution. In [11], they 
worked on a software-defined e-health network for a 
completely mobile and reliable system. CAMA (Context-
Aware Mobile Approach) approach based on SDN 
architecture was proposed to enable quality-focused mobility 
control and to apply mobility estimation. The authors of [12] 
conducted a study on effective and reliable data transmission 
in software-defined wireless body area networks for a virtual 
hospital. The software was an efficient data distribution 
system with a secure network authentication protocol was 
called Kerberos for virtual hospital systems. 

In [13], in order to make possible rapid intervention of 
possible problems about patients at home or hospital 
environment and to enable the doctors for diagnosing more 
accurately, IoT based WBAN and RFID systems were 
integrated. The authors of [14] performed a biomedical 
application using a WSN and the developed system was 
tested at Ege University Hospital. The wireless modules used 
in the study were programmed in NESC language and the 
SPO2 sensors were connected to these modules and the 
patient's heart rate, plethysmogram and relative oxygen ratio 
data were transferred to the central database over the wireless 
network using the ZigBee standard. The authors of [15], [16] 
developed a WBAN application used in three different 
scenarios for medical environments. With the developed 
hardware and software, the medical data obtained from the 
wireless sensors were collected in a central node and then 
transferred to local and wide network environments 
respectively. In [17], a program called CodeBlue, conducted 
at Harvard University, explored the application possibilities 
of WSN in the medical field using MICA nodes. The aim of 
the study was to record SPO2 and ECG signals belonging to 
many individuals. It can be used as an emergency messaging 
system in emergency departments of hospitals and disaster 
areas. The authors of [18] developed a health monitoring 
system using ZigBee for smart houses. During the study, the 
individual's heart rate and dangerous falls were monitored 
using ECG prophylaxis and ZigBee transceivers. When 
studies in the literature are examined, it is seen that service 
quality requirements, interference and starvation problems 
between WBANs are neglected and more new media access 
control (MAC) techniques are suggested. 

Accordingly, interest in SDN approach is increasing day 
by day. Many network operators are conducting pilot 
experiments of SDN networks, producers are producing SDN 
compliant network equipment, and research communities 
(both academic and industrial) are engaged in R & D 
activities related to SDN [19]. There are many organizations 
that support the Open Networking Foundation (ONF), which 
recommends the establishment and development of standards 
related to SDN (Google, Yahoo, Facebook, Cisco, HP, 
TTNET and so). There are some studies [10]–[12], [20]–[22] 
that use the SDN approach in different wireless 
communication infrastructures, such as wireless networks, 
WSN and WBAN, as well as wired networks. These studies 
seem to have satisfactorily contributions to the application of 
the SDN approach to wireless communication systems with 
different infrastructures such as WSN and WBAN. However, 
it is seen that these studies are not sufficient and there are 
some deficiencies as follows; 

• These studies, which remained at the architectural 
level, were evaluated as approaches, and 

performance evaluations of the proposed solutions 
were not performed, 

• The necessary performance parameters such as delay 
and throughput were not taken into consideration, 

• There are no solutions for starvation and interference 
problems among the WBANs, 

• Studies conducted for the WBAN architecture have 
been focused on intra-WBAN or inter-WBAN 
solutions and both solutions have not been 
considered as an architectural whole. 

In this study, a new WBAN architecture based on SDN 
approach is proposed and the above-mentioned deficiencies 
were eliminated. And, WBAN architecture is considered as a 
whole (as intra and inter-BAN) and the proposed architecture 
(SDN-WBAN) is the best solution for the whole architecture. 
It is aimed to meet the service quality requirements with the 
help of a central controller in the inter-WBAN 
communication between the WBAN coordinators, where 
there are more than one WBAN nodes. By suggesting a 
model in a layered structure, the throughput and the delay 
results are determined through the Riverbed Modeler 
simulation software. The IEEE 802.15.6 standard is used 
among WBAN nodes as intra-WBAN communication and 
newly developed SDN-WBAN MAC technique is utilized 
among WBAN coordinator nodes as inter-WBAN 
communication. With this approach, a more flexible, more 
manageable and easier to configure WBAN architecture has 
been realized. 

II. SDN BASED WBAN ARCHITECTURE 

WBAN has a heterogeneous network architecture 
consisting of many sensor nodes, and each node has different 
tasks and functions. The greatest deficiency of this 
architecture is the complexity of network management 
functions resulting from the limited resources and physical 
environments that they have.  

With SDN approach the control and data planes existing 
in the traditional network infrastructure are isolated from 
each other, and the control and management processes 
logically converge at a central point, and so become more 
flexible and easier. One of the popular topics in this context 
is thought to be the solution of the SDN approach to WBAN 
architecture. The entire network is logically managed from a 
central point via the controller in WBAN architecture based 
on SDN approach. In this regard, a new architecture has been 
developed to accommodate the SDN approach instead of 
distributed media access control (MAC) techniques that 
cause inter-WBAN intervention, delay, and starvation. Also, 
the workloads of the coordinator nodes are reduced by 
transferring the control and management operations to the 
controller. In addition, with the assistance of the controller, 
network control and management operations are logically 
performed from a central point by providing dynamic, 
efficient and efficient resource allocation. 

The wireless body area network architecture based on the 
SDN approach (SDN-WBAN) is proposed to enable the 
WBAN network architecture to become more flexible, faster, 
and programmable with the SDN network approach in this 
study. In this approach, there are several WBAN sensor 
nodes, coordinator nodes that manage and coordinate each 
WBAN sensor group, and controllers that coordinate and 
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manage these coordinator nodes. WBANs consist of sensor 
nodes, which have various tasks and priorities, and 
coordinators that coordinate these nodes, collect data from all 
sensor nodes, and are responsible for processing and sending 
relevant data. Only the coordinator nodes can communicate 
among the WBANs. If there is more than one WBAN, there 
is a need for a coordinator who can manage the environment 
and ensure that the appropriate channels can be used fairly 
and efficiently. This is the most important goal of our work 
to integrate all the WBAN coordinator nodes in the 
environment and to add the controllers to the WBAN 
architecture that will take over some management 
responsibilities.  

With this approach, it is aimed to gain a new perspective 
on WBAN architecture. The controller, which is designed in 
this study, undertakes tasks such as coordination between 
WBAN coordinator nodes, efficient and efficient channel 
management, and control operations. Therefore, the 
controllers and the coordinator nodes communicate 
continuously.  

Figure 1 shows the WBAN architecture based on the 
SDN approach. As shown in the figure, the WBAN 
architecture is integrated into the SDN network approach and 
the control and data planes are separated by isolating each 
other. In addition, a new controller for the WBAN network 
architecture is added. In this approach, the proposed 
controller only communicates with coordinator nodes. The 
coordinator nodes can communicate with both the nodes 
connected to them and the other coordinator nodes. This 
communication is realized through the flow tables in the 
coordinator nodes. These flow tables are created by 
controller and coordinator nodes. The coordinator node and 
other nodes with different tasks connected to the coordinator 
node are placed in the data plane and the controller is placed 
in the control plane. 

The user priorities for medium access in the IEEE 
802.15.6 standard are divided into eight different access 
categories. A section in the frame specifies these priority 
values. These different types of traffic are urgent data, high 
priority medical data or network control, medical data or 
network control, voice (VO), video (VI), excellent effort 
(EE), best effort (BE).  

Also, these data traffic evaluate user priorities with 
minimum and maximum contention window (CW) values for 
the Carrier Sense Multiple Access/Collision Avoidance 

(CSMA/CA) mechanism. The minimum and maximum CW 
values for different users and traffics are shown in Table 1 
[4]. 

TABLE I.      USER PRIORITY MAPPING 

UP Traffic Packet 
Typea 

CSMA/CA 
CWmin CWmax 

0 Background D 16 64 

1 Best effort D 16 32 

2 Excellent effort D 8 32 

3 Video D 8 16 

4 Voice D 4 16 

5 Medical data D/M 4 8 

6 
High priority medical 

data D/M 2 8 

7 Emergency D 1 4 

   a. D: DATA – M: MANAGEMENT 

III. NETWORK PERFORMANCE EVALUATION 

The WBAN users with different priorities shown in Table 
1 for SDN based WBAN approach and the controller node as 
control layer element introduced by the SDN approach are 
designed with Riverbed Modeler software. The Riverbed 
Modeler software [23] is object-oriented simulation software 
that is used for modeling of communication networks, and it 
provides a widely accepted visual simulation environment in 
academic communities. Performance analysis of the 
proposed system is done by discrete event simulation 
method. Hierarchical modeling layers, connection lines, data 
packets, nodes, layers, and protocols can be prepared in 
separate editors with Riverbed Modeler. Table 2 shows the 
parameter values used in the simulation program. 

TABLE II.      SIMULATION PARAMETER 

Parameter Value 

Simulation time 300 s 

Slot length 100 ms 

Region 100m x 100m 

Frequency 2400 to 2483.5 GHz 

Number of Node 24 

Number of Coordinator 3 

Number of Controller 1 

Bandwidth 1 MHz 

Data rate 971.4 kbps 

 
In our work, there are 24 sensor nodes and 3 coordinator 

nodes. Each coordinator node manages sensor nodes with 8 
different priorities, with different data rates. These sensor 
nodes are categorized as UP7, UP6, UP5, UP4, UP3, UP2, 
UP1, and UP0, respectively, from the highest priority node to 
the lowest priority node. UP7 has 10 packets / second, UP6 5 
packets / second, UP5 2 packets / second, UP4 1 packet / 
second, UP3 0.5 packet / second, UP2 0.1 packet / second, 
UP1 and UP0 0.05 packet / second data rates. Because 
WBAN has a heterogeneous network structure, each node 

 

Fig. 1. Basic architecture of WBAN based on SDN approach 
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has different data rates and different tasks. These values have 
been selected in this context. For example, the UP7 sensor 
node sends ECG medical data and the medical application 
classes needed to send 72,000 bits per second for ECG data. 
Similarly, the sensor nodes for each priority class obtain 
medical data such as "temperature, Sp02, accelerometer, 
glucose". 

In Figure 2, the throughput results of WBAN nodes for 
different priority classes are given. UP7 node has the highest 
priority level, so its packets must be reached without loss.  
The other nodes with different priorities can be sent their 
packets without loss anyway. 

Figure 3 shows the end-to-end delay results of SDN-
WBAN nodes for different priority classes. Here, the delay 
results in an environment with 24 WBAN nodes and 3 
WBAN coordinators are given. As can be understood, the 
least delay value is seen in users with the highest priority 
level (UP7). The highest delay belongs to the user with the 
least priority (UP0).  

The difference between the delay results arises when the 
different contention windows defined for the priority classes 
in the IEEE 802.15.6 standard are used. It is also seen that 
the SDN interface used between the coordinator nodes and 
the controller does not increase the delays but decreases it to 

more appropriate values. These delays easily meet the 
service quality requirements. 

IV. CONCLUSIONS 

In this study, a new WBAN architecture based on the 
SDN approach has been developed. IEEE 802.15.6 standard 
is used between the coordinator node and the sensor nodes 
with eight different priorities and workloads. The control and 
data planes integrated into the conventional WBAN 
infrastructure are isolated from each other by a controller that 
is responsible for coordination, control, and management 
between the coordinator nodes, which manage the entire 
network logically from a central point. In this way, the 
workload of the coordinator nodes with control and 
management processes in the traditional approach has been 
reduced considerably. With this approach, promising 
solutions are suggested among problems of intervention, 
starvation, and the delay between the coordinator nodes. 
Especially in our future work, we will focus on throughput 
losses, delay issues, intervention and starvation problems 
between WBANs. It has been seen that the proposed 
architecture increases the performance of WBANs in terms 
of throughput and end-to-end delay, and the control and 
management processes of WBANs become simpler. 
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Abstract— Lightweight and low power sensor nodes designed 
for wireless body area networks (WBANs) are of great 
importance for being widespread e-health services. IEEE 
802.15.6 standard is a new standard defined for the WBANs 
architecture. The purpose of this standard is to define specific 
standards for the physical and data link layers of various 
applications with different service quality requirements. In this 
study, the default energy consumption approach for the 
coordinator node of IEEE 802.15.6 standard is tackled, and as a 
result, a new algorithm is developed for energy consumption.  

In the traditional approach, the coordinator node is fixed for 
WBAN architecture. With the proposed algorithm the 
coordinator node is dynamically selected. This algorithm called 
dynamic HUB (or coordinator) selection (DHS) is performed 
with Riverbed Modeler simulation software with sample 
scenarios and the performance results are examined. 
Consequently, the coordinator node energy consumption level is 
reduced and the network lifetime of the architecture is extended 
significantly. 

Keywords—IEEE 802.15.6; Wireless Body Area Networks; 
dynamic HUB selection algorithm; WBAN; DHS; energy 
consumption 

I. INTRODUCTION

Wireless communication technologies are emerging as a 
powerful approach to improve human life and comfort with a 
variety of applications. New approaches like the Internet of 
Things (IoT) will make these technologies much more 
common in human life in the near future. One of these new 
technologies, WBANs, has begun to attract interest in both 
academia and industry communities with new applications. 
WBANs are very important for health applications which 
allow the elderly people with chronic illnesses to constantly 
monitor and which provide to track physiological and 
biological conditions of the athletes/military. 

Having become inadequate of health institutions with the 
increase of the human population all over the world causes 
many negative situations in human life. WBAN applications 
provide many benefits, such as reduced labor costs, more 
affordable health services, and unnecessary intensity 
reduction, such as patient follow-up procedures in health 
facilities, as well as rapid intervention opportunities in 
emergencies [1]–[5]. 

WBAN enables remote monitoring of patients with the 
help of wireless technology without any restriction in normal 
life. This technology, which removes the obligation to stay in 
bed in the health institutions of patients, increases the quality 
of life by allowing patients to wander freely in the hospital or 
out of hospital, and also reduces hospital expenses in a great 

way. In addition, both accurate and quick diagnosis be 
provided with patient data obtained over a long period of time. 

Healthcare services improve the effectiveness, efficiency, 
accuracy, and usability of medical treatments anywhere and 
anytime. WBANs consist of many heterogeneous sensor 
nodes. These sensor nodes are placed on or in the human body 
to measure the physiological and biological signals of the 
human body such as heart rate, blood pressure, body 
temperature, respiration rate and etc. Each sensor node has 
different special requirements and tasks. These nodes are used 
to measure and to track their current state, their location, or 
any other physiological and biological signals of the human 
body. These sensor nodes work by being linked to a 
coordinator node. The coordinator node receives information 
from all sensor nodes, processes them and adds them to its 
queue according to its priorities. It is also responsible for 
sending the patient's biological signals to the relevant 
physicians to ensure real-time medical diagnosis and to make 
the right decisions [6]–[12]. 

The worldwide IEEE defines the 802.15.6 standard [13] in 
2012. This standard defines the main standards to be used at 
the physical and data link layer of the WBAN architecture. In 
this respect, a standard is set for hardware and software 
infrastructures that will enable the more common use of 
WBAN architecture in today's and tomorrow's technologies. 
The IEEE 802.15.6 standard is developed to address service 
differences in short distance communications between small 
devices that surround the human body. This standard, working 
on physical and data tier layers, suggests a star topology with 
one or two hops. In addition, the IEEE 802.15.6-based WBAN 
architecture consists of only one coordinator node and up to 
64 sensor nodes connected to it [13], [14]. 

WBAN nodes with limited energy resources, and 
heterogeneous network structure have many problems due to 
the environment and the limited resources. The most 
important of these problems is the short lifetime of the 
network due to the limited energy resources. For the energy 
efficiency in the 802.15.6 standard, nodes work with the duty 
cycle. These nodes are actively attempting to achieve energy 
efficiency by ensuring that they are "awake" while they are 
performing their tasks and "sleeping" at other times [13]–[16]. 
While this approach provides a great benefit for the sensor 
nodes, it does not provide any benefit to the coordinator nodes 
that undertakes the control and management processes of all 
nodes connected to it. 

The most important step in the development of WBAN 
technology is to extend the lifetime of the WBAN by using the 
energy levels of nodes with limited energy resources at the 
optimum level [17]–[19]. In this context, the use of energy-
aware medium access control (MAC) techniques is an 
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important approach. The authors of [5] provide the 
performance analysis of this standard and some results are 
obtained. In this study, a new algorithm is developed to extend 
the lifetime of the WBAN by selecting more appropriate 
nodes as a coordinator node, which has more energy 
consumption than the other nodes and plays a key role in the 
life cycle of the WBAN. Also, the coordinator node, which is 
a fixed node by default in the IEEE 802.15.6 standard, is 
dynamically changed according to the state of the network in 
this study.  

This dynamic selection process depends on the energy 
level of the coordinator node, and the priority level and data 
rate (may vary from few kb/s too few Mb/s) of next candidate 
coordinator node. As a result, lifetime extension, energy 
consumption balance, flexibility, longevity and usability of 
WBAN architecture with dynamic and heterogeneous 
network structure are the contributions of our study. 
Simulation results of the proposed algorithm are performed 
via the Riverbed Modeler simulation software. The 
performance of our work is achieved by using a new algorithm 
called dynamic HUB selection (DHS), which we develop for 
WBAN among co-located sensor nodes with different user 
priorities. We also compare our work with the traditional 
version of the 802.15.6 standard in the same environment. 

II. IEEE 802.15.6 Standard 
The IEEE 802.15.6 standard can be implemented with one 

of the three channel access modes. These channel access 
modes are beacon mode with superframes, non-beacon mode 
with superframes, and non-beacon mode without superframes 
[13]. The first mode provides high synchronization between 
the sensor nodes. For this reason, this mode is frequently used. 
It supports CSMA/CA and Slotted Aloha MAC techniques as 
channel access method during contention-based periods. 
Because the CSMA/CA MAC technique is the most realistic 
access mechanism, IEEE 802.15.6 performance studies are 
often performed using this technique. Figure 1 shows the 
superframe structure in beacon mode with superframes. 

In this study, beacon mode with superframes mode and 
superframe structure in Figure 1 is preferred. The coordinator 
node must provide synchronization to control and manage all 
nodes connected to it. In this context, some access phases are 
defined for the superframe and the access patterns of the 
sensor nodes are used by the beacon packet. These access 
phases are the exclusive access phase (EAP1, EAP2), the 
random access phase (RAP1, RAP2), the management access 
phase (MAP1, MAP2) and the contention access phases 
(CAP). All phases other than the RAP1 access phase can be 
used as an option. In this study, all phases except RAP1 and 
MAP1 are set to zero. 

The IEEE 802.15.6 standard defines three different 
physical layer standards and a general frame structure: 
narrow-band, ultra-wideband, and human body 
communication band. The narrowband layer has tolerance in 
the range of 402 MHz - 2483.5 MHz and up to 971.4 Kbit/s. 
The human body supports the communication band layer up 

to 1312.5 Kbit/s in the range of 5 MHz - 50 MHz. The ultra-
wideband layer is effective for different data rates from 3100 
MHz to 10600 MHz and up to 1114 Kbit/s according to 
modulation [13]. The choice between these physical layers is 
made according to the application, the required data rates, and 
the available frequency bands. 2360-2400 MHz band is used 
in this study.  

The user priorities for medium access in the IEEE 
802.15.6 standard are divided into eight different access 
categories. The values in the frame specify these priority 
values. These different types of traffic are urgent data, high 
priority medical data or network control, medical data or 
network control, voice (VO), video (VI), excellent effort (EE), 
best effort (BE). This different data traffic, user preference 
with minimum and maximum contention window (CW) 
values are performed for the CSMA/CA mechanism. The 
minimum and maximum CW values for different users and 
traffic are shown in Table 1 [13], [20], [21]. 

TABLE I.      IEEE 802.15.6 PRIORITIES AND CW MAPPING 

Priority 
Class 

User 
Priority 

Traffic 
Designation 

CSMA/CA 
CWmin CWmax 

Low 0 Background 16 64 
1 Best effort 16 32 

Average 2 Excellent 
effort 8 32 

3 Video 8 16 
4 Voice 4 16 

High 5 Medical data 4 8 

6 High priority 
medical data 2 8 

Very high 7 Emergency 1 4 

III. Proposed DHS Algorithm 
The IEEE 802.15.6 standard consists of a HUB 

(coordinator node is called as HUB anymore) and many 
sensor nodes connected to it. The HUB is fixed in this 
standard. Sensor nodes with different priorities continuously 
send data to the HUB. HUB places this data on its own queue 
according to priority order. This data is then transmitted to the 
relevant unit. HUB has to collect, store, process and transmit 
data from all sensor nodes. It also has the task of managing, 
controlling and coordinating sensor nodes. While the sensor 
nodes only transmit the data to the HUB, the HUB accesses to 
the wireless medium with the contention-based approach to 
receive, store, process, send the relevant data, and manages all 
the sensor nodes. As a result, it seems that there is a serious 
difference in energy consumption between sensor nodes and 
HUBs [13]. So, HUBs are of great importance for WBAN 
architecture. A possible problem with HUB will also affect all 
sensor nodes connected to it and cause the end of the network 
lifetime. In this context, it is considered that the fixed HUB 
approach which exists in the IEEE 802.15.6 standard for 
WBAN architecture with limited energy resources is negative 
in terms of network life.  

In our approach, the HUB is dynamically selected from 
among all sensor nodes according to some parameters. These 
parameters are energy level and priority levels (UP0-UP3) 
which are very important for WBAN architecture. WBAN 
architecture with eight different priority classes (UP0-UP7) 
has a heterogeneous network structure with different data 
rates. While some of these sensor nodes with different 
priorities have a very low data rates, the packet delivery 
frequency is also quite low. The energy consumption of such 

 
Fig. 1. Superframe structure in Beacon mode with superframes 
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a sensor node also follows a relatively low trend. In this 
context, when there is such a candidate for the candidate HUB, 
using the same node as HUB continuously creates a negative 
situation for the lifetime of the WBAN architecture. In this 
study, the HUB which controls and manages all the sensor 
nodes connected to it also requests the priority values and 
energy level information of the sensor nodes at periodic 
intervals. In this way, the HUB selection process is carried out 
based on the priority level and energy level, and control and 
management processes are transferred to the new HUB. 

Figure 2 shows the basic flow diagram of the DHS 
algorithm. As can be understood, this algorithm is based on 
the assumption that a variable HUB assignment. As 
mentioned in Table 1, in the WBAN architecture with 
different priorities, the IEEE 802.15.6 standard has to involve 
a HUB in order to coordinate, control and synchronize all 
sensor nodes. In this context, it is very important to assign the 
HUB who has an excessive workload. The DHS algorithm 
initializes this assignment with the node with the lowest 
priority among the existing sensor nodes. Subsequently, all 
sensor nodes receive priority values and periodically energy 
levels. At this point, a basic information pool is created for the 
next candidate sensor node as HUB assignment operation. If 
the energy level of the HUB falls below a certain threshold 
value, the sensor node having the lowest priority value and the 
highest energy level from the information pool is selected and 
as a result, the next HUB assignment process is performed. 
After HUB assignment information is sent to the relevant 
node, the new HUB information is broadcasted to all other 
nodes. If this assignment process does not occur in the 
candidate HUB in the information pool, the same process as 
the next candidate HUB is applied. In the DHS algorithm, 
between UP0 and UP3 are considered for the candidate HUB. 
UP7- UP4 sensor nodes with high priority that send vital data 
are excluded from this operation. In this respect, the decrease 
in service quality requirements is prevented. 

IV. Simulation Results 
Riverbed Modeler [22] simulation software is used to 

obtain a realistic comparison between the proposed DHS 
algorithm and traditional IEEE 802.15.6 performance results. 
The general parameters used in the simulation software are 
given in Table 2. Energy consumption of different user 
priorities, comparative HUB energy consumption and 
duration of WBAN network life are considered as evaluation 
criteria. Two different scenarios are used in our study. In the 
first scenario, there are eight sensor nodes with different 
priorities defined in the IEEE 802.15.6 standard and a fixed 
HUB. In the second scenario, while the same number of sensor 
nodes and HUB are present, the HUB may vary among UP0-
UP3. A random threshold value is selected for energy 
consumption, and UP0, UP1, UP2 and UP3 nodes with low 
user priority are assumed to be only HUB candidates. The 
offered load of all sensor nodes is set at 5 packets/sec. The 
superframe structure is used with Beacon packets, and all 
access phases except access phase RAP1 and MAP1 are equal 
to zero.  

 

 

 

 

 

TABLE II.      SIMULATION PARAMETERS 

Parameter Value 
Simulation time 300 s 
Slot length 100 ms 
Frequency 2400 to 2483.5 GHz 
Number of Node 8 
Number of HUB 1 
Bandwidth 1 MHz 
Data rate 971.4 kbps 
Packet size 1024 bit 
MicaZ parameter 2 AA Battery (3 V) 
Initial energy 34560 Joule 
Energy consumption values 
PRX (Power consumed by the node 
during receive state) 

-10 dBm = 11 mA 
-5   dBm = 14 mA 
 0   dBm = 17.4 mA 

PTX (Power consumed by the node 
during transmission state)

27.7 mA 

PIdle (Power consumed by the node 
during idle state)

35 µA 

PSleep (Power consumed by the node 
during sleep state)

16 µA 

 

 
Fig. 2. Simplified flowchart of DHS Algorithm 
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In Figure 3, the average energy consumption rates of nodes 
with different user priorities belonging to DHS are given. It is 
observed that the energy consumption values of these nodes 
increase when each node becomes HUB. In the IEEE 802.15.6 
standard, all control and management workload is gathered at 
the HUB. Therefore, the energy consumption of the HUB is 
high because of being responsible for the control and 
management processes. In the DHS algorithm, it is seen that 
the energy consumption of these nodes is increased because 
the HUB task, control, and workload, is shared among UP0, 
UP1, UP2 and UP3 nodes with low user priority. 

 

 
Figure 3. Energy consumption ratios for different user priorities (UP) 

Figure 4 shows the average energy consumption ratios of 
the HUB for both traditional IEEE 802.15.6 and DHS 
algorithm. Here, the offered load of the sensor nodes is 
gradually increased and the results of the changes are 
observed. As can be seen, the DHS algorithm has been 
observed to reduce the energy consumption of the HUB as the 
offered load increases. In the traditional IEEE 802.15.6 
standard, the fixed HUB seems to increase with energy 
consumption according to the offered load. The average 
energy consumption is reduced thanks to the dynamic 
selection of the coordinator node in intra-WBAN instead of 
fixed HUB. 

 

 
Figure 4. Energy consumption ratios of HUBs 

Figure 5 shows the average network lifetime for both 
traditional IEEE 802.15.6 and DHS algorithm. As can be 
understood from the figure, the DHS algorithm increases the 
network lifetime of the WBAN by approximately 4 times. The 
fixed HUB approach with the traditional IEEE 802.15.6 
standard appears to have negative consequences both in terms 
of offered load and energy consumption. Because all the 
WBAN nodes are connected to the HUB, the HUB also 

determines the lifetime of the WBAN life cycle. The approach 
we propose in this context seems to be that the HUB offered 
load is shared among the other sensor nodes with low priority 
values, which in turn leads to positive results such as energy 
efficiency and prolongation of the network lifetime. 

 

 
Figure 5. Average network lifetime 

V. Conclusions 
In this study, a new algorithm is developed in order to gain 

a different perspective on the energy consumption approach 
of the IEEE 802.15.6 standard. In this algorithm, which we 
call DHS, instead of using a fixed HUB in the traditional IEEE 
802.15.6 standard, a variable HUB approach is adopted. 
Energy consumption level of the HUB that has a critical 
importance for the lifetime of the WBAN architecture is 
minimized, and thus the network lifetime is extended in the 
study.  

DHS proposes the minimize energy consumption and 
maximize the network lifetime. Also, it provides energy 
consumption balance, more flexible, longevity and usability 
of sensor nodes. The simulation of the proposed DHS 
algorithm is performed in the Riverbed Modeler simulation. 
Our study is also compared with the traditional 802.15.6 
standard. The results show that the DHS algorithm is a suitable 
solution for the WBAN architecture. In future studies, the 
DHS algorithm is applied to more than one WBAN (inter-
WBAN) architecture, and it is considered with using fuzzy 
logic approach for selection operations in DHS algorithm. 
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Abstract—Maintaining the connectivity in wireless sensor

networks (WSNs) is one of the fundamental tasks that directly

affects the functionality of these networks. WSNs use multi hop

ad hoc connections to deliver the packets between remote nodes,

hence failures in some nodes can destroy the network connectivity.

Tolerating the node failures without loosing the connectivity is

one of the important properties of reliable WSNs. A k-connected

network keeps its connectivity after failures in any k-1 nodes.

So, a WSN has robust connectivity, if the k value is reasonably

high. Detecting the k value of an existing WSN may provide

important information about the reliability of that network. This

paper proposes a distributed algorithm for finding the k value

of a WSN. The proposed algorithm uses a distributed breadth

first search (BFS) algorithm to find the bottleneck of a network.

The bottleneck in the BFS tree is defined as the level of tree that

has minimum number of nodes. The proposed algorithm finds

the number of nodes in the bottleneck and minimum degree

of nodes and sets the k value to the minimum of these values.

The comprehensive simulation results shows that the energy

consumption of proposed algorithm is up to 85% lower and its

estimations are up to 17.5% more accurate with up to 16% lower

mean square error than the existing distributed algorithms.

Keywords—Wireless Sensor Networks, k-connectivity, Fault Tol-

erance, Breadth First Search.

I. INTRODUCTION

Wireless sensor networks (WSNs) are one of the fast
growing technologies that have many applications in internet
of things, military, automation, tracing and monitoring systems
[1]. Generally, a WSN has no underlaying communication
infrastructure and the nodes communicate over multi-hop
connections. Most of the WSNs have one or more sink node(s)
that transfers the messages between a processing center and
other nodes in the network. Multi-hop routing algorithms are
used to find a path between the source and target nodes. Using
the available nodes for communication reduces the initial effort
and time for establishing a WSN but it increases the probability
of network disconnection. Failure in intermediate nodes may
break the communication paths between remote nodes [2], [3],
[4], [5].

A WSN is 1-connected if a node failure completely discon-
nects some other nodes. A 1-connected is not relaible because

its connectivity relies on the correct working of a specific
node. Similarly, a WSN is 2-connected if it is divided to the
disconnected parts after failures in at least 2 nodes. Generally,
a WSN is k-connected if its connectivty breaks after at least k
nodes failure. In a k-connected network each node has at least
k neighbors and k disjoint paths to other nodes. Detecting the
k value of a WSN may reveal important information about
its reliability and fault tolerance level. Also, detecting the k
value determines the minimum degree of nodes and minimum
number of available disjoint paths between each pair of nodes,
which is an important information for multi-path routing and
load balancing algorithms [6].

This paper, proposes a distributed breadth first search based
k-connectivity (BFSK) estimation algorithm for WSNs. In the
proposed algorithm, a distributed BFS tree is established in
the network and the nodes find their degree and level. Each
node sends its level number and degree to the sink node. The
sink node finds the minimum degree and also calculates the
number of nodes in each level of tree and sets the k value to the
minimum of smallest degree and number of nodes in narrowest
level. The simulation result shows that the BFSK provides
more accurate estimation with lower energy consumption than
the existing distributed algorithms.

The remaining parts of this paper have been organized
as follows; In Section II we provide a survey about existing
k-connectivity detection algorithms. Section III includes the
network model, background information and our assumptions
and goals. The details of the proposed algorithm have been
presented in Section IV. Section V explains the complexity
analysis of BFSK and Section VI contains the performance
evaluations of BFSK and existing algorithms. Finally, the
conclusion has been presented in Section VII.

II. RELATED WORK

The k-connectivity detection problem can be reduced to
the network flow problem which leads to a solution with
O(m2n1/2) time complexity where n is the vertices and m
is the edges count [7]. To the best of our knowledge, the
fastest central k-connectivity detection algorithm discovers the
k value of a graph with O(mnk) time complexity [8]. Using
a central algorithm in WSNs can impose a large amount of978-1-5386-7641-7/18/$31.00 c�2018 IEEE
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energy consumption because the complete topology structure
should be sent to a single node.

To find the k value with lower energy consumption, differ-
ent localized algorithms have been proposed in [9] and [10].
The proposed local neighborhood detection (LND) algorithm
estimates the k using the minimum nodes degree [9]. In
this algorithm, all nodes find smallest degree of their 3-hop
neighbors and accepts this value as local k. The LND algorithm
usually overestimates the k because the minimum degree of a
graph is an upper limit for the k value. In the local subgraph
connectivity detection (LSCD) algorithm, each node finds the
k value of its p-hop local subgraph (1  p  3) [9]. LSCD
omits the remote paths between the nodes, hence the detected
values in this algorithm are usually lower than the correct k. In
the local critical node detection algorithm (LCND), each node
finds its p-hop local subgraph and removes vertices from this
graph until the graph becomes 1-connected. The number of
removed nodes is considered as the k. Most of the times, the
local subgraphs initially have critical nodes hence the LCND
algorithm usually finds lower values than the correct k.

Another distributed k-connectivity maintenance algorithm
has been proposed in [11] which establishes an spanning tree
in a WSN and estimates the k value from the hop values of the
nodes in the tree. In this approach, the number of neighbors
with lower hop value is considered as an estimation to k in
each node. This estimated value may be bigger or smaller than
the correct k because each node may have many neighbors
with lower hop count. The proposed distributed synchronous
algorithm in [12] decomposes a given graph into k vertex
disjoint weighted dominating trees without prior information
about k. Hence, it can eastimate the k value in O(D+n) round
and O(log n) approximation ratio where D is the network
diameter. Applying a synchronous algorithm in WSNs can
require an extra synchronizing mechanism that increases the
energy consumption. Another group of distributed and central
algorithms accept an input as k and return true if the network
is k-connected [10], [13]. These algorithms should be used
with an accurate initial estimation to be energy efficient.
Without accurate initial estimation the energy consumption of
these algorithms can be higher than other existing algorithms
because the algorithm should be restarted with different input
values. Our proposed algorithm, establishes a BFS tree and
finds the levels with minimum nodes and minimum degrees to
provide more accurate estimation than the existing algorithms.

III. NETWORK MODEL

Generally, the nodes in WSNs communicate over radio
messages and they can broadcast a message to all neigh-
bors (the nodes that are in their radio range) or unicast a
message to a specific neighbor. Each node in WSN usually
has a unique id and most of the nodes have same hardware
capabilities. A WSN can be modeled as a graph G(V,E)
where V is the set of nodes and E is the set of commu-
nication links between the nodes. Figure 1a, for example,
shows a 2-connected WSN where V = {1, 2, 3, ..., 9} and
E = {(1, 2), (1, 3), (1, 4), (2, 3), ...}. The big dashed circles
are the radio ranges and we assume that node 1 is sink. The
presented network in Figure 1a is 2-connected because failure
in nodes 2 and 7 breaks the communication paths between

nodes {6, 8, 9} and other nodes. In this network the smallest
degree is 3 and the diameter of the network is 4.

(a) (b)

Fig. 1: a) Sample 2-connected WSN. b) Levels in the BFS
tree.

Figure 1b shows the levels of BFS tree in the presented
network. In Figure 1b we assume that node 1 is the root
of BFS tree hence, the level of nodes {2, 3, 4} will be 1,
the level of nodes {5, 7} will be 2 and the level of nodes
{6, 8, 9} will be 3. The highlighted areas in Figure 1b show
the levels in the tree and the number under each area shows the
level number. This figure shows that level 2 is a bottleneck in
the network that has the minimum number of nodes among
the other levels. Considering that removing all nodes from
level i will completely separate the levels i � 1 and i + 1
in the BFS tree, we can conclude that the cardinality of a
level with minimum node number is an upper bound for the
k value of network. Another upper bound for the k value is
the minimum node degree because removing all neighbors of
a node with minimum degree separates it from other nodes.
Consequently, the minimum of minimum nodes degree and
minimum cardinality of levels (the level with minimum node
count) is an upper limit for the k value.

In this paper, we refer to the number of nodes and number
of edges with n and m, respectively. We assume that D is the
network diameter, � is the minimum node degree of the nodes
in the network and l is the minimum cardinality of levels. We
also show the cardinality of set V as |V | and the neighbors set
of node u as �u. In Figure 1b, for example, we have n=9, �=3,
l=2, �3 = {1, 2, 4, 5, 7} and |�3| = 5. Table I summarizes the
notations and their meaning in this paper.

Term Meaning
G Network topology model
V The set of all nodes
E The set of links
n Number of nodes
m Number of links
� Minimum degree of nodes
D Network diameter
�v Neighbors of node v
l Minimum cardinality of levels

|V | Cardinality of set V

TABLE I: Symbols and their meaning.
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IV. PROPOSED ALGORITHM

In the proposed method, the sink node finds l and � values
of the network and selects the minimum of l and � as k value.
To find the l value, we need to establish a BFS tree in the
network and send the number of nodes in each level to the
sink. The setps of BFSK algorithm have been presented in
Algorithm 1. In this algorithm, node u keeps its level number
in hu and its parent id (in the established BFS tree) in the
parentu variables. Also node u adds its children in the BFS
tree to the Cu set. The �u set keeps the list of neighbors
of node u. The sink node keeps the cardinality of level i (in
BFS tree) in L[i] and starts the algorithm by broadcasting a
Forward(0, sink) message where 0 is the hop value and sink
is the id of sink node (line 5).

Upon receiving a Forward(h, p) from node w in u, node
u adds w to its neighbor list (line 7) and compares the selected
parent by w with its own id (line 8). If the parent of w is u
then node u adds w to its children set (line 9). Otherwise,
if node w changes its parent from u to another node, then
node u removes w from its children set (lines 10-11). After
that node u compares its current level with the received h
value from w (line 12). If the hu is bigger than h + 1 then
w is closer to sink than the previous parent of u. In this case,
node u changes its parent to w, updates hu and broadcasts a
Forward message with the updated values (lines 13-15). If the
received message is the first received Forward in u (line 16)
then node u schedules to call the StartBackward procedure
after ts time unit (line 17). This ts delay is to ensure that the
neighbors of u broadcast their Forward messages before the
Backward message of u.

When the StartBackward method is called in node u 6=
sink, it sends a Backward(u, hu, |�u|) to its parent if Cu is
empty (lines 19-23). If u is the sink node and Cu is empty then
the sink has received Backward from all nodes in �sink and
it can estimate the k. In this case, sink selects the minimum
of � and the minimum cardinality of each level as the k value
(Lines 19-21). Upon receiving Backward(hz, dz) from w in
node u 6= sink, node u forwards the message to its parent
and removes w from its children list (lines 24-31). When the
sink node receives Backward(hz, dz) message, it increases
the L[hz] value which indicates the number of nodes in level
hz (lines 25-26). Also, if the received degree dz is smaller
than the smallest visited degree �, the sink node changes �
to dz (line 27-28). After receiving each Backward message,
the receiver node calls StartBackward procedure (line 32)
to sends its own Backward message or finds the k value if
its children set is empty.

Figure 2 shows the broadcasted Forward messages in
BFSK algorithm on a sample WSN. At the start of algorithm,
the sink node (node 1) broadcasts a Forward(0, 1) to its
neighbor (Figure 2a). In this message 0 is the hop value
and 1 is the id of sink node. After receiving the Forward
message, nodes 2, 3 and 4 select 1 as their parent and broadcast
Forward(1, 1) (Figure 2b). Without loosing the generality,
we assume that nodes with smaller id send their message
before the nodes with larger id. So, node 7 receives the
broadcasted message by node 2 before the message of node
3 and selects node 2 as its parent. Similarly, node 5 selects
node 3 as its parent. Therefore, node 5 and 7 set their hop
value to 2 and broadcast Forward(2, 3) and Forward(2, 2),

Algorithm 1: BFSK
1: Initially:

2: hu  max, �  max.
3: parentu  none.
4: �u  Ø, Cu  Ø, L = [0..0].
5: Sink broadcasts Forward(0,sink).

6: Upon receiving Forward(h, p) from w in u:
7: �u  �u [ {w}.
8: if p = u then

9: Cu  Cu [ w.
10: else if w 2 Cu then

11: Cu  Cu/w.
12: if hu > h+ 1 then

13: hu  h+ 1.
14: parentu  w.
15: broadcast Forward(hu, parentu).
16: if |�u| = 1 then

17: call StartBackward after ts time unit.

18: procedure StartBackward:
19: if Cu = Ø then

20: if u = sink then

21: k  min{�,min(L)}.
22: else

23: send Backward(hu, |�u|) to parentu.

24: Upon receiving Backward(hz, dz) from w in u:
25: if u = sink then

26: L[hz] L[hz] + 1.
27: if � > dz then

28: �  dz

29: else

30: send Backward(hz, dz) to parentu.
31: Cu  Cu/w.
32: call SendBackward.

respectively (Figure 2c). Finally, nodes 6 and 8 select node
5 as their parent and node 9 selects node 7 as its parent and
broadcast a Forward message including their hop value and
parent id (Figure 2d).

Figure 3 shows the sent Backward messages by the nodes.
In forward phase, the children set of node 4, 6, 8 and 9
remain empty, hence these nodes send Backward message
before other nodes. Node 4 sends Backward(1, 3) to its parent
because it is in level 1 and has degree 3. Nodes 8 and 9 send
Backward(3, 3) to their parent because their level and degree
is 3. Node 6 sends Backward(3, 4) because its level and
degree are 3 and 4, respectively (Figure 3a). All Backward
messages are forwarded by the parent nodes toward the sink
node. We do not show the forwarded messages in Figure
3. After forwarding the children messages, nodes 5 and 7
send Backward(2, 4) to their parent (Figure 3b) because both
nodes are in level 2 and have degree 4. Finally, nodes 2 sends
Backward(1, 3) and node 3 sends Backward(1, 5) to node
1 (Figure 3c) because node 2 has degree 3 and node 3 has
degree 5 and the both nodes are in level 1. From the received
messages, node 1 sets k = min(3, 2) which is a correct
detection.
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(a) (b)

(c) (d)

Fig. 2: Broadcasted Forward messages by the nodes.

V. COMPLEXITY ANALYSIS

This section provides the time, bit, space and computational
complexities of the BFSK algorithm.

Theorem 1. The bit complexity of BFSK is O(m⇥n⇥ log2n)
in the worst and ⌦(n⇥D ⇥ log2n) in the best cases.

Proof: To establish a BFS tree at most O(m⇥ n) and at
least ⌦(n) Forward messages are broadcasted by the nodes.
Each Forward message includes hop and parent id of node
which requires O(log2n) bits. Therefore, the bit complexity
of Forward messages are O(m ⇥ n ⇥ log2n) and ⌦(n ⇥
log2n) in the worst and best cases, respectively. Each node
sends a Backward message that includes a level and a hop
value and is forwarded by at most D nodes. Therefore, at
most O(n⇥D⇥ log2n) Backward messages are sent by the
BFSK. Consequently, the bit complexity of BFSK algorithm
is O(m ⇥ n ⇥ log2n) in the worst and ⌦(n ⇥D ⇥ log2n) in
the best cases.

Theorem 2. The time complexity of BFSK is O(D2).

Proof: Sending of all Forward messages are completed
in O(D) time unit. The Backward messages are sent in
reversed order from leaf nodes toward the sink node. The
Backward messages of leafs nodes are received to the sink
node after O(D) time unit. The Backward messages of parent
of leaf nodes are received by the sink node after O(D�1) time
unit and so far. So, all Backward messages are received after
O(D2) time unit. Therefore, the time complexity of BFSK will
be O(D2).

Theorem 3. The computational complexity of BFSK is O(1).

Proof: The maximum cardinality of set C is the maximum
degree of nodes in the network and we can implement the
add, delete and search operation on this set with O(1) time
complexity. So, the computational complexity of all provided
procedures is O(1) and consequently the computational com-

(a) (b)

(c)

Fig. 3: Sent Backward messages by the nodes.

plexity of BFSK is O(1).

Theorem 4. The space complexity of BFSK is O(max(D,�))
where � is the maximum node degree.

Proof: Each node keeps its neighbors id in � and its
children id in C set. Assuming that the maximum node degree
in the network is �, the maximum size of � and C sets in each
node will be �. The sink node keeps the number of nodes in
each level in array L. So, the maximum size of L is D and
the space complexity of BFSK is O(max(D,�)).

VI. PERFORMANCE EVALUATION

We generated random geometric graphs as the topology
of WSNs and implemented the BFSK and existing distributed
algorithms in TinyOS-TOSSIM Simulator [14], [15]. We se-
lected a radio range r and added an edge between the nodes
that their distance is less than r. Our generated topologies have
50 up to 250 nodes stepping 50 nodes, 5 different k values
between 1 to 5 (stepping 1) and 5 class of r values from 10 m
up to 30 m (stepping 5 m). We generated 20 random samples
for each topology with the specific n, r and k values which
leaded to 2500 topologies in total. To generate each random
topology, we selected a desired r value (for example 15 m)
and randomly distributed the nodes in an 1000 m ⇥ 1000 m
area. The coordinates of nodes are uniformly selected between
0 and 1000 and a bidirectional link is added between the nodes
that are closer to each other than r value. After creating each
topology, its k value is detected and the process is repeated
until generating the required number of topologies.

A coloring based time division multiple access (TDMA)
protocol has been used for medium access control (MAC)
layer. This protocol considerably reduces the collision packets.
We used a greedy algorithm for 3-hop coloring which allows
the nodes with the same color to send their packets in the
same time. The main paraeters of simulation environment have
been summerized in Table II. Beside the existing distributed
algorithms, we implemented a CENTRAL algorithm. In this
algorithm, all nodes send their neighbors list to the sink node.
The sink starts a distributed spanning tree algorithm [16] and
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Topology model Geometric random graph
Topology count 2500

Node count From 50 up to 250, stepping 50
Transmission range From 10 m up to 30 m, stepping 5 m

k From 1 up to 5, stepping 1
Node distribution Random distribution

Area 1000 ⇥ 1000 m

2

MAC Coloring based TDMA

TABLE II: Main properties of simulation environment.
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Fig. 4: Wallclock time of algorithms.

each node sends its neighbors list over this spanning tree to the
sink node. After receiving all neighbors lists, the sink generates
the topology of entire network and finds the exact k value using
a central algorithm [8].

Fig. 4a compares the wallclock time of implemented al-
gorithms. The CENTRAL algorithm takes much longer time
than other algorithms because it gathers the entire topology
information in a single node. The LSCD and LCND algorithms
take more than 40 s in the networks with 250 nodes while this
value for the proposed algorithm is about 60 s. The fastest
algorithm is LND which takes about 1 s in all networks. DKM
runs a little faster than BFSK but their wallclock time are
very close. Generally, Fig. 4a shows that the wallclock time
of proposed algorithm is up to 70% lower than CENTRAL
algorithm and reasonably close to the wallclock time of LSCD,
LCND and DKM algorithms. The wallclock time of BFSK for
different k values against the node counts is presented in Fig.
4b. This figure shows that the wallclock time of BFSK grows
slightly faster in higher k values. However, the effect of k
value on wallclock time is negligible. Fig. 4b shows that the
wallclock time of BFSK follows a stable pattern and grows
almost linearly in all k values.

Figure 5a shows the consumed energy of implemented
algorithms. The CENTRAL algorithm, has the highest energy
consumption between the algorithms and the LCND and LSCD
algorithms have the next highest energy consumption. LCND
and LSCD consume almost same amount of energy because
they send equal amount of bytes. The energy consumption of
BFSK is lower than CENTRAL, LCND, LSCD algorithms
in all networks. The LND and DKM have lower energy
consumptions than the proposed algorithm but the error ratio
of their detected values can be very high. The total energy
consumption of BFSK is less than 0.5 J for n = 50 and reaches
to about 1.5 J for n = 250. In the networks with 250 nodes,
the energy consumption of BFSK is 85% lower than LSCD
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Fig. 5: Energy consumption of algorithms.
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Fig. 6: Correct percentages and mean square error of algo-
rithms.

and LCND algorithms. Fig. 5 shows the consumed energy
by BFSK for different k values against the node counts. The
consumed energy by BFSK depends on n and the k value has
a small effect on its energy consumption. In higher k values
the nodes have more neighbors and receive more messages
which increases their energy consumption. However, different
k values have no considerable effect on energy consumption.

The correct detection percentage of algorithms is presented
in Fig. 6a. Since CENTRAL algorithm always detects exact
k, we do not depict it in this figure. For n = 50 , the correct
detection percentage of BFSK is about 44% while this ratio for
LCND and LSCD are about 32% and 38% respectively The
correct detection percentage of DKM and LND algorithms are
less than 21%. For n = 250, the correct detection percentage
of BFSK is higher than 40% while this ratio for LSCD and
LCND are less than 34% which is 17.5% lower than BFSK. In
the same networks, the correct detection percentage of DKM
and LND algorithms is lower than 10%.

Fig. 6b shows the average mean square error of detected
values by the algorithms. LND has the worst estimations for k
between the implemented algorithms. For n = 250 the mean
square error of LND reaches to 30 which indicates that its
detected values is far from the correct k value. The mean
square error of DKM, varies between 7 and 15 and the mean
square error of LCND and LSCD is less than 10. The mean
square error of BFSK varies between 2 and 6 which is up to
16% lower than its closest counterparts.

VII. CONCLUSION

Connectivity maintenance is one of the most important
tasks in WSNs. The k-connected networks can tolerate failures
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of arbitrary k-1 nodes without losing their connectivity. Hence,
the k value has an important effect on fault tolerance of WSNs
and detecting the k value of a WSN can reveal important infor-
mation about its reliability. However, detecting the k value of
a WSN using existing central algorithms can consume a large
amount of energy. On the other hand, the correct detection
percentage of existing distributed algorithms is limited.

In this paper we proposed a distributed algorithm based
on BFS trees. The algorithm finds the bottleneck of a given
network where bottleneck is defined as the level of the BFS
tree that has minimum number of nodes. The proposed algo-
rithm can estimate the k value of a WSN with lower energy
consumption and up to 17.5% more accurate estimations and
16% lower mean square error than the existing distributed
algorithms. The simulation results indicate that our algorithm
is a promising contribution for energy efficient k-connectivity
estimation in WSNs. In future, we plan to design and analyze
k-connectivity restoration algorithms for WSNs.
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Abstract—Among the causes of the traffic accidents driver 
drowsiness comes at one of the first places. According to the 
literature some work has been done in driver fatigue detection. 
This paper proposes a Real Time Driver Fatigue Detection Based 
on Support Vector Machine (SVM) Algorithm. Fatigue detection 
mainly focuses on drivers’ face expressions and behaviors. 
OpenCV and Dlib libraries were utilized to detect the expressions 
of drivers’ faces. The proposed system has five stages: 
PERCLOS, count of yawn, internal zone of the mouth opening, 
count of eye blinking and head detection to extract attributes 
from real time video. Subsequently, facial expressions were 
trained with SVM. In this study an SVM-based driver fatigue 
detection is recommended and the tests showed that the accuracy 
rate of fatigue detection is up to 97.93%. 

Keywords—fatigue detection; SVM; driving safety; video 
processing 

I. INTRODUCTION (HEADING 1)
Nowadays, driver safety is important for people. 

According to the World Health Organization (WHO) 
statistical data, traffic accidents result in millions of people 
losing their lives every year. The vast majority of fatal 
accidents are caused by driver fatigue and carelessness. The 
7% of all accidents and 21% of lethal traffic accidents are 
stated by American Automobile Association to involve 
sleeping drivers [1]. 

In order to provide driver safety, many companies as well 
as researchers have been researching and developing driver 
fatigue systems as related technologies have advanced. Thus, 
this proposed system aims to prevent the traffic accidents 
caused by driver fatigue.  

The system developed by Parmar [2] in 2002 detects the 
eyes of the driver with a monochromatic camera to see if they 
are open or closed. Yufeng et al [3] compared two images of 
the drivers while driving to determine the state detection of the 
theirs’. Horng and his colleagues [4] took eyes of the drivers’ 
into account in 2008, and per second, 30 frames were used to 
determine in how many frames the eyes were closed. In the 
system developed by Bajaj and colleagues [5] in 2010, face 

and mouth conditions are taken as basis, and using the 
obtained data and fuzzy logic algorithm are used to extract 
fatigue level. Coetzer et al. [6] compares YSA, SVM and 
AdaBoost classification algorithms  for eye detection,  in the 
study they performed in 2011. Anumas and colleagues [7] 
focused on the causes of driver fatigue and driving impairment 
in their 2012 work. Zhang and his colleagues [8] used the 
convulational neural network (CoNN)* algorithm in their 
work to try to detect the flex in the drivers. Zhang et al. [9] 
attempted to detect insomnia by looking at the observations 
made in 2017, and used CoNN method to detect the condition 
of the eyes. In a study by Mandal and colleagues [10], they 
used bus drivers to detect driver fatigue. Sava  et al [11] 
attemted to detect driver  fatigue by using principal component 
analysis and adaboost algorithm. In this study, eye detection 
and PERCLOS were used. Yuen and his colleagues [12] 
compare face analysis methodologies in their 2017 work. 
Thus, the frame for face detection is recommended.  

In this study, facial behaviors of drivers were analyzed in 
general. Facial analysis comprises eye detection, blinking 
time, blink count, PERCLOS, mouth detection, yawn 
detection, mouth opening ratio during yawn, yawn counts, and 
head position detection. 

The rest of this paper is organized as follows: Section 2 
mentions methods used and sofware, section 3 decribes the 
proposed system and section 4 presents the conclusion and 
future works. 

II. METHODS USED AND SOFTWARE

A. Dlib Library
Dlib is a C++ toolkit which includes machine learning

algorithms and uses real time applications. A pre-trained facial 
landmark detector from Dlib library is used to predict the 
location of 68 x-y coordinates that map facial landmarks on 
the face zone [13].   

Detecting facial landmarks is a critical subject in terms of 
facial zone shapes estimation. In this study, the dlib library 
was used to detect and track the faces of the drivers in real-
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time videos. Therefore, important facial structures were 
detected on the face zone using shape estimation methods.  

B. Open Computer Vision(OpenCV ) 
OpenCV, developed by Intel, is  widely used in computer 

vision. It is also open source library and it has C/ C ++, Java 
and Python interfaces written in C that can run on many 
platforms (such as Windows, Linux…etc). The intent is to be 
able to process meaningful information contained within a 
picture or video [14]. On OpenCV platform, many 
applications such as motion detection, camera calibration, face 
detection and recognition, can be performed by using 
computer vision and image processing algorithms. 

III. PROPOSED SYSTEM 
In this study, SVM based driver fatigue prediction system 

is proposed to increase driver safety. The proposed system has 
five stages: PERCLOS, count of yawn, internal zone of the 
mouth opening, count of eye blinking and head detection to 
extract attributes from video recordings. The classification 
stage is done with Support Vector Machine (SVM). While the 
YawDD dataset is used during the training phase of the 
classification, real-time video recordings are used during the 
test phase. 

A. Feature Extraction 
Driver’s face features must be extracted to calculate 

Perclos, eye blinking, and detect yawning, internal zone of the 
mouth opening, head position. 
 

As the first part, we detected the eye and mouth position 
and these areas were extracted. Secondly, we calculated 
Perclos and eye blinking for eye areas. Next, we detected 
yawning and internal zone of the mouth opening for mouth 
area. Finally,  we marked the position of the driver’s head. 
Facial landmark is shown in “Fig. 1”. 

 
Fig. 1. Facial landmark  

1) PERCLOS:  PERCLOS is the ratio, shown in 
percentages, of frames with the eyes closed to total frames at a 
given time period. In other words, PERCLOS can be defined 
as a method of fatigue analysis that reveals the ratio of eyes 
closed based on the number of open and closed eyes [15]. This 
value can be calculated as in(1); 

                 fPERCLOS=nclose/NCloseandOpenx100%                    (1) 

NCloseandOpen represents the total number of open and closed 
eyed frames at a given time, and nclose represents the number of 
closed eyed frames at a particular time. The results of 80 
percent overtaking in driver fatigue are considered to be 
sleeping hazards for PERCLOS [16]. 

 
 
2) Count of eye blinking: Eye Aspect Ratio (EAR) is 

shown in “Fig. 2” by Facial landmarks. 
 

 

Fig. 2. (a)Right EAR, (b)Left EAR  

The horizontal and vertical distance of the eye is calculated 
as in (2); 

         EAR= (38-42) +( 39-41)/(2*(40-37))                      (2) 

 37 - 42 represents 2D right eye facial landmark locations 
and  43 - 48 represents  2D left eye facial landmark locations. 
EAR function is calculated separately for each eye 
(EARRight_Eye and EARLeft_Eye). Then the blinking is detected 
with the data obtained as in (3); 

          EyeBlink_Detect= (EARLeft_Eye +EARRight_Eye)/2           (3) 

According to literature [17], the number of blinks are 
between 15-30 per minute, 0.25 ~ 0.3 seconds every time 
when driver is awake. However, in this study it was calculated 
as 0,24 seconds each time. This frequency gives the optimum 
result for the system.  

If      EyeBlink_Detect <0,24  eye closed 

else                   eye opened 
 

  
3) Count of yawn: Mouth Aspect Ratio (MAR) is shown in 

“Fig. 3” by facial landmarks.  
 

 
Fig. 3. Mouth aspect ratio (MAR) 

 The horizontal and vertical distance of the mouth is 
calculated as in (4); 

MAR=(50-60)+(51-59)+(52-58)+(53-57)+(54-56)/(2*(49-55))       (4) 
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49- 68 represents  2D facial landmark locations. By means of 

these numbers, with the result of mouth state, we can calculate 
the count of yawn over a period of time. 
 

4) Internal zone of the mouth opening: It is a major 
problem whether the mouth’s being open is the result of 
speaking or fatigue. For this reason, internal zone of the mouth 
opening of the driver is examined in this study. This makes it 
possible to distinguish if the mouth expression is speech or 
yawn. 

5) Head detection: In this study, the system is alerted 
when the driver's face can not be detected by the camera for 5 
seconds (the driver's head falls down - the driver does not look 
at the road). Head falls down is shown “Fig. 4”. 

 

 
Fig. 4. Head falls down detection 

B. Support Vector Machine (SVM) 
SVM is a classification algorithm separating data items. 

This algorithm proposed by Vladimir N. Vapnik based on 
statistical learning theory [18]. SVM, one of the machine 
learning methods, is widely used in the field of pattern 
recognition. The main purpose of the SVM is to find the best 
hyperplane to distinguish the data given as two-class or multi-
class. The study was carried out in two classes. Whereas label 
0 means that the driver is tired, label 1 means the driver is 
non-tired. Thus, it is aimed to distinguish tired drivers (driver 
fatigue) from non-tired drivers. 

In an SVM algorithm that can be linearly separated, the 
inequality in finding the optimal hyperplane is given by the 
formula x. It is calculated as in (5) (6). 

wxi  +b  +1 each y= +1  (5) 

wxi  +b +1  each y= -1  (6) 

x is data space, y is the label value, w is the weight vector  
and b is the slip ratio. 

IV. RESULTS AND DISCUSSION 
In training driving simulation experiments, we had 10 

volunteers (5 men and 5 women) whose ages were between 
18-30.  All the trainings and testing steps were real time. The 
experiment was carried out under the laboratory conditions. 

All the volunteers drove training simulation during 
the experiments. Attributions obtained in real time during the 
driving when fatigue detection system was working are 
indicated in “Fig. 5” and real time example of detection is 
shown in “Fig. 6”. 

 
Fig. 5. Attribution obtained in real time 

 

Fig. 6. Real time example of detection  

The results of driver fatigue detection were 
classiffied using SVM classification algorithm. The total 713 
datas line each of which has five stage features were sampled 
from 10 volunteers. All the data in the study are divided into 
two groups: 80% training data set (568 data set) and 20% test 
data set (145 data set).  In the study, cross validation was 
selected as 10.  

Our measurements are as follows: 
• TP means that a real fatigue is detected;  
• TN means that  a non-fatigue situation is correctly 

detected as non-fatigue by the system; 
• FP means that a non-fatigue situation is incorrectly 

detected as real fatigue;  
• FN means that a real fatigue situation is incorrectly 

detected as non-fatigue. 
The accuracy of driver fatigue calculated as (7) 

        Accuracy= (TP+TN)/(TP+TN+FP+FN)                  (7) 

V. CONCLUSION 
As a result of the study, a system was designed to 

investigate the effects of fatigue and insomnia on drivers’ 
physical transient behaviors, and to simulate drowsy drivers as 
a result of research. In this system, behavioral detection model 
is used for detecting fatigue drivers. The proposed system has 
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five stages: PERCLOS, count of yawn, internal zone of the 
mouth opening, count of eye blinking and head detection to 
extract attributes from video recordings. As a result, the 
system is classified as SVM in two classes (not fatigue / 
fatigue). 

In this study a Real Time Driver Fatigue Detection 
SVM Based on SVM Algorithm is presented whose test 
results showed that the accuracy rate of fatigue detection is up 
to 97.93%. 
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Abstract— Superstrate dielectric layer (cover layer) is often 
used to protect printed antennas, in this work, resonant 
characteristics (the resonant frequency, the Half-power 
bandwidth) of an annular microstrip patch printed on 
uniaxially anisotropic substrate and covered with an 
anisotropic superstrate layer are studied using an electric field 
integral equation and the spectral domain Green’s function. In 
order to validate the present method, we have confronted our 
results with theoretical and experimental data from the 
literature and very good agreements were obtained between 
our computed data and measurements, and the convergence of 
the method is proven. 

Keywords— Annular-ring patch; anisotropic; superstrate; 
resonance frequency.) 

I. INTRODUCTION

Because microstrip antennas are small, lightweight, and 
low-cost, they have found widespread applications in 
satellite and wireless mobile communication systems [1-4]. 
In practice, it was found that the choice of the substrate or 
superstrate material is of a great importance and plays a 
significant role in achieving the optimum resonant 
characteristics of the antenna [5]. 
Uniaxial dielectrics have drawn more attention due to their 
availability in materials such as sapphire, boron nitride and 
Epsilam-10 ceramic-impregnated Tefon. Previous studies of 
anisotropic materials used in microwave devices indicate 
that the effects of anisotropy on the performance of such 
structures particularly in high frequencies cannot be ignored 
[6].  
Several methods exist for the analysis of annular microstrip 
antennas. These methods can be classified as the 
approximate and the full-wave methods. Some of the 
popular approximate models include: the transmission-line 
model, the cavity model and the segmentation model. These 
models usually consider the microstrip patch as a 
transmission line or as a cavity resonator [7-8]. 
Although the accuracy of these approximate models is 
limited, they are nevertheless useful in providing the 
preliminary design and predicting the trends of these 
characteristics with the variation of the design parameters. 
Three very popular full wave methods that can be used to 
characterise microstrip patch antennas are: the finite element 
method, the finite difference time domain method, and the 
moment method [9]. The last one also known as the full-
wave method is arguably the most popular method for the 
analysis of microstrip antennas [10- 12] and will be used in 
our work. For that, a rigorous full-wave analysis with basis 
modes involving is developed and applied. 

Superstrate dielectric layer (or layers) or earlier known as 
cover layers, are often used to protect printed antennas (PA) 
from environmental hazards, or may be naturally formed for 
example: ice layers during flight or severe weather 
conditions [13]. Only after the year 1985, it was discovered 
that the superstrate layer many prove beneficial or 
detrimental to printed antenna radiation characteristics, 
depending on the thicknesses of the substrate and cover, as 
well as relative dielectric and permeability constants , it may 
affect adversely the antenna basic performance 
characteristics [13-14]. 
For this reason, in this work the effects of superstrate 
Annular- Ring printed antennas using the moment method 
are considered in detail, so that the printed antenna 
performance may be understood better or a proper choice of 
cover parameters may be implemented to advantage in the 
enhancement of printed antennas. 

II. THEORY
The problem to be solved is illustrated in Figure 1. A 
annular-ring patch of thickness  is printed on a grounded 
dielectric slab of thickness . 
The annular ring patch dimensions are the inner radius  
and the outer radius . The substrate is characterized by the 
free-space permeability  and a permittivity . 

Fig1. Geometrical structure of a superstrate loaded annular patch on a 
uniaxial substrate. 

Above the radiating patch is the superstrate layer of 
thickness  with free-space permeability 	 and a 
permittivity .The permittivity tensor in this region is 
given by [10,17]: 

      (1) 

z

y x
Air region

Dielectric layers

, ,

b 

a 

, ,  
Ground plane
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Where  	 	 . 

The transverse fields components in the  layer can be 
obtained using the vector Hankel transform formulation [10] 
[16] [17] 

, , , ,
, ,

,         (2) 
 

, , , ,
, ,

,          (3) 

 is the kernel of the vector Hankel transform given 
by [18] 
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above the annular ring patch. 

Here, the expression of the matrices  for the anisotropy in 
the dielectrics is given by : 
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and 

	: is the free space wavenumber.  

	 : Note that the presence of an arbitrarily number 
of layers above and / or below the annular patch is easily 
included in the matrix product  and/ or . 

In applying Galerkin method to solve the vector dual 
integral equations express the unknown annular patch 
current in terms of appropriate expansion modes formed 
expansion basis functions [19] 

	
																																			 ,       (11) 

Here  and  are unknown coefficients 

¾ Principal system  

								 					

																																										 ,			 				

     (12) 

The Hankel transform of  is: 

       (13) 

Where 

         (14) 

     (15) 

¾ Orthogonal system  
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The Hankel transform of  is:  

       (17) 
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     (20) 

Vector Hankel transform of the current basis functions can 
be written as: 

(4)
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	       (21) 

The expression of the spectral dyadic Green function of the 
stratified medium, in which the patch is embedded, is shown 
to be given by : [10,16,17,20] 

        (22) 

				          (23) 

											 ,			      (24) 

Where 
The electric field integral equation which enforces the 
boundary condition must vanish on the patch surface, as 
discretized into a matrix form shown as: 

′
′  

Each element of the submatrices  is given by: 
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Where 
 and D represent either  or 	 for every value of the 

integer n. 

The system of linear equation has non-trivial solutions when 
the determinant of system equation (30) vanishes, that is: 

[ ]( ) 0=)('det fZ          (27) 

The equation (27) is the characteristic equation of the 
complex resonant frequencies of the microstrip antenna 
having stacked configuration as shown in fig. 1.  
The real parts of the complex resonant frequencies 
correspond to the resonant frequencies of the antenna, 
whereas, the imaginary parts are due to radiation loss of the 
antenna. Once the resonant frequencies are obtained, we can 
determinate the half power bandwidth.  

	 	 	          (28) 

With 	 is the imaginary part of the resonant frequency, and 
is  the real part of the resonant frequency. 

III. NUMERICAL RESULTS AND DISCUSSIONS 

III.1. VALIDATION OF RESULTS 
In order to confirm the computation accuracy of the 
approach described in the previous section, our numerical 
results are compared with those obtained from other works.  
Table 1 shows the calculated resonant frequencies for the 
modes of Annular-ring Microstrip Single Layer Antenna 
( , , ). These results are compared with 
theoretical and experimental data, which have been 
suggested in [23, 24, 25] 
The annular patch is printed on a substrate of thickness 

, and . 

Note that the agreement between our computed results and 
experimental and the theoretical results is very good.  

TABLE 1: Comparison of measured and theoretical resonant frequencies 
for different modes , , , 

, 	, ,   

M
od

es
 

  
[Cm] 

Measured 
frequencies  

[GHz] 

Calculated frequencies  
[GHz] 

[23] [24] [25] This 
paper 

2.32 2.5 0.877 0.878 0.875 0.876 
2.32 2.5 1.722 1.723 1.732 1.732 
2.32 2.5 2.517 2.515 2.556 2.525 
2.32 3.5 0.626 0.623 0.621 0.622 

TABLE 2: Comparison and calculated resonant wave number times the 
inner radius of the ring  for varying dielectric substrate thickness for 

the modes ,  

		 		 , H H , . 

As a validation of the different results, in TABLE 2, we 
have compared the results obtained with this theory and 
previously published data. We have calculated the resonant 
wave number  times the inner radius  of the ring  
	 	 	 	 	 , as functions of different sizes of 

the ratio of the substrate thickness  normalized by the 
inner radius 	 (for the modes ). The annular antenna 
printed on a substrate of permittivity H H , for 
the inner radius 		 , thickness  and the 
outer radius  and, for various thickness . 
Again, the comparisons show a good agreement between 
our results and those of literature. 

III.2. EFFET OF ISOTROPIC SUPERSTRATE 

In this sub section, a rigorous analysis of the annular-ring 
printed patch is obtained using the vector Henkel transform 
and Galerkin’s method. Figure 3 depicts the variation of the 
resonant characteristics for annular-ring printed antenna as 
function of thicknesses  and permittivity 	 of 
superstrate.  

Results show that in addition to its protective action, the 
presence of a dielectric cover has two major interests in the 
field of antennas: (1) it decreases the resonant frequency 
which allows a reduction in the patch size for the same 
target frequency and (2) it increases the half-power 
bandwidth which improves the narrow-band characteristics 
of printed antenna. It can be observed both in Fig. 2a. and 
2b that these effects are more pronounced for thicker 
superstrate and for increasing ratio of	 	. As it is well-
known in printed antenna design, a low value of substrate 
permittivity 	is generally preferred because it increases 
the fringing field at the patch periphery and then the radiated 
power. Thus the use of high permittivity superstrate  

 
Mode  

Results of [26] Our results 
Re (  Im ( ) BP% Re (  Im ( ) BP% 

0.005 0.67 0.048 0.676 0.047 
0.01 0.68 0.05 0.682 0.053 
0.05 0.70 0.15 0.695 0.151 
0.1 0.71 0.0012 0.34 0.705 0.0012 0.345 

(25) 

(26) 
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leading to high ratio 	 is possible and could give 
significant improvements in condition of sufficient 
thickness. Indeed, from Fig. 2b, we can note that for 
ratios	  less than 3.1, the bandwidth is degraded and 
this especially as the permittivity  of the superstrate is 
high. 
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(b) 

Fig. 2. Resonance frequency and half-power bandwidth of the annular-ring 
printed antenna with different thicknesses of superstrate layer against 

permittivity of superstrate layer; 
		 	 	 , , , 	 	  
(a) Resonance Frequency, (b) Half-power bandwidth 

IV. CONCLUSION 
This work presents the resonant characteristics of 

superstrate loaded annular printed antenna. The analysis 
based on a full-wave model, the vector Henkel transform 
and Galerkin’s method is used in the resolution of the 
electric field integral equation. The TM set of modes issued 
from the cavity model theory are used to expand the 
unknown currents on the patch. 
In order to confirm the computation accuracy of the 
approach described in the previous section, our numerical 
results are compared with experimental and the theoretical 
results obtained from other works and are found to be in 
good agreement.  
It is shown that resonant frequency of the Annular-Ring 
printed Antenna is seriously affected from the isotropic 
superstrate layer. These results indicate that the effect of the 
superstrate layer on the resonant characteristics of the 
Annular-Ring printed antenna is stronger for higher 
superstrate thickness and permittivity.  

The results must be taken into account in order to avoid 
unwanted characteristics and better protection of the 
structure. 
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Abstract—This paper presents an adaptive time delay com-

pensator design based on PMU signals for damping inter-area

oscillations. Proposed design employs an adaptive switching

period selection algorithm in order to provide near real-time

delay compensation. Switching period is decreased adaptively

when time delay characteristics change fast. For slow changing

dynamics of time delay, the algorithm picks longer switching

periods in order to prevent sustained oscillations. Benchmark

model of the two area power system and a designed random delay

model are employed for simulations. The algorithm is shown

to be successful in tracking the fast changing dynamics of a

communication network through simulations.

Keywords—PMU, inter-area oscillations, wide-area damping

control, time delay.

I. INTRODUCTION

Large power networks are interconnected for the purposes
such as trading electricity and increased robustness. These
interconnections along with the benefits provided may intro-
duce new inter-area oscillation modes or transform the existing
ones. Such low frequency oscillations are among the major
concerns for stability of large scale interconnected power
systems. Although the main consequence of poorly damped
inter-area modes on power systems is the limitation of power
flow capacity between the inter-connected areas, if proper
counteractive measures are not taken, these oscillations may
even lead to system-wide blackouts [1].

Conventional way of damping of low frequency oscillations
is installing power system stabilizers (PSSs) to select sites
for providing extra damping signal through the excitation
system of generators. PSSs are mainly designed by using
local signals such as generator speed, active power or terminal
bus frequency as the input signal. Lack of observability of
inter-area modes in local signals is detrimental for achieving
proper damping. Better damping performance using PSSs can
be achieved by using wide-area measurements provided by
phasor measurement units (PMUs) along the grid (also known
as global signals) as supplemental input [2].

When designing oscillation damping control systems based
on PMU signals, several considerations mainly induced by

the transmission network need to be addressed. In wide area
systems, it is unavoidable to have a time delay between the
instants when the measurement is taken and when it is available
to the controller. Factors contributing to this time delay are
filtering measurement noise at PMU, processing PMU signal
at phasor data concentrators (PDCs) and signal transmission
through a communication network. Time delays due to first
two factors can be deterministic and be regarded as constant.
But network induced time delay is stochastic by nature since
it depends on factors like communication medium (fiber, PLC
etc.), protocol (UDP, TCP) and network traffic condition (light,
heavy, congested). These time delays are reported to range
from tens to several hundreds of milliseconds [3], [4], [5].

One way of handling the variable time delay is to make it
constant by adding buffers into the communication network.
Although this makes controller design process easier and yields
simpler structures, addition of extra time delay is unavoidable.
Constant time delays can be incorporated into power system
model after obtaining finite dimensional representations using
Pade approximation [6]. Use of Smith predictors is another
way of suppressing constant time delay effects on damping
performance. A classical smith predictor (CSP) and a unified
smith predictor (USP) based damping controller design tech-
niques are proposed in [7] and [8] respectively by the same
authors.

Robustness of damping controllers designed for power
systems modeled with constant time delays is limited. This
can be improved by either including delay uncertainties into
power system models or replacing fixed structured controllers
with adaptive ones. Time varying delays can be represented
by linear fractional transformation (LFT). In [9], delayed
system model is obtained by cascading delay free part of the
power system model with uncertain delay model where delay
uncertainty is represented by LFT. A phasor based damping
algorithm based on the principle of separating the average and
oscillating parts of a phasor and using the oscillatory part as a
control input for FACT devices is presented in [10]. This idea
later improved in [11] for continuous latency compensation
by providing required phase shifts adaptively. Many other
classical and advanced control methods like robust control,
adaptive control and linear optimal control are employed in
damping system design [12], [13], [14], [15]. Few of the
proposed methods are implementable in practical systems.
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This is mostly due to either complex structures of the con-
trollers or the strict requirements imposed on signal transmis-
sion for closed loop applications.

Adaptive control schemes based on signal latency is pro-
posed in [16] and [17]. In this approach, a set of lead con-
trollers designed for different delay intervals are employed for
delay compensation. Switching between controllers is triggered
by continuously monitoring the signal latency calculated in real
time using GPS provided time stamps. This paper presents an
adaptive damping control scheme that makes an improvement
to the system proposed in [16].

This paper is organized as follows. In Section II building
blocks of a wide area damping system based on adaptive
time delay compensation is presented. An algorithm for near
real-time delay compensation is proposed in Section III. In
Section IV, simulation results are provided. Finally, concluding
remarks are given in Section V.

II. WIDE AREA DAMPING CONTROL SYSTEM

Figure 1 shows the structure of the wide area damp-
ing control system (WADC). Building blocks of WADC are
synchronous measurement system that includes PMUs, PDCs
and underlying communication network, global PSS controller
and Adaptive Time Delay Compensator (ATDC). Global PSS
receives the selected PMU signals for damping control and
sends the control signals to local sites. Adaptive time delay
compensation is performed through a set of predefined lead
controllers. Time delay is calculated using GPS provided
time tags of the control signals first, then required amount
of phase is compensated by switching the appropriate lead
controller. Finally, delay compensated control signal is added
as a supplemental input to excitation system of the generator
through automatic voltage regulator (AVR).

PMU 1
Local PSS

+

Excitation 
system

AVR

Global PSS ATDC

Time delay computation
Controller switching

Reference 
VoltageNetworkGPS 

signal

PDC

PMU 2

Power System

Fig. 1. Wide Area Damping Control System

1) PMU Signal and Control Location Selection: Effec-
tiveness of the wide area damping systems crucially depends
on the selected PMU input signals and the control locations.
Generally, residue and the geometric approaches based on

the modal analysis are used to identify the signal(s) and
the generator(s) which has the highest observability and the
controllability for a particular oscillation mode, respectively.
Geometric approach is shown to yield best results in terms of
robustness and the performance [18].

2) Global PSS Design: Global PSS is a lead controller
designed to move the eigenvalue of the inter-area mode further
into left hand complex plane so that the damping is increased.
As ✓ denotes the amount of phase lead, the transfer function
of the global PSS is given as [2] :

H
GPSS

= K
w
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w

s

1 + T
w

s

✓
1 + T1s

1 + T2s

◆
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, (1)

↵ =
1� sin( ✓
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)
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where m is the number of the lead blocks, !
i

is the
oscillation frequency of the mode i, T

w

is the washout time
constant and K

w

is the gain.

3) Adaptive Time Delay Compensator: Main function of an
ATDC system is tracking the time delay using time tags of the
PMU signals and selecting a suitable lead controller among
a set of predefined ones in order to compensate the correct
amount of phase delay. Design of an ATDC involves the tasks
of determination of the time delay intervals considering the
delay bounds, design of lead controllers for each interval and
defining switching rules. There are explained next.

i-Determination of time delay intervals: Ideally, as the
number of delay intervals increases, the delay compensation
becomes almost real-time and continuous. However, selecting
too many delay intervals and hence controllers might result
in excessive switching between the controllers. Such frequent
switchings may lead to sustained or unstable oscillations
[17]. Therefore, number of delay intervals should be carefully
selected so that tracking of the delay is achieved within rea-
sonable error margins while the frequent switchings between
the controllers is prevented.

Time delay ⌧ and the resulting phase lag ✓ are related
as ✓ = 2⇡f⌧ , where f is the frequency of the oscillation
mode. Intervals can be divided either by the amount of the
time delay or by the phase lag introduced by time delay. In
[16], it is reasoned to make this selection based on the phase
lag as it depends on the oscillation frequency. After the delay
interval selection is set, the amount of phase compensation
for each interval can be determined. This is selected as the
upper and mean value of the delay interval in [17], and [16],
respectively. These are the design parameters to be tuned
carefully to prevent over/under compensation of the time delay.

ii-Lead controller design for each interval: When the
amount of phase compensation ✓

i

for each interval is decided,
corresponding lead controller can be designed as suggested in
[19]:

H
leadi = K

c

1 + sT
c1

1 + sT
c2
, (3)

T
c1 =

tan(✓
i

) + T
c2!i

!
i

+ T
c2!2

i

tan(✓
i

)
, (4)

861

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



K
c

=
1

|(T
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+ 1)| , (5)

where T
c2 can be selected from the interval [0.05 0.1] to

satisfy desired response speed.

iii-Switching rules: Compensator switching is based on the
rules which is run in every pre-determined period. Selection of
the period length is another important design parameter. This
paper proposes an adaptive period selection algorithm which is
an improvement over the one suggested in [16]. This algorithm
is explained in the following section.

III. PROPOSED SWITCHING ALGORITM

As it is discussed in the previous section, excessive switch-
ing of the compensators should be avoided in order to prevent
sustained oscillations. Continuous switching might cause tran-
sients in the compensator itself as well [17]. Therefore adding
a delay period after the switching rule is run helps overcoming
these issues. When this delay period is added, controller -or
interval selection in the current period depends on the delay
measurements made in the previous period. In that sense, the
delay compensation is not real-time.

Figure 2 (a) shows the fixed switching period algorithm
suggested by [16] where �T represents the period the switch-
ing rule is run every time and �t represent the time interval
that the delay is monitored (�t < �T ). Average of the
delay ⌧

i

measured in �t is used to switch to appropriate
compensator in the next period �T . Selected �T value should
be short enough to catch the real-time dynamics of the power
system and be not too short to prevent excessive switching.
Otherwise, over/under compensation of the time delay or
sustained oscillations might be unavoidable.

When the switching period �T is fixed there is no room
for flexibility for ATDC to adapt the fast changing network
conditions like congestion. In order to overcome this short-
coming, an adaptive period selection algorithm is suggested
as follows: average values of time delays ⌧ measured in each
interval can be used as an indicator of fast changing network
dynamics. If the difference of average delays measured in
consecutive periods gets higher than a threshold value set by
the system operator, then the switching period is decreased in
order to make the phase compensation near real-time. For slow
changing network conditions, adaptive switching algorithm
behaves as the fixed one preventing excessive switching.

Adaptive Period Switching Algoritm:

Let S�T

= {�T1,�T2, ....,�T
n

} be a set of pre-
determined period values ordered by decreasing magnitude.
Pick a �t satisfying 0 < �t < �T

i

, 8 i and pick a positive
threshold value M . Let ⌧

j

be the average time delay calculated
at j � 1. interval. At time t = T

c

let the switching period set
to �T = T

i

and the average time delay be ⌧
i

then
at t = T

c

+�T
if |⌧

i+1 � ⌧
i

| > M , set �T = �T
i+1

else �T = �T
i�1

(a)

(b)

Fig. 2. (a) Fixed swiching period (b) Adaptive switching period

IV. SIMULATION RESULTS

In the first part of this section, performance of the proposed
WADC system is tested using slightly modified two-area, four
machine system shown in Figure 3 [20]. A comparison of the
proposed algorithm with [16] is presented in the second part
of this section.

Area 1 Area 2

480 MW

Fig. 3. Modified two-area power system

A. Two-Area Power System

In order to verify the effectiveness of the proposed WADC
system, two area power system model shown in Figure 3 is
used. Studied model is modified as the following: line lengths
from bus 7 to bus 9 is increased to 260 km, the inertia constants
of the generators are set as H1,3,4 = 8 and H2 = 3.5,
additional 187 Mvars of a capacitor bank is installed at bus
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9. Each generator is equipped with local PSSs with following
transfer functions:

H
LPSS1 = 10

10s

1 + 10s

✓
1 + 0.174s

1 + 0.106s

◆2

(6)

H
LPSS3 = 10

10s

1 + 10s

✓
1 + 0.173s

1 + 0.111s

◆2

(7)

H
LPSS2 = H

LPSS4 =
100s

1 + 10s

✓
1 + 0.0.02s

1 + 0.005s

◆✓
1 + 3.5s

1 + 5.4s

◆
.

(8)

Modal analysis of the system reveals an inter-area mode
with a frequency of 0.42 Hz and the damping ratio of 2.9%.
Input signal selection for wide area damping control system
design is done using the geometric approach. Selected signal
is the relative rotor speeds of the oscillating areas defined as:

!1�2 =

P2
i=1 Hi

!
iP2

i=1 Hi

�
P4

i=3 Hi

!
iP4

i=3 Hi

. (9)

Installation site for the global PSS is determined as gener-
ator 1. Transfer function of the global PSS is obtained using
residue approach as:

H
GPSS

= 6
10s

1 + 10s

✓
1 + 1.1s

1 + 0.65s

◆2

(10)

Time delay is assumed to be bounded as (0 360 ms). For
ATDC design, number of delay interval is picked as 6. As
it is shown in Table I, each interval is equally divided by
the time delay. For each delay interval, a lead controller is
designed to compensate the average delay of the corresponding
interval. Transfer function of the lead controllers are also
given in Table I. Figure 4 shows the Bode diagrams of the
lead controllers. For the proposed algorithm, set of periods in
seconds is selected as S�T

= {4, 2} and the threshold value
of M = 50 ms is picked.

TABLE I. ATDC DESIGN PARAMETERS

Interval Delay Compensated Kc Tc1 Tc2

No Interval (ms) Delay (ms) (s) (s)
1 (0 60] 30 0.9387 0.1119 0.08
2 (60 120] 90 0.8835 0.1809 0.08
3 (120 180] 150 0.8064 0.2612 0.08
4 (180 240] 210 0.7092 0.3613 0.08
5 (240 300] 270 0.5944 0.4970 0.08
6 (300 360] 330 0.4648 0.7041 0.08

In order to simulate fast changing network characteristics,
a time delay profile is designed as it is shown in Figure 5.
Probability density function of the designed time delay profile
is f(x) = 1p

2⇡�
exp

⇣
� (x�µ)2

2�2

⌘
, where � denotes the standard

deviation and µ denotes the mean of the random delay. Table
II shows random delay parameters.

Figure 6 shows the response of the wide area control
system when a three phase short-circuit fault is applied to
bus 8 for 0.4 seconds. Proposed ATDC system successfully
provided required compensation for the random delay as its
response curve almost coincides with that of no delay system.
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TABLE II. PARAMETERS OF THE RANDOM DELAY

Time (s) � (ms) µ (ms)
0-2 10 90
2-4 20 140
4-9 15 285
9-16 20 230
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B. Performance Comparison of the Proposed Algorithm with

[16]

Performance of the proposed algorithm is tested against
the one in [16]. Two area power system model given in [16]
is used for the comparison. Parameters of ATDC design of
[16] is also listed in Table III for the sake of self containment.
Switching period of �T = 4 s is selected for [16] and the
same set of S�T

= {4, 2} and the threshold value of M = 50
ms is picked for the proposed algorithm. Time delay profile
of Figure 5 is applied as the random time delay.

TABLE III. ATDC DESIGN PARAMETERS AS IN [16]

.
Interval Phase Delay Compensated Kc Tc1 Tc2

No Lag Interval (ms) Delay (ms) (s) (s)
1 (0 10] (0 63.9] 32 0.979 0.104 0.07
2 (10 20] (63.9 127.8] 95.9 0.917 0.177 0.07
3 (20 30] (127.8 191.7] 159.8 0.826 0.264 0.07
4 (30 40] (191.7 255.6] 223.7 0.710 0.377 0.07
5 (40 50] (255.6 319.5] 287.6 0.572 0.539 0.07
6 (50 54.7] (319.5 350] 334.8 0.459 0.725 0.07

Responses of both systems for a short-circuit fault of 0.4
seconds at bus 8 is shown in Figure 7. Proposed algorithm’s
response can be said to be slightly better. This can be explained
by examining the amount of phase compensations provided by
each algorithm closely as it is shown in Figure 8. ATDC of
[16] under compensates the time delay from 4 s to 12 s. While
proposed algorithm detects fast changing characteristics of the
network and switches to a shorter switching period in order to
provide near real time compensation of time delay.

V. CONCLUSION

In this paper, an adaptive switching period selection al-
gorithm for a wide area damping system is proposed. This
algorithm aims to overcome the shortcomings of employing
fixed switching periods. It is shown that proposed ATDC
provides near real-time delay compensation even for the cases
of fast changing delay dynamics. Proposed design was also
tested against the ATDC design given in [16]. Effectiveness of
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the proposed design verified by the simulation results presented
in the previous section. Employing simple structured lead
controllers as ATDC is another qualification of the proposed
design since it can be applied to practical systems.
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Abstract—Public health surveillance by traditional means is a
costly and time consuming process. Today, the widespread use of
social media has enabled researchers to study different aspects
of life such as health, lifestyle, etc. Anonymous postings on these
forums enable people to benefit from the collective experience
of others facing similar problems. To effectively discern target
data from the outliers in a web corpus, an efficient mechanism is
required. Traditional approaches such as keyword-based filtering
results in the loss of relevant data due to limited vocabulary
and lack of contextual information. In this paper, we present a
data filtration framework based on Long short-term memory
(LSTM) recurrent neural network model for one-class text
classification. We compare similarity of regenerated texts using
this model for each disease with the original text using Recall-
Oriented Understudy for Gisting Evaluation (ROUGE) metric
for outlier filtration and classification. Optimal value of ROUGE
similarity threshold is determined by introducing an optimization
parameter that minimizes the misclassification rate. Leveraging
data from three major online health forums, we show that
our classification technique outperforms keyword-based filtering
and conventional approach of multi-class text classification. Our
classification technique can be effectively used for online social
networks, search engines, and online recommender systems.

Keywords—LSTM, Text classification, Autoencoder, Deep
Learning, Online Health Forums

I. INTRODUCTION

Good health is essential for healthy society and any adverse
impact on the public health has economic repercussions for
individuals and governments. The ubiquity of Internet access,
smart phones, and social media have paved the way for the
proliferation of Online Health Forums (OHFs). These forums
are driven by different support groups to provide emotional
support and guidance related to health, lifestyle, and diseases to
users. Forums like WebMD [1], Patient [2], MedHelp [3],
and DailyStrength [4] enable users to share their struggles
and successes related to health and lifestyle issues using
collective experience.

The popularity of these OHFs is mainly attributed to the
direct access of detailed discussions from a larger community
and sense of anonymity. WebMD [1] received a total of
around 150 million visits in the month of March, 2018 [5].
Another survey suggests that 90% of respondents between
the age group of 18-24 years trust the information shared
on OHFs [6]. In general, people are highly influenced by
various discussions on these forums and find it encouraging
to post their issues online for seeking suggestions related to

their problems. Consequently, OHFs provide opportunity to
identify and track health related issues over a region in real
time [7]. Moreover, these forums can be used to unfold health
trends which are not directly reported to health monitoring
departments [8].

OHFs provide rich source of data to gain insights related
to public health, however, filtering data related to a partic-
ular disease from a vast collection is challenging. In the
past, keyword based filtering techniques have been used to
collect data that contain disease related terminologies. These
keywords are curated by manually analyzing the disease data
or by employing medical dictionaries like SNOMED-CT [8].
However, these techniques can lead to the loss of relevant data
because of their narrow-spectrum approach and ignoring the
contextual information.

In this paper, we aim to design a disease surveillance
system to monitor the data available on different online social
media platforms. We propose a framework that consists of a
crawler that fetches data from selected OHFs and a machine
learning based solution that incorporates contextual informa-
tion of diseases to classify the data into different classes and to
filter out the outlier data. Leveraging data from three popular
OHFs, we train Long short-term memory (LSTM) based one-
class classifier separately for each disease. We regenerate text
by feeding the input text to all trained models separately. By
applying a threshold on the similarity between input text and
regenerated text, we filter out outlier data samples. Recall-
Oriented Understudy for Gisting Evaluation (ROUGE) [9]
metric is used as the similarity measure. Finally, we check
similarity of the input text and different regenerated texts by
each disease model and assign the disease class label for the
disease with maximum similarity. Our major contributions are
as follows:

• A novel framework for one-class text classification
by integrating LSTM generative model with similar-
ity based thresholding. We introduce Adaptive Micro
Recall (AMR) measure to find optimum similarity
threshold.

• We demonstrate that disease categories present on
OHFs can be treated as labels. Furthermore, we evalu-
ate our framework for five major diseases. We achieve
82-87% Precision on the test data.

• The comparison of our approach with multi-class
classification and baseline approach for filtering dis-
ease data shows improved Recall values of 76% in
the identification of outlier class data compared to
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69% through multi-class classification and 43% in
comparison to baseline approach.

The remainder of the paper is organized as follows: In
Section II, we discuss the related work. We present details of
our dataset and related statistics in Section III. In Section IV,
we describe our methodology in detail. Section V provides
key results of our study. Finally, we summarize our work in
Section VI.

II. RELATED WORK

Recently, social media analytics has attracted a lot of
attention. It has become a significant source of information
that is used by researchers to analyze the data for public health
analysis. In [10], Influenza trends in social media are modeled
by analyzing the Twitter data feed. Influenza related key terms
were used to extract the data from Twitter for geo-spatial
analysis of Influenza epidemic. The research in [11] presents
an extensive study of Ebola epidemic spread in 2014 using
Twitter data. This data was fetched by searching for the word
Ebola and the results were compared with Google flu trends.
Similarly, researchers collected data from web searches, social
media, and news feeds to forecast the incident of 2016 Zika
virus [12].

Recurrent Neural Networks (RNN) have been extensively
applied for the purpose of text classification. Twitter data was
used in [13] to find the Influenza related information using
RNN based model as a classifier. In another work [14], authors
employ multi-task learning framework and use five different
mechanisms based on the RNN to perform text classification.
Among the RNN models, LSTM based models find extensive
applications in text generation, summarization, and classifica-
tion. In [15], authors experimented with RNN, LSTM [16],
and Gated Recurrent Unit (GRU) [17] models based on their
context capturing ability for disease name recognition from
the text. LSTM was also used for two application specific text
classifications in [18]. Authors use this model to classify online
reviews by customers for actionability effect and to classify a
text message for political leaning. In addition, text sentiment
classification was done at document level instead of sentence
level using LSTM model [19]. Multi-class classification was
performed in [20] for text categorization. Besides multi-class
classification, another important classification method is one-
class text classification. It comprises of filtering the data of
interest without prior knowledge of irrelevant data. Our work
in the paper is mainly based on one-class text classification.
Neural Network based auto-encoders were used for one-class
text classification in [21] and [22].

One-class text classification was applied on text in [21]
similar to our work. However, our approach differs in two
major ways: i) The proposed framework in our study uses
LSTM based auto-encoders for text classification whereas their
study uses feed forward Neural Networks. We use LSTM for
handling sequence and context based text information. ii) We
provide embedding vectors to LSTM model and as a result
feature extraction and learning becomes an intrinsic part of
the model whereas their study performs feature generation and
selection before feeding them to neural network for learning.

III. DATA

In order to classify data related to a particular disease
from any text feed, we randomly select five different diseases:
i) Breast Cancer, ii) Chickenpox, iii) Diabetes, iv) Hepatitis,
and v) Kidney Stones. Three famous OHFs, Patient [2],
MedHelp [3], and DailyStrength [4] were selected for the
data collection. These forums consists of online health com-
munities where people share information related to different
diseases, seek help from professionals, and discuss their di-
verse health experiences with each other. The key advantage of
using data from these sources is that the information regarding
a particular disease present on these forums is organized under
dedicated sections, e.g., Diabetes, Breast Cancer etc. We use
these section names as labels to create a labeled dataset. For
instance, ”Can you help? How to undertake exercise and take
insulin when type 1 ,Dear All” represents one such discussion
under Diabetes section. In addition to the data related to
these 5 diseases, a general dataset was also collected and is
labeled as outlier class. This data consists of any general online
discussion and is not related to those particular diseases that
are under consideration. The samples of outlier class are used
in the testing phase to test the performance of learned model.

The data was fetched from 03-05 December 2017 using
Python language web scraping libraries. We gathered a dataset
of 24, 000 samples comprising of 4,000 samples for each
disease and 4000 samples for the outlier class. While fetching
the data for outlier class, it was emphasized that data samples
should be topically heterogeneous to each other and also
should not contain much similarity with diseases that are under
focus. Half of the data samples in this class are taken from
OHFs while the other half comprises of non-health data [23]
samples to avoid biasness.

For our study, we split the complete dataset into three sets.
We ensure that all three sets have data from our selected three
sources to reduce biasness towards one forum. In the following
text, disease class and class are used interchangeably. Wher-
ever we refer to a class based on disease, we will be using
disease class whereas while referring to the outlier class, we
will use class:

Set-1: This set consists of 12, 000 samples with 2, 400
samples related to each disease class. This set was used for
training of one-class text classification model and is referred
as Training Set. In case of multi-class classification, 2, 400
samples from the outlier class were also added to this set.

Set-2: This set is called Optimization Set and it consists of
6, 000 samples with 1, 000 samples of each class. In one-class
classification, this set was used to find the optimum value of
similarity threshold for the classification of a sample into the
target class. In the case of multi-class classification model, it
was used in the training phase as a validation set to fine tune
the training phase.

Set-3: This set contains 3, 600 samples with 600 samples
of each class. This set was used to test the classification
performance of our model and this is referred as Test Set.

Our dataset has rich and diverse vocabulary regarding
a particular disease and in addition, context of words was
used to train the model. Table I describes the variety of data
samples used to represent each class. Before feeding the data
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to the model for training, it was pre-processed by removing
punctuation, symbols, non-English words, and stop-words.

IV. METHODOLOGY

In this section, first we discuss the text regeneration tech-
niques used in this paper. Next, we describe the process of
similarity calculation of regenerated and the original input text.
In addition, we present our strategy to determine the optimum
value of similarity threshold. Finally, we discuss our approach
of assigning a class label to a sample.

A. Text Regeneration

One of the most challenging task in our work is to classify
the data samples belonging to one specific target disease
irrelevant of their relation to other diseases. In general, this
is known as one-class classification - a process to identify
objects of the target class by exclusively learning the concept
on that particular class. A deep learning model is used for
text regeneration based on an auto-encoder. This regenerated
text needs to be compared with the original text for classi-
fication. The auto-encoder is based on LSTM and comprises
of an encoder and a decoder. The encoder creates optimum
compressed feature representation of the input text which is
used by the decoder to regenerate the input text. We note that in
order to perform one-class classification and deal with the data
not related to any of the diseases under consideration, separate
text re-generation model for each disease needs to be learned.
In this way, regenerated texts from different learned disease
models that do not bear a minimum threshold similarity with
the input text will be regarded as an outlier. Figure 1 shows
the flow diagram of our proposed approach.

In general, the input text can be regarded as a sequence
of words S= {w1, w2, .., wn} that forms a sentence where w
is word in sentence and n denotes the number of words in
sentence. The value for n was fixed as the maximum number
of words in the longest sample of training data. In case of
sentences having words less than n, zero padding was used.
In testing data, samples with word length greater than n were
cropped and extra words were dropped. There were 3 samples
in testing data with slightly larger length than n and cropping
them had no impact on our results.

Before feeding our word sequences to the model, the
words are transformed into high dimensional vectors with real
values. The deep learning LSTM model takes this vector −→v
representation of input words. A sentence S can be presented
as −→v ={−→v1 ,

−→v2 , ..,
−→vn}, where vn represent the feature vectors

of word wn. The decoder uses the compressed feature repre-
sentation learned after encoding to provide the output matrix
of n x vocabsize where vocabsize is number of unique words
in the training data. In the training phase, data samples related
to diseases under focus are fed into the text regeneration
model separately and the model for each disease is learned
independent of the other. This regenerated text will be used
for classification in testing phase.

B. Similarity Calculation

For classification and filtering out the outlier, we need
a measure to quantify the similarity of the regenerated text
with the reference text. For this purpose, metrics such as

Breast 

Cancer

Database

Text similarity calculation

Threshold based classification

Maximum similarity classification

Outliers

Disease class label

Chickenpox Diabetes Hepatitis
Kidney 

Stones

Reference Text
(One sample)

Regenerated text

Similarity values

Output text above 
threshold value

Data Crawler
Text

Fig. 1. Schematic diagram of classification system

ROUGE [9] and Bilingual Evaluation Understudy (BLEU) [24]
were considered. ROUGE looks at how much of the reference
text is present in the regenerated text whereas BLEU takes the
perspective of regenerated text and quantifies how much of
it is present in the reference text. We select ROUGE for our
calculations since we want to have a reference text perspective.
In our study, the reference text is input text and regenerated text
is provided by LSTM model as output. ROUGE metric [25]
is defined as follows:

ROUGEn =

!
gramn∈inputcountmatch(gramn)!

gramn∈inputcount(gramn)

Where countmatch denotes the number of n-grams that
occur both in the reference and output text and count in
the denominator represents the total number of n-grams in
reference text. The value of ROUGE ranges from 0 to 1. The
regenerated text will have value of ROUGE close to 1 between
reference text and regenerated text if both of them belong to
the same disease. For example, if the input text belongs to
Chickenpox class, the generated text by the Chickenpox model
will be similar to the input text. We can check this similarity
to determine the disease class of the input text. In our study,
we have used only the 1-gram and 2-gram ROUGE metrics
denoted as R1 and R2, respectively. The results from 3-gram
(ROUGE-3) did not produce satisfactory results and hence we
limit our work to R1 and R2 metrics only.

For similarity calculation, an input text sample is fed to
individual models for each disease and regenerated texts are
checked for similarity with the reference text. Table II shows
the snippet of sample data from Breast Cancer category and
output text generated by different models with R1 and R2
values. The similarity value of original and regenerated text
produced by Breast Cancer model is the highest. The threshold
value on similarity decides whether a sample belongs to a
certain disease class.
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TABLE I. DATA SAMPLES OF DIFFERENT DISEASES

Sr# Disease Text Sample

1 Breast Cancer “Hi all.Anyone here got diagnosed with stage 2 lobular carcinoma .. complications and what was your treatment ”

2 Chickenpox “i am 13 years old without the shot .. I have shingles. I have,brothers .. without the shot. Will they get it from me?”

3 Diabetes “Can you help me in the subject of insulin dosage.How to undertake exercise and take insulin when type 1,Dear All”

4 Hepatitis “Doctor I am 27 and I have hbsag positive .. still I am positive ..my brother is also hbsag positive .. please help me”

5 Kidney Stones “Had an Ultrasound recently .. the scan shows a 7mm stone .. worried and welcome comments about the Lithotripsy.”

6 Outlier “I sure would enjoy hearing about my problem. Eye problems really suck and its so hard to get used of the idea.”

TABLE II. SAMPLE AND REGENERATED TEXTS AND THEIR SIMILARITY VALUES FOR EACH DISEASE USING LSTM MODEL

Model Text R1 R2

Sample text “male, 18 years old and worried .. Discovered small white lump .. little lump on my arm .. cyst like sack” - -
Pre-processed text “male years old worried .. discovered small white lump .. little lump arm .. cyst like sack” - -

Breast Cancer “male years old worried hours ago .. discovered small white lump .. suffer anxiety soft white sack” 0.71 0.62
Chickenpox “incredible ease .. pulse fluttering deformed spontaneous linen .. white cyst sack outcome filled fat left” 0.45 0.31

Diabetes “interactions burnout wished .. breast feels lump anxious .. underneath skin referring lump arm .. little cyst” 0.41 0.26
Hepatitis “path breast feels urge .. anxious lump underneath skin arm came went anxiety complications cyst” 0.43 0.29

Kidney Stones “terrifies breast feels plum anxious .. lump eraser underneath skin .. arm complications cyst like exams fat” 0.42 0.26

C. Similarity Threshold Optimization

A similarity threshold is required in order to filter out
the data that is not similar enough to any disease. The
notion of enough is quantified through an optimization process.
Optimization Set is used to determine a similarity threshold
that gives us minimum mis-classification and can filter out the
data not belonging to the set of diseases under consideration.
In absence of any standardized measure for this purpose [26],
we introduce a new measure named as Adaptive Micro Recall
measure by modifying Recallmicro measure [27] and represent
it by R̂. Given that we have set of q classes and an outlier class,
i.e., C={c1, c2, c3, .., cq , cout}, where cout is an outlier class,
the error matrix between reference and classified classes is
created as given in Table III. The value of R̂ remains between
0 and 1. The value of 1 shows that all samples are correctly
classified to only one relevant class. The optimal value of
threshold for a particular disease is the value where the value
of R̂ is maximum. R̂ can be calculated by using the formula
given below:

R̂n =
pnn

!q+1

j=1
pnj

where n = {1, 2, .., q} and j = {1, 2, .., q + 1}

The pnn is number of samples that belongs to class n
and are correctly classified. The pnj are number of samples
that belongs to class n but are misclassified as class j. After
the threshold filtering, the sample can be classified into more
than one disease classes. In order to find a point where a
data samples related to a disease class show minimum mis-
classification, we use R̂ measure. R̂ value will be maximum
where data samples related to a disease class show minimum
mis-classification.

This similarity threshold is model dependent and is differ-
ent for each disease model. The sample for which similarity
between reference text and regenerated text is greater than the
threshold are considered to be relevant.

D. Maximum Similarity Score Classification

In general, similarity threshold enabled us to populate the
outlier class data. Our next challenge is to assign a proper

TABLE III. ERROR EVALUATION MATRIX

Classified

Reference

1 2 .. q q+1
1 p11 p12 .. p1q p1(q+1)

2 p21 p22 .. p2q p2(q+1)

.. .. .. .. .. ..
q pq1 pq2 .. pqq p

q(q+1)

class in case the regenerated sample crosses the threshold
for multiple classes. We note that for each disease model,
samples with similarity between reference text and regenerated
text greater than threshold are considered as belonging to that
disease. In this way, a sample can have more than one disease
class assigned to it initially. The final class label is assigned by
implementing a maximum filter layer on the similarity score.
The disease class with which the sample has the maximum
similarity score is considered to be the final class of that
sample.

E. Multi-class Classification using LSTM

In parallel to the approach explained above, we also tried an
alternate approach in which we performed 6-class classification
through LSTM predictive model incorporating the outlier class
data samples in the training phase. We used LSTM model
for sequence classification that learns the mapping of a text
sequence to a class label. The text is given as input to the
LSTM model after converting words into embedding vectors.
14, 400 samples were used for training, 6, 000 for validation,
and 3, 600 were used for testing purpose.

F. Baseline Approach

In literature, explicit keyword base filtering has been exten-
sively used as baseline approach to filter social media streams.
For this purpose, we used a comprehensive medical dictionary
SNOMED-CT for keywords related to target diseases. If a text
segment contains any relevant keywords of a disease, it is
assigned to that disease class. 3, 600 samples of the test set
were classified using this approach to compare our results.

V. RESULTS

In this section, first we present implementation details of
our framework. After that we describe results of similarity
threshold for each disease. Next, we discuss the filtering
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TABLE IV. OPTIMUM SIMILARITY THRESHOLD - R1 AND R2

Disease Optimal similarity threshold R̂

R1 R2 R1 R2

Breast Cancer 0.62 0.47 0.90 0.94
Chickenpox 0.64 0.52 0.99 0.99

Diabetes 0.59 0.49 0.95 0.95
Hepatitis 0.61 0.49 0.88 0.88

Kidney Stones 0.61 0.47 0.82 0.83

performance of outlier data from the data of interest. Finally,
we present the comparison of classification of diseases.

A. Implementation of Proposed Model

We implemented models in Python programming language
for one-class classification and multi-class classification. For
this purpose, we use deep learning Tensorflow Framework [28]
and Keras [29] Python API. Keras text pre-processing library
is used to clean the data and Keras models library is used to
implement different layers of LSTM model. We use 300 units
with two layers each for both encoder and decoder. In addition,
the embedding size of 300 for each word in the form of vector
is fed to the one-class model as input. Both models were
trained at 0.1 learning rate with Adam Optimizer [30]. Note
that we use similar parameters for multi-class classification.

B. Similarity Threshold Value

For one-class text classification, we need to detect outlier
data i.e., data that do not belong to any disease that we want
to classify with our models. As such, the correct identification
of the outlier class in the one-class text classification model
is highly dependent on the use of optimum value of the simi-
larity threshold. Table IV shows optimum values of similarity
threshold for different diseases. In our experiments, optimum
value of similarity threshold value for R1 ranges from 0.59 to
0.64 while the value of R2 varies from 0.47 to 0.52. Any value
of R1 and R2 that is lower or higher than the optimum value
of similarity threshold value represents mis-classification. Our
values of R1 and R2 are consistent with already reported work
for text regeneration [25].

C. Performance Evaluation

In order to evaluate performance of our framework, we
repeat our training and testing phases 3 times using different
random distributions of data to avoid any bias in the selection
of training and testing data. We report average results of
different performance metrics. Figure 2 shows the comparison
of average values of F-measure, Precision, and Recall. Our
results show that best performance in outlier classification was
observed by using LSTM one-class text classification model.
Next, we note that the overall average of the Recall of five
diseases has value of 76% with our one-class text classification.
In comparison, this value remains 69% for multi-class classifier
and 43% for the baseline approach. This suggests that our one-
class text classifier out-performs other techniques in correct
identification of relevant disease data. Precision values show
similar behavior like Recall while comparing the results of
these models. In addition, we also applied our model on the
dataset used in [21] and found comparable results.

The better performance of one-class text classification is
due to the fact that such a classifier is independent of features

of outlier class data samples and does not rely on keywords
matching exclusively. It is only trained to learn the features of
target class whereas multi-class classifier is highly dependent
on the composition of the outlier class data as it has to learn
the patterns for this class as well. In general, the heterogeneous
data present in the outlier class results in poor classification as
it contains data about several other irrelevant topics all together
under one class label. Moreover, baseline approach has no
concept learning phase and is solely reliant on matching of
keywords which can be hindered due to number of informal
text problems like use of abbreviations and short forms of
words etc.

Our performance evaluation shows better results for one-
class model compared to other approaches. The Recall value
for disease classes ranges from 74% to 77% for one-class
model. Similarly, Recall for multi-class model ranges from
64% to 73% and it ranges from 27% to 57% for the baseline
approach that depicts large scale loss of relevant data. Also,
we observe Precision values in the range of 82-87% and 60-
79% in case of one-class classification model and multi-class
classification model, respectively. In addition, we observe high
Precision value of 97% using baseline approach. This is mainly
due to the fact that it is based on explicit mention of a keyword.
As such, this means that if a keyword such as Cancer is
mentioned, it is labeled belonging to Cancer disease class.
On the other hand we can see a huge loss of Recall values
that vindicates our stance that a lot of relevant data is lost
using baseline approach. We note that the independence of the
model from the outlier class data also results in improved target
disease classification. While comparing one-class and multi-
class text classification models, we observe that the effect of
outlier class is more drastic in case of latter that resulted in very
low level average values of Precision, Recall and F-measure.

To further investigate the question that why some disease
classes achieve lesser Precision and Recall levels, we studied
testing data in detail. It was observed that Breast Cancer,
Diabetes, and Hepatitis contain a lot of overlapping vocabulary.
We determined the cosine similarity between each disease
data using tf-idf weighting scheme. We found that Breast
Cancer, Diabetes, and Hepatitis test data share very high
levels of similarity where Diabetes and Hepatitis classes have
more than 70% mutual similarity. These results support our
general observation mentioned above about these diseases.
This corresponds to the fact that discussion regarding these
diseases revolves a lot around similar terminologies e.g., levels,
stages, sizes, and types etc. Despite the high similarity in the
content of different diseases, our one-class text classification
model achieved significant performance. Furthermore, it has
performed well in excluding the outlier data and also classify-
ing the data into different disease categories.

VI. SUMMARY

The popularity of OHFs has opened new opportunities for
cost-effective and efficient public health surveillance. In this
paper, we proposed a framework of disease classification by
using data from three major OHFs. Our one-class text classi-
fication framework employs LSTM as text regeneration model
and uses the optimal value of similarity between regenerated
and original text to identify outliers. We introduce Adaptive
Micro Recall (AMR) measure to find the optimum similarity
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(a) F-measure (b) Precision (c) Recall

Fig. 2. Performance comparison of one-class, multi-class, and baseline classification techniques [F-measure, Precision, and Recall]

threshold for the target data classification. Labeled samples
of five different diseases were collected to train separate
models for each disease. Performance comparison of our one-
class classification approach with multi-class classification and
baseline approach shows better results. In future, we plan to
extend our system to track and monitor the spread of infectious
diseases and detect their intensity mentioned in the text.
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Abstract— The development of wireless communication 
networks has made spectrum management more compulsory. 
Different systems such as Multi-carrier code division multiple 
access (MC-CDMA) have to be adapted for cognitive radio 
technology to solve this problem. In this article, cooperative 
spectrum sensing technique, which is one of the spectrum sensing 
techniques, is adapted to MC-CDMA technology. This method 
can be used to decrease the mathematical density of the obtained 
spectral characteristics or to get better the probability of 
detection. Cognitive radio has made it possible to make spectrum 
perception more effective and reduce the possibility of false 
perception. The aim is to increase the likelihood that an 
unauthorized user will be able to identify the presence of a 
licensed user by cooperating with each other. The theoretical 
value and the simulated result are compared and then the results 
are interpreted according to the changing signal-to-noise ratios 
(SNRs). 

Keywords— Cognitive radio; Cooperative spectrum sensing; 
MC-CDMA; Spectrum sensing technique; Neyman-Pearson
aproach

I. INTRODUCTION 

Many techniques have been studied in these days to use the 
spectrum optimally due to data rate and channel problem. 
Cognitive radio technology (CR) is the technique that produces 
the most appropriate solution against this resulting spectrum 
inadequacy [1]. Considering that the licensed user has not used 
the spectrum often, cognitive radio technology could solve this 
problem by using this spectrum that has been empty for some 
time [2]. The cognitive radio is aiming to perceive the learning 
environment and behave according to the appropriate working 
parameters. As the primary users (PU) having spectrum license 
can use the spectrum at any time, the cognitive radio 
technology should be quick to set up the empty portions of the 
spectrum for the secondary users (SU) without spectrum 
license. For this reason, the CR transmission capacity should 
keep the interference to the PU band within reasonable limits. 

Recent studies have shown that multi-carrier systems such 
as MC-CDMA have a good infrastructure for cognitive radio 
systems [3]. The reason is these systems can efficiently enable 
dynamic access for the appropriate spectrum areas. If the 
power density of an unlicensed user is high, the possibility of 
harming the licensed user may increase. There is the possibility 

of interference of the high-strength subcarriers of the second 
user and the subcarriers of the primary user. Cognitive radio 
technology must be sure that the channel is free to prevent this 
interference [4]. 

Since the amplitudes and phase shifts of the signals 
received by the receiver may be different, there is no 
orthogonality in the codes. For this reason, to decrease the 
interference give rise to by the spectrum, the received signal 
have to be de-interleaving in the receiver after FFT is applied 
[5]. In this work, MC-CDMA structure will be mentioned and 
this structure will explain how cognitive radio technology is 
applied. It has been seen that this system applied enables more 
users in the spectrum limit. 

CR was originally recommended by Joseph Mitola in 1999. 
As a result of this concept, the IEEE 802.22 standard has been 
developed targeting the use of CR in Wireless Regional Area 
Networks (WRAN) [6]. Zahed and col-leagues have proposed 
predefined spectrum changing decision mechanism to decrease 
the spectrum switching delay. The performance of the 
suggested spectrum-shifting mechanism is evaluated and com-
pared with existing spectrum changing mechanisms. The 
results show that the developed mechanism is better than the 
available mechanisms in terms of average spectrum switching 
delay under different traffic coming rates [7]. Li focused on 
spectrum-shifting in the cognitive radio environment used by 
SUs in the overall spectrum access scenario. In this work, the 
channel allocation table is estimated using Fuzzy logic and it is 
ensured that the SU can quickly select the spectrum access 
when the spectrum change occurs [8]. 

Giupponi and Neira, have studied spectrum mobility in CR 
networks. SUs use frequency channels as long as they do not 
reach a certain threshold value for the primary users. When a 
malicious attempt is made to a PU or if the quality of service 
provided to the SU is not very good, the secondary user 
initiates a spectrum change process to urgently release the 
frequency [9]. Potdar and Patil have proposed a new spectrum 
switching technique based on mobility, service quality and 
priority. The suggested technology mainly concentrates the 
mobility of SUs. Depending on mobility, intracellular and 
intercellular spectrum switching is described to provide service 
quality to the secondary users. A new resource usage parameter 
is used to put some important conditions in the spectrum 
change process in priority order [10]. Konishi and colleagues 
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examined in detail the performance of the spectrum shifting 
technique with the channel combining method, in which the 
number of sub-channels used by the secondary users is variable 
[11]. Han aimed to perform real-time spectrum switching 
considering the spectrum sensing. To support real-time 
spectrum modification, two different structures have been  

, the second receiver and the spectrum pool. In addition, 
mod-el-based estimation is also discussed in this study [12]. 

Lertsinsrubtavee and colleagues have proposed an unique 
spectrum switching technique that aims to decrease redundant 
switching operations by taking into consideration the necessity 
of delay limitation. The delay reflects the condition of the 
frequency and the suitability for packet transmissions. The 
expected delays were used to estimate both the rate of delay 
violations and changing spectrum to avoid unnecessary 
alterations. In addition, the use of additional support channels 
has been studied to alleviate the problem of fast consecutive 
spectrum [13]. In a study by Yoon and Ekici, a new spectrum 
management technique called voluntary spectrum changing for 
cognitive radio networks was introduced. A new mechanism 
based on voluntary spectrum changing has been proposed to 
initiate a non-essential spectrum change event in order to 
facilitate the setup and communication of alternative channels 
without communication interruption [14]. 

Wang proposed an intelligent spectrum man-agement 
structure facilitated by repetitive spectrum sensing and 
switching. The reliability of the trans-missions of the secondary 
users has been worked out by deriving the probability of 
collision [15]. Wang and Wang have investigated spectrum 
changing techniques used in cognitive radio networks. Two 
important spectrum changing techniques have been compared. 
The best part of the proposed spectrum changing technique is 
that the calculated channels are not wrong. On the other hand, 
predetermined target channels may not be suitable in the 
proactive spectrum changing technique [16]. 

Alireza suggested a CR technology based on MC-CDMA 
with more than one system in the same spectrum. If MC-
CDMA knows the frequency range for all systems, the 
interaction between them can be avoided by adaptive 
transmission through cognitive radio technology. He has 
developed a new algorithm to inhibit the interaction and thus 
shows that it avoids the possible interference with this 
algorithm [17]. Md. Alomgir Kabir offers a performance 
evaluation by adapting cognitive radio technology in MC-
CDMA system for Rayleigh channel. The system structure has 
first and second transceiver groups. An expression for Ray-
leigh channel is proposed and confirmation has also been 
proved with the obtained results in his work [18]. 

II. COGNITIVE RADIO NETWORK 
The frequency spectrum unfortunately has not enough 

space nowadays and the use of this is growing with advancing 
wireless communication. According to research conducted by 
the Federal Communication Commission (FCC), it has been 
found that the spectrum has been used inefficiently. Although 
the spectrum is allocated to users for a long time, these 
spectrum areas are often empty. . Therefore, CR has emerged 
in order to use the spectrum more effectively. CR is a wireless 

communication technology that allocates the spectrum to the 
SU without disturbing the PU. The most important parameter 
for the system's efficiency is to ensure that the service quality 
of the PU is not affected [4]. 

 

  
Fig.1 Spectrum holes and dynamic spectrum access [19] 

Basically, spectrum sensing occurs in several steps. The 
first step is called spectrum sensing. The purpose is to know 
the existence of the signals in frequency region. In the 
spectrum sensing, the frequency band is scanned and unused 
bands are detected. It determines the most suitable frequency 
band and provide dynamic spectrum access by changing the 
parameters such as power and carrier frequency for the second 
user. There are many methods in the spectrum sensing process. 
According to data such as the noise of the environment or the 
first user signal, the most suitable method is chosen. 

In the spectrum decision, the best quality of service is 
selected for the SU’s among the suitable spectrum bands. The 
channel is chosen by analyzing parameters such as interference 
on the PU, the power of the SU, and statistical data of the PU 
[20]. The spectrum mobility is that SU leaves from channel 
when PU is detected. The most important parameter is that PU 
is not interrupted. Meanwhile, the other important factor is to 
ensure that the service quality of the second user is not affected 
[21]. 

III. COOPERATIVE SPECTRUM SENSING  
Spectrum detection can be performed by one CR user. The 

purpose of cooperative spectrum sensing (CSS) is to combine 
the data obtained by cognitive radio users. It mostly removes 
the problems of shadowing and fading as it gets in-formation 
from many users. Thus, it can be reduced false alarm 
probability and detection time [22]. Cooperative spectrum 
sensing can be applied centered or distributed method. 

In this algorithm, a node located at the center uses the 
information gathered from CR users to detect the existence of 
the PU and sends this information to other CR users. The 
purpose of this technique is to improve detection performance 
of the system's by reducing the shadowing and fading of the 
channel 
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A. Centralized cooperative spectrum sensing  

    

 

  
Fig.2 Centralized cooperative spectrum sensing 

B. Distributed cooperative spectrum sensing 

    

 

  
Fig.3 Distributed cooperative spectrum sensing [23] 

Unlike the other methods, each cognitive radio user is given 
its own decisions and shares these decisions among 
themselves. An effective communication between the users of 
the cognitive radio is realized by this method. This process is 
repeated until the distributed cooperative spectrum sensing 
makes general Decision [24]. 

IV. MULTI-CARRIER CODE DIVISION MULTIPLE ACCESS 
MC-CDMA system is formed combination of CDMA and 

OFDM systems. The most important difference that separates 
the OFDM technique with MC-CDMA is that MC-CDMA is 
the process of sending the same symbol with different sub-
carriers, while OFDM symbols transmit different symbols over 
different sub-carriers. In the transmit-ting section, the incoming 
data is copied to the parallel part up to the number of 
subcarriers 

                                                             (1) 

In equation (1), where is the spreading code on the 
frequency axis of the user. GMC refers to the process gain, also 
is called to as the spreading effect. The GMC length spreading 
code is multiplied by the data string from the input [25]. All 

sub-containers are modulated by each expression in the code. 
The number of sub-carrier is N= GMC. Users are allocated 
independent codes from each other. In all of the subcarriers the 
data are the same and this data is modulated by the IFFT 
operation. IFFT block enables the creation of orthogonal 
subcarriers [26]. Providing to operate in the frequency domain 
is one of the most important factors that reduce the complexity 
of the system. The data from the IFFT block is converted from 
serial to parallel data(S/P). A cyclic prefix is inserted between 
the symbols to prevent ISI and ICI (Inter Carrier Interference). 
Finally, the signal is converted from digital form to analog 
form to transmit [27]. 

In the receiver part, the cyclic prefix is removed and the 
rest of datas are converted from S/P to obtain the components 
of the m-subcarrier. m refers to a sequence consisting of up to 
GMC . The m subcarriers are demodulated by FFT (OFDM 
demodulation) operation and then multiplied by gain to collect 
the energy of the received signal which spreads to the spectrum 
domain [28]. The decision variable is given by equation (2). 

                                                            (2) 

In equation (2), where represents the complex baseband 
component of the the signal obtained by the receiver. If there 
are CR users who sense the existence of PU, the mathematical 
expression of the system is shown in Equation (3). 

                                                    (3)
 

In equation (3); 1≤ i ≤ N : N refers to the CR nodes,             
1≤ j ≤ S: S refers to the samples,    refers to PU signal,    

refers to the average power of PU, H0 refers to absence of 
PU and H1 refers to presence of PU. A test statistic of the CR 
node is shown in equation (4). 

                                      (4) 

Ci0 and Ci1 collect information from all CR users for 
decision point. The decision is based on the Neyman-Pearson 
approach. According to this method, probability of false alarm 
and probability of detection are shown in equation (5) and 
equation (6). 

                         (5) 

       (6) 
 

Q function is distribution function of the Gaussian. δfs 
refers to samples during spectrum detection time. 

 
is 

expressed as the multiplication of the bandwidth (Bi) and 

power spectrum density( N0).     gives the 

average channel gain . 
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V. SIMULATION RESULTS 
 We applied the cooperative spectrum sensing method for 

MC-CDMA and analyzed the results in this section. The results 
were obtained using the Walsh-Hadamard spreading code 
through the Rayleigh channel. Comparison of the simulation 
and theory result have been shown in the Figure 4. The theory 
results have been obtained from the findings of Digham in 
2003 [19]. In the Simulation results, the threshold value is set 
based on the false alarm probability. The totally received 
power value is calculated normalized to noise power. The 
presence or absent of the PU was detected by comparing the 
threshold value with the accumulated received power. If the 
total power value exceeds the threshold value, the presence of 
PU is assumed. Otherwise, it is assumed absence of PU. In the 
figure 4, it is shown that the simulation results are superior to 
the theory results. Simulation results clearly show that the 
cooperative spectrum sensing has achieved good results for the 
success of the system. 
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Fig.4 Comparison of Theory and Simulation Results for Coop-erative Spectrum 
Sensing 

 
 

10-4 10-3 10-2 10-1 100
10-4

10-3

10-2

10-1

100

 Probabaility of False Alarm (Pf)

Pr
ob

ab
ai

lit
y 

of
 D

et
ec

tio
n 

(P
d)

 

 

 

CSS
ED

 
Fig.5 Comparison of CSS and ED 

      In this study, CSS and energy detection (ED) technique are 
also compared. The SNR value and sample times were taken as 
equal. As can be seen from the results obtained, the CSS has 

been more successful than ED. The results in figure 5 are better 
because the CSS technique solves damping and shading 
problems. 

      In figure 6, we analyzed the performance of the system for 
different SNR values depending on probability of detection and 
probability of false alarm. It can be occurred that the 
performance of the system decreased since high SNR value 
leads to a reduction in probability of detection. It is difficult for 
system to detect the first user as SNR values increase. It can be 
sometimes detected as if there is PU. The optimal SNR value is 
1-2 dB. As this value increases, the probability of false 
detection increases. The results obtained from figure 6 show 
that this value is optimum. In figure 7, we have examined how 
different sampling times affect the performance of the system. 
The results clearly show that the performance of the system 
falls in the low sampling interval. The system performance is 
reduced due to the small amount of data we obtain from the 
system during the low sampling interval.On the contrary, the 
performance of the system improves because it will provide 
clearer information about the data in the high sampling 
interval. the SNR values and all other conditions are taken 
equal for evaluation of system performance. (m=2.4.6.8; 
N=2*m; sample points N=T/Ts=T/1/2W=2TW) 

 
 

10-4 10-3 10-2 10-1 100
10-4

10-3

10-2

10-1

100

 Probabaility of False Alarm (Pf)

Pr
ob

ab
ai

lit
y 

of
 D

et
ec

tio
n 

(P
d)

 

 

 

2dB
5dB
7dB
10dB

 
Fig.6 Comparing the results for different SNR values 
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Fig.7 Comparing the results for different sample times 
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VI. CONCLUSION 
This article shows how cognitive radio technology is adapted 
to MC-CDMA technology. According to defined performance 
measures, detection and estimation performance of the 
proposed method for different signal to noise ratios and noise 
uncertainty values were measured. Because the spectrum can 
be perceived without any prior knowledge about the 
communication parameters, the method is evaluated as a 
candidate solution for the cognitive radios that are expected to 
detect on broad spectrum bands. This article deals with the 
perception of the RF environment in which a single cognitive 
radio is present. It is proposed that many cognitive radios in a 
network can make a more effective perception by 
collaborative detection approach in order to reduce the effects 
such as shading, damping and noise ambiguity. Ac-cording to 
results of simulations the cooperative spectrum sensing 
technique performed well In the MC-CDMA system 
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Adaptive UKF Based State Estimation of HIV, Hepatitis-B and
Cancer Mathematical Models

Batuhan Bilgi1, Meriç Çetin2, Selami Beyhan1

Abstract—Nowadays, mathematical model based estimation
and control approaches are frequently consulted and applied for
the treatment of such diseases. For the derived dynamics of the
diseases, there are some states or internal variables which are
very difficult to measure and needs very expensive measurement
devices. Therefore, in this paper, adaptive unscented Kalman filter
(AUKF) is designed for the state estimation of some vital diseases.
These are Human Immunodeficiency Virus (HIV), Hepatitis-B
virus (HBV) infection and Cancer such that unmeasurable states
are estimated under measurement noises. The computational
results show that accurate estimation of the unmeasured states
are obtained and plotted for monitoring and control of possible
future real-time applications.
Keywords— Adaptive UKF, HIV, Hepatitis-B, Cancer, Measure-
ment Noise.

I. INTRODUCTION

As a result of the developments in biomedicine, it has been
possible to modeling infection dynamics such as HIV, HBV
and Cancer [1], [2], [3]. HIV is a pathogen that infects T cells
of the immune system. Although significant progress has been
made in the treatment of HIV-infected patients, immunologic
response modeling for HIV infection is still a major challenge
[4] since this pathogen can cause AIDS (Acquired Immune
Deficiency Syndrome). Hepatitis B virus (HBV) infection, a
source of a global health problem such as liver cancer and
cirrhosis, has infected about 2 billion people worldwide [5].
Cancer is a disease characterized by uncontrolled growth and
spread of abnormal cells, which are caused by external factors
such as tobacco, infectious organisms, an unhealthy diet and
internal factors such as inherited genetic mutations, hormones
and immune conditions. If the spread is not controlled, it can
result in death [6], [3].

Using mathematical models of such vital diseases, it is
easy to examine the development of the virus in the body
and the progress of the infection against proposed patient-
specific treatments can be observed. Since these diseases
modeling generally involves partial observations and noisy
measurements, an effective estimation technique is needed.
The purpose of the state estimation or filtering problem, which
has many field applications, is to find the accurate values of
the states of a dynamic system using noisy measurements.

The estimation problem is quite complicated when the
measurements of system variables are not possible due to
technical deficiencies. In this case, for estimation of system
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states and parameters, Kalman-type filtering plays an important
role in many researches [7], [1], [8], [9], [10], [5]. The Kalman
filter [11] produces estimation of the unmeasurable states of the
system using probability distribution of the noisy observations.
The Unscented Kalman Filter (UKF), which uses a deter-
ministic sampling technique called Unscented Transformation,
has been attracting attention for nonlinear estimation [12].
The UKF can theoretically improve the Kalman filter for the
unmeasurable state and unknown parameter estimation since
linearization is avoided by an unscented transformation where
at least a second-order accuracy is achieved. The adaptive
innovations for UKF can compensate the estimation errors
caused by insufficient knowledge of noise covariance statistics.
There are several methods in the literature to adapt the UKF by
covariance matrices updating such as model-based, innovation-
based or residual-based adaptive filtering [13]. Adaptive UKF
approaches are enable to estimate a system under strong noisy
measurements compared to conventional UKF.

In this paper, an adaptive unscented Kalman filter (AUKF)
is designed to observe the unmeasured states of some dis-
eases under noisy environmental conditions. The noise of the
measurements are unavoidable therefore the adaptive noise co-
variance matrix provides a flexibility in the noisy environment.
The estimation performance and accurateness of UKF has been
already proved and applied in many applications. Therefore,
UKF can confidently be used for estimation of vital diseases.
The estimation results can also be used for cross-check of
possible faulty measurement in the sensors.

The remainder of the paper is organized as follows. The
mathematical models of the diseases are introduced in Sec-
tion II. The adaptive UKF estimation in Section III, and
application results are given in Section IV, respectively. The
conclusions are drawn in Section V.

II. MATHEMATICAL DYNAMICS OF THE DISEASES

A. HIV Dynamics

The model for HIV infection dynamic used in this paper
was developed by Wodarz and Nowak [4]. This model includes
target cells with their corresponding infected states, free virus
and immune effector cells (CTL). According to the proposed
infection model, cytotoxic T lymphocyte (CTL) has a memory
that controls the virus. CTL memory, which can be activated by
antiviral drug therapy, is defined as the long-term persistence
of CTL precursors in the absence of antigen. For chronically
infected patients, CTL memory can be reestablished with
the antigenic or drug treatment for the strengthening of the
immune system [4]. It should be under control whether such
treatment regimens lead to long-term immunological controls.
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TABLE I. THE PARAMETER DEFINITIONS AND VALUES OF HIV.

Parameter Value Description
! 1 The target cell production rate
" 0.1 Natural death rate of target cells
# 0.02 Rate of viral replication
$ 0.2 Natural death rate of infected cells
% 1 Death rate of infected cells due to immune response
& 0.027 CTL activation rate
' 0.5 Growth rate of CTL effectors and precursors due to

infected cells
( 0.001 Natural death rate of CTL precursors
ℎ 0.1 Natural death rate of CTL effectors
* 25 Growth rate of virions due to infected cells
+ 1 Natural death rate of virions
, 0.75 Treatment efficacy factor

In [14], with the addition of !̄ state representing the viral
load to the HIV infected model, the original model has been
updated as follows.

˙̄"(#) =$− %"̄(#)− &[1− '((#)]"̄(#)!̄(#)
˙̄)(#) =&[1− '((#)]"̄(#)!̄(#)− *)̄(#)− +)̄(#),̄(#),
˙̄.(#) =/"̄(#))̄(#).̄(#)− /0)̄(#).̄(#)− 1.̄(#),
˙̄,(#) =/0)̄(#).̄(#)− ℎ,̄(#),
˙̄!(#) =3)̄(#)− 4!̄(#),

(1)

where "̄(#) indicates the uninfected T helper cells, )̄ infected
T helper cell, .̄(#) immune precursors CTL, ,̄(#) immune
infector CTL and !̄(#)-free virus, respectively. The virus is
assumed to approximate T-cells without any time delay for dif-
fusion in model dynamics. !̄(#) represents virion that can infect
uninfected cells. Immune precursors (.̄(#)) are stimulated by
infected cells, not viruses. The ((#) representing the treatment
in HIV infection model is between 0 and 1. 0 represents no
treatment and 1 represents treatment [1] The definitions and
values of the HIV parameters are given in Table I.

B. Hepatitis-B Dynamics

One of the major reasons for the studying for HBV
infection, which affects millions of people each year due to
acute or chronic consequences, is to improve control to reduce
infection and population. Several mathematical models have
been developed in the literature to demonstrate the effects of
carriers on the transmission of HBV, to predict the transmission
dynamics, or to study the long-term effect of the vaccination
program [15], [16], [17]. In this study, the mathematical model
developed in [16] was used to analyze the HBV infection.
The mathematical model [2] used to analyze HBV infection in
this study includes the vaccination and treatment parameters in
addition to the HBV infection model in [16]. This model also
takes into account the direct transmission of hepatitis-B virus
infection from the parents to the offspring and transmission
through contact. Consequently, Hepatitis-B virus model is
given as

5̇(#) =6 − 6+17(#)− 8(9(#) + :7(#))5(#)− 65(#)− (1(#)5(#)

+ ($4 − 6+2)(1− 5(#)− ;(#)− 9(#)− 7(#)),

;̇(#) =8(9(#) + :7(#))5(#)− (6 + $1);(#),

9̇(#) =$1;(#)− (6 + $2)9(#),

7̇(#) =6+17(#) + +3$29(#)− (6 + $3)7(#)− (2(#)7(#),
(2)

TABLE II. THE PARAMETER DEFINITIONS AND VALUES OF
HEPATITIS-B.

Parameter Values Range Description
- 0.0121 Birth (and death) rate
. 0.8-20.49 Transmission rate
/ 0-1 Infectiousness of carriers relative to acute

infections
!1 6 per year Rate of moving from exposed to acute
!2 4 per year Rate at which individuals leave the acute

infection class
!3 0.025 per year Rate of moving from carrier to recovery
!4 0.03-0.06 Loss of recovery rate
%1 0.11 Probability of infected newborns
%2 0.1 Probability of immune newborns
%3 0.05-0.9 Proportion of acute infection individuals be-

coming carriers
00 0.493 Susceptible individuals
10 0.0035 Exposed individuals
20 0.0035 Acute infection individuals
30 0.007 Chronic HBV carriers

where 5(#), ;(#), 9(#), 7(#) indicate the fractions of the sus-
ceptible individuals, exposed individuals, acute infective in-
dividuals and chronic HBV carriers, respectively. The control
parameters (1(#) and (2(#) are the ratio of the susceptible that
is vaccinated and chronic HBV carriers treated per unit time,
respectively [2]. In general, vaccines are not %100 effective, so
some of the vaccinated individuals are protected but some of
the vaccinated individuals may subsequently become ill again.
The definitions and values of the HBV infection parameters
are given in Table II.

C. Cancer Tumor Dynamics

Cancer is a disease that involves repeated, uncontrolled
division and spread of abnormal cells. There are so many
different stages in the growth of a tumor that it will cause
the patient to die or permanently reduce their quality of life
[18]. According to a report published by the American Cancer
Society, the five-year relatively survival rate of several cancer
types has increased significantly. Therefore, the importance
of early diagnosis and enhancement in treatment methods
(such as surgery, radiation, chemotherapy, hormone therapy,
immunotherapy, and targeted therapy) that contribute to the
reduced morbidity and mortality rate has increased [6]. The
cancer dynamics modeled to provide patient-specific therapies
by examining the development of the disease provide important
information about unmeasurable states of the cancer. In this
paper, we use a mathematical model given in [3] for cancer
chemotherapy as follows.

<̇(#) ==2<(#)[1− 12<(#)]− /4<(#)> (#)− *3<(#)7(#),

>̇ (#) ==1> (#)[1− 11> (#)]− /29(#)> (#)− /3> (#)<(#)

− *2> (#)7(#),

9̇(#) =?+
89(#)> (#)

@+ > (#)
− /19(#)> (#)− %19(#)

− *19(#)7(#),

7̇(#) =− %27(#) + ((#),
(3)

where <(#) is the number of normal cells, > (#) is the number
of tumor cells and 9(#) is the number of immune cells. 7(#)
indicates the drug concentration and refers to the logistic
growth of the tumor relative to the chemotherapeutic response
of the body’s immune system. ((#) is the drug infusion rate.
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TABLE III. THE PARAMETER DEFINITIONS AND VALUES OF CANCER.

Parameter Value Description
$1 0.2 Fractional immune cell kill rate
$2 0.3 Fractional tumor cell kill rate
$3 0.1 Fractional normal cell kill rate
(1 1 Reciprocal carrying capacity of tumor cells
(2 1 Reciprocal carrying capacity of normal cells
&1 1 Immune cell competition term (competition between

tumor cells and immune cells)
&2 0.5 Tumor cell competition term (competition between

tumor cells and immune cells)
&3 1 Tumor cell competition term (competition between

normal cells and tumor cells)
&4 1 Normal cell competition term (competition between

normal cells and tumor cells)
"1 0.2 Immune cell death rate
"2 1 Decay rate of injected drug
41 1.5 Per unit growth rate of tumor cells
42 1 Per unit growth rate of normal cells
5 0.33 Immune cell influx rate
6 0.3 Immune threshold rate
. 0.01 Immune response rate

The parameters of the simulated patient in [3] are given in
Table III.

III. ADAPTIVE UNSCENTED KALMAN FILTER

Consider a nonlinear discrete-time state-space representa-
tion at time instant 3 as

x*+1 = g(x*, u*) +!*,

y* = h(x*, u*) + v*,
(4)

where x* ∈ ℜ7 , u* ∈ ℜ8! and y* ∈ ℜ9" represent the state
vector, the control signal and the measurement output signal,
respectively. !* ∼ <(0,Q*) is the Gaussian process noise,
which drives the dynamic system, and v* ∼ <(0,R*) is the
Gaussian measurement noise. It is assumed that the system
given in (4) is controllable and observable. The functions g(.)
and h(.) are known and differentiable functions of the states
and control signal of the nonlinear system [19].

In the state estimation process, a recursive maximum like-
lihood estimation of the state x* is obtained with the standard
Gaussian approximation method. The joint UKF algorithm
uses a combined state vector where the unmeasurable states
with uncertainties are jointed into an augmented state vector.
The augmented state variables and covariance matrix can be
expressed as

x$:;
* = [x<

* !<
* v<* ], P$:;

* =

[ P=
* 0 0
0 Q* 0
0 0 R*

]

(5)
where x*,!* and v* represent state vector, process noise vec-
tor and measurement noise, respectively. In addition, P=

*,Q*
and R* represent state error covariance matrix, process noise
covariance matrices and measurement noise covariance for the
augmented state vector. It is necessary to have prior knowledge
of covariances of process and measurement noise in non-
adaptive UKF. If the noise covariances used in the filtering
are not used appropriately, the accuracy of estimation can
be seriously affected. In the case of system uncertainties or
faults, the UKF becomes inaccurate and it may be necessary
to use an adaptive UKF scheme that corrects measurement
noise covariance (R*) [20].

UKF is a sigma point Kalman filter that calculates the
probabilistic variance and mean of a set of samples to indicate

nonlinear anomalies. The UKF algorithm propagates selected
sigma points through nonlinear dynamics of the system and
then approximates the mean and covariance, recursively. 2B+1
sigma points must be defined for UKF algorithm where B
is the total number of augmented states, including uncertain-
ties as well as process and measurement noise. Each sigma
points are chosen based on a square-root decomposition of
the prior covariance. The UKF procedure uses the following
variable definitions: C> is a set of scalar weights C (?)

0 =
$/(B + $),C (&)

0 = $/(B + $) + (1 − E2 + &),C (?)
> =

C (&)
> = 1/(2(B + $)), F = 1, ⋅ ⋅ ⋅ , 2B. $ = B(E2 − 1) and

G =
√

(B+ $) are scaling parameters. The constant E specifies
the spread of sigma points around x̂* and is usually set to in the
range 0.0001 to 1. & is used to incorporate the prior knowledge
of the Gaussian distribution of x* (& = 2 is optimal). The
!* and v* processes are assumed to be zero mean and with
covariance matrices Q* and R*, respectively. Regarding the
system (4), the conventional UKF estimation can be expressed
as follows.

The initial values of the state vector and its covariance
matrix are

x̂0 = ;[x0],

P0 = ;[(x0 − x̂0)(x0 − x̂0)
< ],

R0 = ;[(x0 − x̂0)(x0 − x̂0)
< ].

(6)

For B-dimensional state vector, sigma points of "*−1 are
calculated by

"*−1 = ["̂*−1 "̂*−1 + G
√

P*−1 "̂*−1 − G
√

P*−1]. (7)

These sigma points are propagated through the nonlinear
system model that removes linearization step and multiplied
by their associated weights and summed to obtain an estimate
of the augmented state variable. The sigma points and weights
are then used to tune a covariance matrix and a prediction of
the output value (”Time Update”) [21].

"*∣*−1 = g["*−1, (*−1],

"̂−
* =

2@∑

>=0

C (?)
> H>,*∣*−1,

P−
* =

2@∑

>=0

C (&)
> [H>,*∣*−1 − "̂−

* ][H>,*∣*−1 − "̂−
* ]

< + Q.

(8)
In many cases, it has been found that only measurement
noise covariance (I) adaptation is superior to only process
noise covariance (J) or the joint (J,I) adaptation techniques.
Hence, an adaptation technique is used only for I, assuming
that J is constant since measurement is noisy. For adaptation
of R*, sigma points of "1# are calculated by

"1#−1 = ["̂* "̂* + G
√

P* "̂* − G
√

P*]. (9)

Transform "1#−1 through the h(.) and predict the measure-
ment as

#*∣*−1 = h["1#−1 ],

)̂−* =
2@∑

>=0

C (?)
> K>,*∣*−1.

(10)

879

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



The adaptation term is L* = (y* − ŷ−* ) and adaptation
covariance MB term are

MB =
1

3C

*∑

>=*−*$+1

(L*)
< (L*),

3 < O? =⇒ 3C = 3,

3 ≥ O? =⇒ 3C = O?,

(11)

where O? is window size which calculates the adaptation
term and residual covariance by a sliding window. Then the
elements of R* can be estimated as

R̂* = ∣MB −
2@∑

>=0

[K>,*∣*−1 − )̂−* ][K>,*∣*−1 − )̂−* ]
< ∣,

R̂*? = (1− P)R̂(*−1)? + PR̂*,

(12)

where P is modulation factor in the range 0 < P < 1. The
next step of the UKF algorithm is ”Measurement Update”.
In this correction step, an autocorrelation matrix and a cross-
correlation matrix are formed. Then they are used to calculate
the Kalman gain matrix Q*. Finally, a measurement corrected
state estimation and covariance matrix are constructed as

P!̄# !̄# =
2"∑

#=0

! ($)
# ["#,&∣&−1 − #̂−

& ]["#,&∣&−1 − #̂−
& ]' + R̂&(,

P)#!# =
2"∑

#=0

! ($)
# [%#,&∣&−1 − &̂−

& ]["#,&∣&−1 − #̂−
& ]' ,

'& = P)#!#P−1
!̄# !̄# ,

x̂& = x̂−
& +'&(y& − ŷ−

& ),

P& = P−
& −'&P!̄# !̄#'

'
& .

(13)

Finally, joint state and parameter estimations can be achieved
by AUKF algorithm under measurement noise [22], [23].

IV. ADAPTIVE ESTIMATION RESULTS

To illustrate the effectiveness of the AUKF versus UKF,
we have performed some numerical experiments on three vital
diseases with noisy disturbance. The results obtained were
compared in terms of estimation accuracy. The measurements
of the diseases are assumed to be disturbed by the white noise
with variance 2. Figure 1 presents the UKF estimation results
of the HIV dynamics when "̄(#) is measured. The effect of the
noise is clearly seen on the plots. For the space limitation, UKF
is not applied to other diseases. The application of AUKF to
the HIV dynamics is given in Figure 2. The noise disturbance
is filtered on the estimations and very clean observations are
obtained for monitoring. In Figure 3 and Figure 4, AUKF
application results are given for the estimation of Hepatit-B
and Cancer tumor dynamics.

V. CONCLUSIONS

In this paper, measurement noise is assumed to be existed
on the output measurement. In this case, unmeasured state
estimations are achieved by designed AUKF filter. The state
estimation results are plotted for analysing the diseases. In fact,
the numerical applications are made to make easier to follow
or monitor the disease without measuring complete internal
variables. The state estimates are very accurate even though
large measurement noises are applied. The experimental results
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Fig. 1. UKF: HIV estimation results when &̄(") is measured.
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Fig. 2. AUKF: HIV estimation results when &̄(") is measured.
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Fig. 3. AUKF: Hepatitis-B estimation results when *(") is measured.

show that AUKF is a promising method for estimation of such
vital diseases. In the future works, the designed AUKF filters
will be examined in the context of modeling biological systems
using clinical data.
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Abstract— Brain cancer is one of the most fateful diseases 
today. Early diagnosis is of great importance in the treatment of 
this disease. To accomplish a fast and accurate diagnosis, 
numerous studies have been performed around the world. In this 
study, a computer aided tumor detection task is proposed for brain 
MR images. To prevent over-segmentation a set of methods such 
as bilateral, gauss, order statistics filters, morphological and 
sharpening operations are applied for denoising, emphasizing fine 
details and enhancement steps prior to watershed segmentation. 
Finally, a rule based elimination is proposed to reduce the false 
positive detections and increase the performance. Experimental 
results demonstrate that the proposed method is satisfying to 
detect brain tumors. 

Keywords— Brain tumor detection; watershed transform; 
morphological operations; bilateral filter; rule based elimination. 

I. INTRODUCTION
Obtaining definite information from images is one of the main 
image processing subjects. Reaching successful results after the 
process depends on the ability to remove unnecessary areas in 
images [1]. Biomedical image processing operations make it 
easier to understand the images that are elusive or 
incomprehensible. This study describes a computer aided 
detection implementation that enables brain tumors to be 
determined automatically. Biomedical image processing is the 
main title that investigates image processing techniques 
implemented on medical images. With these techniques, images 
are transformed into formats that users can interpret. Early 
diagnosis in the diseases such as cancer, Alzheimer, Parkinson 
and multiple sclerosis (MS) have vital importance for treatment 
process [2]. Nowadays, radiologists use magnetic resonance 
(MR) technology to detect brain tissue and masses visually. But 
the results are subjective and vary according to the experience 
of that person. In addition, detection or segmentation tissue and 
mass from brain MR images is more difficult due to some 
reasons such as noise, imaging techniques, contrast inadequacy 
and nonhomogeneous density [1-6]. Hence computer-aided 
studies are being carried out for diagnosis process of MR 
images. Sudharani et al. [3]  tried to detect brain tumors in their 
study. First, contrast and brightness of the images were 

adjusted. The image was resampled, the color plane was 
extracted and histogram techniques were applied. 
Measurements of the required parts were determined and then 
a threshold was applied to the image in the last step so that only 
the tumor region is enhanced. Then Fast Fourier transform and 
a second histogram were applied to equalize all desired pixels. 
Advanced morphological techniques were used to detect the 
tumor region. The true positive rate of 88.9% obtained as a 
result of all these operations. 

     In another study of detection and segmentation [4], the Shift-
Invariant Shearlet transform (SIST) was used firstly to improve 
the brain image. The Nonsubsampled Contourlet transform 
(NSCT) is preferred for a better image resolution. The subbands 
of the NSCT transformed image were extracted with texture 
properties obtained by GLCM, Gabor, and Discrete Wavelet 
transform (DWT). These features were used to train and 
classify images using artificial neural networks. The tumor 
regions in the classified glioblastoma brain image were 
segmented by K-means clustering algorithm. As a result they 
reach a true positive rate of 89.7%. Jayachandran and 
Dhanasekaran [5] pre-processed brain images to eliminate the 
noise using Gaussian filter. Then the images were segmented 
using a morphological operator. The tumor location was 
determined by regionprops algorithm. After segmentation, 
feature extraction was performed using Multi-Texon histogram 
and these features were used in Support Vector Machine (SVM) 
for training. Finally images were classified as tumorous or 
normal. After all these operations, the calculated true positive 
rate was 0.8. Balakumar et al. [6] used median filtering to 
reduce the noise of the brain images and contrast enhancement 
for the preprocessing step. Then feature extraction was 
performed and intensities, textures, edges and alignment were 
found. Then spatial regularization, strains and shape constraints 
were applied to detect brain tumors. After those sequential 
operations, the true positive rate was 0.8. Bahadure et al. [7] 
performed a combination of watershed segmentation, fuzzy 
clustering means and discrete cosine transformation to detect 
brain tumor. They obtained a true positive rate of 0.92.
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        In this study, MR brain images were denoised, fine detail 
was emphasized and contrast was enhanced respectively using 
an appropriate sequence of filtering techniques. Then the pre-
processed images were segmented using watershed algorithm 
and finally a rule based elimination algorithm was used to reduce 
the false positive tumor detections. The proposed software 
system was developed using MATLABTM (Mathworks, 
Natick, MA). 

II. THE PROPOSED SYSTEM 
       In this system firstly skull extraction was performed 
manually. The methods used are as follows: Bilateral filter, 
gauss filter, high pass filter, CLAHE, median filter, order 
statistics filter and watershed transform. Then a rule based 
elimination was developed and applied on the segmented 
images to obtain true positive masses. The proposed approach’s 
flow diagram is shown in Fig. 1.  

 
Fig. 1.  Flow diagram of the proposed system 

A. Dataset 
The developed system was applied to 45 brain MR images 
obtained from free databases RIDER, REMBRANDT and also 
from Radiation Oncology Department of Medikal Park 
Hospital. Fig. 2 displays an MR brain image from the database 
including a tumor. 

 
 

Fig. 2. A raw brain MR image from the dataset. 

B. Pre-Processing Methodologies 
1) Image denoising with bilateral filter:  

     Bilateral filter is a popular filtering technique for being 
linear and not recursive. It takes the weighted sum of pixel’s 
values in a local neighborhood. This weight can be changed 
according to both spatial distance and intensity distance pixel 
value. With this method, important details such as edges in the 
images can be protected while noise is decreased [8]. The 
bilateral filter softens similarly as gauss filter. The most 
important difference is that while performing smoothing 
process, it preserves the edge information by assessing the 
nearest pixel values. Bilateral filter creates an intensity value 
combination which takes both geometric proximity and 
photometric similarities by preferring the close pixels to distant 
ones. While geometric proximity expresses spatial similarity; 
photometric similarity refers to spectral similarity. Hence, 
bilateral filter (1) can be seen as a combination of spatial and 
spectral of two gauss filters. In (1), I is the input image, p is the 
position of the pixel that will be filtering in the image, q refers 
neighboring pixels to be used in the filter.  
 

	             (1) 

 
Here,  expresses the normalization parameter given as 
follows, 
 

                            (2) 
 
As for Gauss kernel, 
 

	                                                      (3) 
 
(3) can be written. Here,  expresses spatial Gauss kernel and 
reduces far pixels’ effects.  is intensity Gauss kernel and it 
decreases pixel q’s intensity value which is located at S 
neighborhood if q’s intensity value is different from p. S 
neighborhood value usually falls against  a square window 
centered on pixel p. The main influencing factors of the filter 
exit are  (distance parameter) and  (spatial parameter) 
parameters in gauss kernels. Big  values cause bilateral filter 
looks like gauss smoothing. Because when  increases, value 
difference of pixels is ignored. As for big  values cause to the 
loss of big details. At the situation that both parameters 
approach 0 together or separately is smoothing hardly [9]. 
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2) Blurring with Gauss filter:  

     Gauss filter uses 2-dimensional convolution (multiplying 
process on pixels in kernel matrix and image) to blur images 
and removes details and noises [10]. Two dimensional Gauss 
filter, 
 

, , 	                                                       (4) 
 
is shown in (4). Variance  (standard deviation) value is 
determined by the user and obtained a fixed value for all pixels 
in the image. Choosing big variance value increases noise 
removal and also causes blurring in the images and data loss on 
the edges. A small selection of variance value reduces noise 
removal and increases protection of the edges and details [11]. 
In Fig. 3 the image is shown after bilateral and gauss filters are 
applied. 

 

 
Fig. 3. a) Original image b) Image after denoising and blurring. 

 

3) Emphasize fine detail: 

A high pass filter is a method for sharpening. Sharpening is 
contrast enchancement between neighbour areas with low 
differences in brightness or darkness. A high pass filter 
preserves the effect of high frequency informations in an image, 
blocks effect of low-frequency informations. In this study due to 
using the sharpening process after denoising and blurring, the 
fine details were emphasized. The filter has a kernel that 
increases the brightness of the middle pixel relative to the 
neighboring pixels [12]. The filter can be created by first order 
derivative: 

                                                           (5) 

4) Contrast enhancement with Contrast-Limited Adaptive 
Histogram Equalization (CLAHE): 

     In this study when the histogram is synchronized, the image 
quality is improved by extending the intensity dynamic range 
with the entire image histogram. This improvement is realized 
when a resulting image with uniform intensity distribution is 
obtained by normalizing the intensity distribution of image. 
But, since histogram equalization uses the intensity distribution 
of the entire image, in some of these images the average density 
may cause faded effect when brought to the middle level. 
Adaptive histogram equalization is a changed histogram 
equalization operation and the enhanced process is performed 

on local data. This process was carried out as follows: The 
image was divided into rectangle areas which had grid form and 
standard histogram equalization was applied to each area. 
Optimum region size and number vary depending on the image. 
Then, sub-regions were combined with bilinear interpolation 
method to obtain an improved whole image. However, when 
the adaptive histogram was synchronized, the noise problem 
had arisen. In order to prevent this, it is necessary to limit the 
contrast enhancement in homogeneous regions.  For this 
purpose, a contrast-limited adaptive histogram equalization 
method has been developed.  
    In this approach, histogram of each region is calculated at 
first. Then, based on desired contrast width limit, the crop limit 
value is obtained to crop the histograms. Each histogram is then 
redistributed so that it does not exceed this crop limit value. 
Finally, cumulative distribution functions (CDF) of the contrast 
limited histograms obtained for gray level mapping are 
determined [13]. In CLAHE(Contrast-Limited Adaptive 
Histogram Equalization) technique, uniform distribution 
function can be given as, 

                                       (6) 

: Maximum pixel value. 
: Minimum pixel value. 

 is the computed pixel value. 

P(f) = CPD (Cumulative probability distribution). 

      This formula (6) is transformed for exponential distribution 
gray level as in (7). 

	                                            (7) 

: crop limit value. 

     CLAHE method works with small areas of the image. Each 
small area's contrast is enhanced. Because, it is about to match 
the histogram of the output region desired to be made and the 
histogram specified by the distribution type. The CDF of 
Rayleigh distribution is given as; 

     [14]                                   (8) 

     Fig. 4 shows the final state of the image after emphasizing 
and CLAHE methods were applied.   

 
Fig. 4. a) Original image b) Applied emphasizing and CLAHE on the image in 

Fig. 3 (b). 
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 5) Image erosion: 

     Erosion is done on the objects in the binary image for the 
purpose of thinning and downsizing using structural elements. 
The image is reduced by moving the object boundaries back as 
far as the structural element. Erosion of a two-level  image 
with B structural element is represented in (9). 
 
	 	                                                         (9) 

 
     In the developed system, the eroded image was obtained on 
the other side of the original image in the section on the left side 
of the screen.  For this process, firstly, the original image was 
transformed into a binary image as black-and-white. Then, by 
controlling the pixel neighborhoods eroded image was obtained 
[15]. 
 

     6) Reduce noise with median filter: 

     The median filter is used to reduce noise in the image. It 
gives good results in the protection of details in the image. The 
median filter takes into account the neighborhoods to calculate 
each pixel’s value. In median filter pixel neighbor pixels are 
sorted and the value in the middle of an array is taken. If there 
are even numbers of pixels in the region studied, the average of 
the two pixels in the middle is used as the median [16]. 
 

, , , ,                                  (10) 
  
According to (10); 
 : A neighborhood identified by user. 
, : Central location in the image [17]. 

 
Fig. 5 shows the final state of the image after erosion and 
median filter are applied. 
 

 
Fig. 5. a) Original image b) Applied erosion and median filter on the image in 

Fig. 4 (b). 
 

C. Segmentation Methodologies 
     1) Order statistics filter: 

     Order statistics filter (OSF) is a nonlinear spatial filter which 
is used for contrast adjustment before watershed algorithm in 
this study. This filter orders the pixels contained in an image. 
The local statistics are derived from the neighbors of the central 
pixel to contain many information about the expected value of 
the pixel. Sequential statistical information is obtained when 
neighboring data are ordered (by sequencing) [18]. The order 

statistics filter occurs when order statistics vector is applied to 
a finite impulse response FIR filter. Order statistics are obtained 
by ordering N states obtained from a random  variable as 
, , 	  in an increasing order.  is produced as 

shown below: 

                                                      (11) 

{Xi}: the order statistics of the N observations. OSF, which is 
an estimator, uses the average of the X values and the linear 
combination of sequence statistics when doing this operation 
[19].  

, , ,            (12) 

     2) Watershed transformation 

     If it is thought that a pierced surface has been submerged in 
water at local minima, water will be pumped into different 
basins incrementally starting with least height minimum. If 
dams are built on the combining point that waters comes from 
two different basins, at the end of this dipping process, each 
minimum is translated completely into dams to limit this 
minimum-related basin. The dams separating the surface into 
different zones or basins are called watershed lines or just 
watersheds. Let I be a gray level image.  and  are I’s 
minimum and maximum values respectively. A recursion is 
repeated with h gray level changing from  to  . In the 
beginning of a recursion,  basin set is taken equal to point 
cluster  that has  value. Then  basin cluster’s 
incidence 

 can be extended in threshold cluster Th+1 

consecutively: 
 

, 
,                                                           (13) 

      
     Here MINh is a cluster of points belonging to the minimum 
of h height.  that obtained from this recursion process is 
the set of basins of  I image. The watershed transform is also 
found as a complement of basin clusters in I image. In 
this study over-segmentation [20] is almostly handled by the 
pre-processing step including denoising, emphasizing fine 
details and contrast enhancement. Fig. 6 demonstrates the 
segmentation of the pre-processed brain image with watershed 
algorithm. As seen in the image although the pre-processing 
step, there are still false positive (FP) detections.  
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Fig. 6. a) Original image, b) Image after watershed segmentation: the big blue 

region is a tumor and the others are false positive detections. 
 

     3) Rule based elimination 

     To reduce the number of false positive detections in 
segmentation, a rule based elimination algorithm was 
developed in this study. Labeled regions obtained by watershed 
transformation were used in this method. The average value of 
these labeled regions were calculated by taking the original 
image intensities. The averages of all regions on the image were 
calculated in the same way. Then an overall average was found 
by taking the mean of the averages obtained from all the 
regions. The threshold is determined by adding a quarter of the 
overall average to itself. Finally, if the region average is less 
than this threshold, then it is eliminated. The over-segmented 
regions noticed in Fig. 6 (b) are eliminated as seen in Fig. 7.  
 

, 		
, 		                                              (14) 

 
    According to the rule in (14) where  is the intensity of 
the region with index .  is mean of the regions.  
indicates that the region is eliminated. And  indicates 
that the region is an actual tumor (true positive - TP). 

 
Fig. 7. a) Original image b) Image after rule based eliminated watershed 

segmentation. 

III. EXPERIMENTAL RESULTS 
     The proposed computer aided brain tumor detection system 
is tested on 45 MR images from dataset prepared for this study.  
 
Fig. 8 and Fig. 9 demonstrate the overall system result images 
and also in Fig. 10 and Fig. 11 the original images are displayed 
with the pre-processed, watershed segmented and rule based 
eliminated watershed segmented images respectively. 
 

 
 

Fig. 8. a) Original image b) The detected tumors. 
 
 

 
 

Fig. 9. a) Original image b) The detected tumors. 
 

 

 
 

Fig. 10. a) Original image b) Pre-processed image c) Segmented image with 
watershed transform d) Segmented image with rule based eliminated 

watershed transform. 
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Fig. 11. a) Original image b) Pre-processed image c) Segmented image with 

watershed transform d) Segmented image with rule based eliminated 
watershed transform. 

 
Also the results of the proposed system applied to the dataset 
images are shown in Table I. 

 
TABLE I. Performance parameters for the proposed system 

 
Performance parameters Experimental  

results 
True positive rate       0.93 
Precision 0.88 
False positive # per image                 0.15 

 
     The values in Table 1 are calculated according to the 
following equations. 
 
True positive rate=  TP/(TP+FN) 

 
Precision=  TP/(TP+FP) 

 
False positive # per image=FP/(Total number of images) 
 

IV. CONCLUSION 
     A computer-aided brain tumor detection system is 
implemented in this study. In the proposed method, an 
appropriate pre-processing step including denoising, 
emphasizing fine details and contrast enhancement prevents 
over-segmentation. Also the developed rule based elimination 
algorithm reduces the false positive detections after watershed 
transform. According to the experimental results of the overall 
system the true positive rate, precision and false positive 
number per image are 0.93, 0.88 and 0.15 respectively. This 
paper demonstrates that the proposed method can be used for 
automatic detection of brain tumors. 
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Abstract—Turkey accounts for 75% of
the global hazelnut production and 70-75% of the 
exportation. Taking into account the socio-
economic importance of hazelnut, the 
stakeholders of hazelnut domain still have 
problems such as availability, meaningful, 
accuracy of the hazelnut related data. Providing 
data to stakeholders is crucial for sustainable 
agricultural activities. This data should be freely 
available to everyone to use and republish. With 
the aforementioned reasons “Open Data” is an 
efficient way in Turkish Agriculture. 

In this paper, we shall investigate the open data 
term and semantics in the context of hazelnut 
data management. In addition, a data processing 
model with regard to agricultural open data is 
proposed.   

Keywords—open data, linked data, hazelnut, 
semantics, open data model 

I. INTRODUCTION

Agriculture is a crucial sector despite the fact 
that it contributes to employment, exportation and 
domestic income such that over one billion people 
are employed in agriculture sector all over the world. 
Turkey is the world’s 7th largest agricultural 
producer overall and is the world leader in the 
production of dried figs, hazelnuts, sultanas/raisins, 
and dried apricots [1]. It is one of the few countries 
in the world with favorable weather conditions for 

hazelnut production, accounts for 75% of the global 
production and 70-75% of the exportation. It is also 
estimated that 4.000.000 people are directly or 
indirectly related to hazelnut that has been produced 
in an area of 550-600 thousand hectares in Turkey, 
which is a fact that boosts the socio-economic 
importance of hazelnut [2]. Hazelnut data is usually 
published as HTML, Excel Files, and CSV formats 
by TUIK (Turkish Statistical Institute) in Turkey. 
When one looks at the context of published data, it 
includes only aggregated statistical information. 
However, the stakeholders of hazelnut domain need 
to look into more detailed data regarding hazelnut 
such as hazelnut genetic resources data per field even 
per plant. There are three main area to discover 
problems of hazelnut production and fertility. These 
areas are production stage, not to apply existing 
statues, and marketing in the context of hazelnut. 
Hazelnut production due to hazelnut garden’s age, 
structure of soil and land, treatment and fertilizing, 
less pollution, less pruning, blights and agricultural 
pets, not to preserve size of economic enterprise, 
increasing hazelnut plantation area uncoordinatedly, 
price fluctuation, and not apply persistent 
exportation policies are several problems that are 
occurred in the context of areas. [3]. Furthermore, 
weather conditions such as the sudden drop in 
temperature affect hazelnut production negatively. 
This type of data is produced by many scientific 
experiments. So that, scientists generally see 
published data as belonging to the scientific 
community, but many publishers claim copyright 
over data and will not allow its re-use without 
permission [4]. In addition, it should be noted that 
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both private and public organizations are responsible 
for publishing, accessing and re-using this data but 
this can be taken to mean that there is a permission 
barrier. Considering the needs of stakeholders, the 
data related hazelnut should be accessible and 
reusable. In this paper, we shall investigate viability 
of hazelnut open data model and its processing 
aspect to gather, store and publish precision data 
regarding hazelnut farms. In addition, we shall 
propose particular data format types for sustainable 
agricultural activities. To build aforementioned 
model, we begin by taking a closer look at hazelnut 
farming, open data and semantic web technologies. 

This paper begins with an explanation 
regarding to hazelnut farming in Turkey, followed 
by research background. Then, model and findings, 
suggestions for future works are discussed 
respectively. 

II. RESEARCH BACKGROUND 

A. Hazelnut Farming in Turkey 
Hazelnut is one of the most valuable agricultural 

products for Turkey. According to report of hazelnut 
production in the world Turkey is the leader country 
in hazelnut production all over the world [5]. Due to 
the fact that Black Sea region of Turkey has 
favorable weather conditions for hazelnut, hazelnut 
production activities are farmed in this region. This 
region consists of two sub-regions which are called 
First Standard Region (H-FSR) and Second Standard 
Region (H-SSR). H-FSR is the eastern part of Black 
Sea Region and H-SSR is middle and western part of 
Black Sea Region. H-FSR consists of Ordu, Giresun, 
Trabzon, Rize and Artvin provinces and H-SSR 
consists of Samsun, Sinop, Kastamonu, Bolu, 
Düzce, Sakarya, Zonguldak and Kocaeli provinces.  
According to Turkish Statistical Institute (TÜ K), 
hazelnut production is farmed in 33 provinces in 
Turkey. Moreover, hazelnut trees planting areas 
spread as follows; Ordu 32%, Giresun 17%, Samsun 
13%, Sakarya 10%, Trabzon 9%, Düzce 9%. 
Hazelnut is one of the most important agricultural 
exportation products in Turkey. It is one of the few 
countries in the world with 70-75% of the 
exportation. An agricultural open data processing 

model for hazelnut is proposed in this paper due to 
the importance of hazelnut production. 

B. Open Data 
The term “Open Data”, anyone can access, use 

and share. It must be accessible, which usually 
means published on the web, available in a machine-
readable format and have a license that permits 
anyone to access, use and share it [6]. Moreover, 
Information and Communication Technology (ICT) 
plays a critical role as to facilitate distributing data 
to clients and stakeholders in the respective domain. 
In this regard, published data should be machine-
readable format that can be processed by software 
without a labor force. 

C. Semantic Web 
The objective of the Semantic Web is to provide 

a new form of content that is meaningful and 
machine and human readable [7]. The following 
steps show the direction where the Semantic Web is 
heading: [8] providing a common syntax for 
machine understandable statements, establishing 
common vocabularies, agreeing on a logical 
language, using the language for exchanging proofs. 

On the other hand, Semantic web does not only 
refer to maintain data on the web, it is also 
establishing links to facilitate exploration of data by 
a person or machine. Under the favor of linked data, 
acquired information leads to related ones. 
According to Tim Berners-Lee, the term “Linked 
Open Data” is Linked Data which is released under 
an open license, which does not impede its reuse for 
free and he suggested a 5-star deployment scheme 
[9]. As far as Tim Berners-Lee concerned Linked 
Open Data has to be available on the web in different 
kinds of format but with an open license, to be Open 
Data. It should be noted that Linked Open Data must 
be as machine-readable structured data. For instance, 
excel instead of image scan of a table [9]. This means 
that Linked Open Data should be as non-proprietary 
format. (e.g. CSV instead of Excel file.) In addition, 
it is important to emphasize Linked Open Data bases 
on open standards which are defined by World Wide 
Consortium (W3C). Resource Description 
Framework (RDF) is a directed, labeled graph data
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format for representing information in the Web and 
it is often used to represent, among other things, 
personal information, social networks, metadata 
about digital artifacts, as well as to provide a means 
of integration over disparate sources of information. 
This specification defines the syntax and semantics 
of the SPARQL query language for RDF [10]. Last 
but not least providing context depends on linking 
your data to other people’s data. Understanding the 
challenge and difficulty of data availability can help 
reveal the significance of applying semantic web 
standards. RDF is a standard model for data 
interchange on the Web and it has features that 
facilitate data merging even if the underlying 
schemas differ, and it specifically supports the 
evolution of schemas over time without requiring all 
the data consumers to be changed [11]. Semantic 
web's RDF data support is the building blocks for 
developing an ontology of any domain of interest 
[12].  

III. MODEL AND FINDINGS 

A. Proposed Agricultural Open Data 
Processing Model 
This paper is opened by noting the importance of 

hazelnut for Turkey and the world. There are no open 
data implementations with respect to hazelnut such 
valuable agricultural product in literature. Therefore, 
proposing an agricultural open data processing 
model in particular hazelnut is essential. However, 
we contend that the contribution of proposed model 
within the scope of this paper rests on particularly 
hazelnut production lifecycle, it can be applied 
different kinds of agricultural products. While 
developing the model we take into account the 
following aspects; data sources, data management 
and publishing, and users. These aspects are created 
by examining FOODIE (Farm-Oriented Open Data 
in Europe) project which aims at building an open 
and interoperable agricultural specialized platform 
hub on the cloud for the management of spatial and 
non-spatial data relevant for farming production; for 
discovery of spatial and non-spatial agriculture 
related data from heterogeneous sources; integration 
of existing and valuable European open datasets 
related to agriculture; data publication and data 
linking of external agriculture data sources 
contributed by different public and private 
stakeholders allowing to provide specific and high-
value applications and services for the support in the 

planning and decision-making processes of different 
stakeholders groups related to the agricultural and 
environmental domains [13]. The proposed 
agricultural open data processing model contains 
following components; types of agricultural data 
sources (four types of data sources; farmers, sensor, 
government, and market data), cloud hub (two sub-
layers; data management and web service layers), 
and users (five different users; farmers, researchers, 
businesses, analysts, and experts). These 
components derived from FOODIE project. Figure 1 
demonstrates these components.  

 

Fig.  1. Proposed Agricultural Open Data Processing Model 

B. Types of Agricultural Data Sources 
The agricultural data consist of different sources 

which are farmers, sensors, government and market. 
We shall elaborate the sources in the following. 
Farmers have the main role in agricultural 
production cycle so their feedbacks are crucial for 
proposed model. Farmers have the most valid 
information with regard to hazelnut fields so that 
they are crucial data sources. A wide range of 
information can be obtained from farmers. For 
instance, age productivity and morbidity of trees, 
observation for soil fertility, the number of trees in 
orchards, location of orchards (southern slopes or 
northern slopes), pruning hazelnut trees, 
fertilization, agricultural spraying. Sensors can 
provide precise information about environmental 
effects on plant breeding. A great number of data can 
be obtained by sensors. In this agricultural open data 
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processing model the following information can be 
produced by sensors temperature, humidity 
(weather/soil), precipitation, velocity of the wind 
and leaf anatomy. TUIK which compiles, evaluates, 
analyses and publishes statistics in the fields of 
economy, social issues, demography, culture, 
environment, science and technology, and in the 
other required areas in Turkey [14]. TUIK publishes 
data as Excel files, HTML output and CSV. The 
following information can be obtained from TUIK 
web application and services; summary of 
agricultural statistics, agricultural structure; 
production, price, value, census of agricultural 
holdings, general agricultural census village 
information, crop products balance sheets and 
agricultural statistics, series of official statistics with 
questions. Agricultural marketing covers the 
services involved in moving an agricultural product 
from the farm to the consumer. Numerous 
interconnected activities are involved in doing this, 
such as planning production, growing and 
harvesting, grading, packing and packaging, 
transport, storage, agro- and food processing, 
distribution, advertising and sale [15]. The following 
information might be obtained from the market; 
supply, demand, crop monitor, policy developments, 
international prices, future market, and fertilizer 
outlook. 

C. Cloud Hub 
According to NIST (National Institute of 

Standards and Technology), cloud computing is a 
model for enabling ubiquitous, convenient, on-
demand network access to a shared pool of 
configurable computing resources (e.g., networks, 
servers, storage, applications, and services) that can 
be rapidly provisioned and released with minimal 
management effort or service provider interaction 
[16]. There are five essential characteristics, three 
service models, and four deployment models in this 
model. Our focus is on service models. We propose 
Software as a Service (SaaS) model as Cloud Hub 
layer within the scope of our proposed model. This 
layer consists of two sub-layers; Data Management 
Layer and Web Service Layer. 

D. Data Management Layer 
Data Management Layer (DML) consists of 

three sublayers; data storage, pre-processing, and 

processing. Data storage layer is responsible for 
storing raw data that is gathered from all data 
sources. In general, storing raw data is essential due 
to the fact that stakeholders might need it. The data 
is stored on cloud in the format that gathered from 
data sources. This data can be structured, 
unstructured and semi-structured so that data storage 
types differ such as file system, RDBMS (Relational 
Database Management System), NoSQL database 
system, main-memory database system, graph 
database system etc. The raw data is not usually 
significant or valid. There has to be a mechanism to 
identify and correct errors with respect to raw data 
which is collecting different data sources. Pre-
processing layer is responsible for decomposing data 
as significant or not.  Data pre-processing is a means 
of transforming raw data, which can be incomplete 
or inconsistent and have many errors or unusable 
parts, into an understandable format that is ready for 
a more efficient analysis process [17]. The purpose 
of this layer is implementing data pre-processing 
techniques. Within the scope of this layer following 
pre-processing techniques are applied to improve 
data quality; data integration, data enhancements and 
enrichment, data transformation, data reduction, data 
discretization and last but not least data cleansing 
[18]. After aforementioned techniques are applied to 
data at this layer, data is additionally converted RDF 
datasets as well as structured data. Data underlying 
RDF datasets that are gathered different data sources 
and processed by data management layer has been 
storing in cloud hub as part of proposed model. 
However, this data is used to obtain some specific 
information by users who are stakeholders of the 
agricultural production (hazelnut) lifecycle. This 
data is stored as RDF datasets on cloud hub. RDF 
datasets are crucial for proposed model due to the 
fact that the heterogeneity of data. Data is obtained 
from different data sources so that data format is 
essentially different. That is why entire data is 
converted RDF triple which consists of subject, 
predicate, and object (or subject, property, value). It 
should be noted that RDF data management is 
crucial for proposed model and it can be examined in 
a variety of contexts. This variety is actually 
reflected in a richness of the perspectives and 
approaches to storage and indexing of RDF datasets, 
typically driven by particular classes of query 
patterns and inspired by techniques developed in 
various research communities [10]. In the literature, 
three basic perspectives can be identified underlying 
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this variety; the relational perspective, the entity 
perspective and the graph-based perspective [10].  It 
shall not be given more detail about aforementioned 
perspectives in this paper. However, it is important 
to be clear about preferred perspective within the 
scope of proposed model. RDF triples can be stored 
in a relational database management system 
(RDBMS). The relational perspective is preferred 
owing to the fact that an RDF graph is just a 
particular type of relational data, and that techniques 
developed for storing, indexing and answering 
queries on relational data can hence be reused and 
specialized for storing and indexing RDF graphs 
[10]. The purpose of implementing storing and pre-
processing techniques is to make preparations for 
gaining insights that are significant and valuable that 
are parts of data processing. This point to the fact that 
data processing is essential within the scope of 
proposed model. The term data processing refers to 
producing significant information from raw data. 
Meanwhile, supplying meaningful information by 
analyzing data is essential for data users to make 
future predictions and support producing analytical 
solutions. According to Begoli and Horey’s design 
principles (support a variety of analysis methods, 
one size does not fit all, and make data accessible) 
which are largely concerned with maximizing the 
controllable factors and thereby enabling researchers 
to explore, analyze, and interact with data in as easy 
manner as possible [19]. The processing layer 
provides users operational analytic solutions in 
respect to principles.    
E. Web Service Layer 

According to W3Schools web services are 
defined as self-contained and self-describing 
application components that can be discovered using 
UDDI, be used by other applications and they 
communicate using open protocols [20]. Web 
Service Layer is a part of proposed model. It is a kind 
of API (Application Program Interface) that provides 
using and processing agricultural RDF datasets 
regarding hazelnut. Meanwhile, it supports REST 
(Representational State Transfer) operations thus it 
can be consumed by different software applications. 
Furthermore, the layer consists of three sub-layer; 
data reporting, visualization, and SPARQL query 
processor. It should be noted that information 
systems stores collected data in databases. This data 
is used due to carrying out the statistical analysis. In 
the context of data reporting, statistical analysis 

includes collecting and processing data which 
provides insights for users. Data access simply is 
about storing, retrieving or acting on databases or 
repositories. The data which is provided by proposed 
model can be accessible on-demand for all hazelnut 
agriculture stakeholders. Additionally, visualization 
applications are included in the process which offers 
an insight to stakeholders. SPARQL Query 
Processor is a service of proposed model that enables 
querying large RDF datasets with regard to hazelnut.  
As it is mentioned in data management part, RDF 
datasets are stored in RDBMS on the cloud. This 
provides a simple and fast querying service to users.  

F. Users 
From the agricultural open data processing 

model figure, it is apparent that clients consist of 
farmers, researchers, businesses, analysts, and 
experts. All of these clients are hazelnut agriculture 
stakeholders within the scope of proposed 
agricultural open data processing model. Users can 
obtain expressive information from services 
provided by web service layer. This data is used to 
gain insights into sustainable hazelnut agricultural 
activities by researchers, analysts, and experts. It is 
worth bearing in mind that setting a certain estimate 
for hazelnut is a challenge due to its unpredictable 
harvest in every year. There are few institutions with 
regard to estimating the harvest of hazelnut in 
Turkey so that the estimates rapidly e fluctuate. This 
affects hazelnut market prices negatively. Given this 
explanation for hazelnut market, the importance of 
users is crucial for proposed model. The farmers 
benefit from system output to prevent agricultural 
problems and plan their agricultural activities. The 
researchers, analysts, and experts make use of 
conferred data to investigate statistical analysis, 
scientific findings, and market analysis. Businesses 
which are related to hazelnut’s production and 
market price have a need of making decision about 
their investment, employments, and market so that 
the information is inferred from presented data of 
proposed model. On the other hand, these 
stakeholders make contribution through web service 
layer using SPARQL Query Processor. Farmers 
inform general situation with respect to their 
hazelnut fields such as fertile and infertile number of 
hazelnut trees, and total number of hazelnut trees in 
orchards and crop yield per orchard. Researchers, 
analysts, and experts give information about existing 
or recently discovered plant diseases, and fertility 
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factors. Eventually businesses give feedback 
regarding production standards, market price, 
packaging, shipping and storage, industrial 
problems, foreign trade and product tagging.       

IV. DISCUSSION AND CONCLUSIONS 

The model structure is aimed to envisage 
uncloaking problems in hazelnut agriculture. 
Specifically, in hazelnut context; unbalanced 
declaration of market prices, issues about crop yield, 
raising quality, impact on the economy, 
determination of governmental subsidies, 
determination of crop yield close to reality, 
preventing agricultural diseases efficiently, and 
informing farmers are some of the problems that can 
be changed drastically in a positive manner. These 
problems can be minimized through the help of 
development in web technologies and open data. 
Especially, new phenomenon open data brings a 
perspective to use of big data. Using the emerging 
phenomenon, we believe that agricultural data 
insufficiency shall be resolved under the structure of 
proposed model. To acquire that, accessing and 
inferring data have a crucial role. Proposed model 
provides collecting and distributing data to 
stakeholders which will serve untying issues. 
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Abstract— Usability and security are two of the inevitable 
but conflicting quality factors in today’s multi-user modern 
computing environment. Although usability is considered to be 
an essential component of a secure system, not many studies 
focused on these two factors together. This study aimed to 
determine the general trends regarding the usability and 
security issues. Therefore, a systematic mapping approach was 
applied with the articles published on these two issues together 
between years 2006 and 2016 to reveal the research trends in 
this research area.  179 papers, which were indexed in web of 
science, were included for the mapping. The results revealed 
that many researches dealt with usability and security issues. 
They reported problems of efficiency and learnability from 
usability perspective and authentication from security 
perspective. They mainly adopt usability evaluation methods 
rather than any specific usability-security specific method and 
a few proposed recommendations or a method for design or 
improvement of usable security. 

Keywords— Systematic mapping study, usability, security, 
usable security 

I. INTRODUCTION 

Nowadays due to the advancement of Internet and 
the ubiquitous computing, people use software systems on 
various devices in everyday life. It is widely accepted that 
the adoption and use of these software systems depend 
various quality factors such as flexibility, maintenance, 
reliability or usability, etc. [1]. Most of the time, these 
quality factors generally supports each other for the general 
quality of software while one of the exception is the 
commonly accepted conflict among usability and security 
[2], [3]. Without ensuring usability, the software systems are 
not adopted by users. In addition, these software systems 
generally require the use of sensitive data of users. 
However, it is suggested that improving one affects the 
other in a negative way [4]. Therefore, there is a clear need 
that these two concepts are expected to be handled together 
for the usable and secure systems [5].  

Usability has been defined as “the extent to which a 
product can be used by specified users to achieve specified 
goals with effectiveness, efficiency and satisfaction in a 
specified context of use” [6]. While this definition mainly 
focuses on the user goals, the speed required to accomplish 
goals and user’s satisfaction; other definitions focus on other 
components of usability such that learnability, memorability 
and errors [7]. On the other hand, definitions of security 
generally revolve around attackers although most of the time 
legitimate users compromise the systems [8] [4]. This is 
mainly due to the issue that developers generally treated 
usability and security as an add-on features to a finished 

product [9] and the conflict of interest between system 
owner and its users [4]. Security issues are generally 
considered as a secondary goal for system users, in addition 
usability problems caused by security mechanisms made 
them not to bother security at all [10]. Users generally do 
not understand the security mechanisms [11] and they also 
had issues with memorability so they even break basic 
security rules required by the systems [12]. Whitten [13] 
summarized the difficulties of usable secure systems as 
secondary goal property, hidden failure property, barn door 
property, abstraction property and weakest link property. 

Researchers have been long recognized the 
importance of the requirement of enabling usability and 
security together. They have been using some common 
terms for this issue as, HCI-S [14], usable security [15]–[19] 
or HCISec [4]. 

Although usability is mentioned to be an essential 
component of a secure systems since 1975 [20], few studies 
focused on these two factors together until 2000 [21]. 
Whitten and Tygar’s study [22] can be considered as one of 
the first researches conducted on this issue. They evaluated 
the usability of an end user security tool, PGP 5.0, and 
reported it was not usable enough to provide effective 
security. Since then there are numerous researches are 
published on the usability of security related software such 
that usability of authentication mechanisms [23]–[25], e-
mail encryption [26] or security tools [27], [14]. However, 
although usability appears to be considered more, many of 
current software systems do not still ensure these two 
concepts together effectively [10].  

Above mentioned studies generally reported 
usability problems of security related software systems. 
Some provided feedback for design. They have applied 
various usability and security evaluation methods. These 
studies individually are valuable for developers or 
researchers studying on these topics. However, in this study, 
it was aimed to gather the related studies published for a 
decade and consolidate issues reported in them to reveal the 
trends by using a systematic mapping approach [28]. Thus, 
any developer or a researcher who is interested in ensuring 
usability and security can benefit from previous researchers’ 
experiences.  

II. RELATED WORK

Previously some literature reviews or survey 
studies on security and usability has been published in 
recent years [2], [12], [29], [30], [3]. These studies generally 
focused on some specific domain. Some of them were 
general review studies without any specific methodology 
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while some applied systematic review or systematic 
mapping process as a research methodology. 

One of the general review studies was conducted 
by [2]. This study dealt with usability and security/privacy 
issues to reveal the gaps among them by focusing on the 
fields of e-banking and social networks. In the study, efforts 
required to reduce the gaps have been summarized in three 
categories, which were guidelines and recommendations, 
frameworks and models and use of technology. In addition, 
weak areas of social networks and online banking have been 
defined. Katsini et al. [12] focused their review on text, pin 
and graphical based user-authentication schemes. They 
reported memorability as a major issue in knowledge-based 
user authentication so that they suggested graphical based 
authentication schemes since these are also more effective 
on virtual keyboards and for older users as well.  

Alshamsi et al. [29] conducted a systematic 
mapping study which focused on the context of 
eGovernment systems. They have investigated 74 studies 
published in three selected conferences and three journals. 
The study reported that many of the papers focused on the 
usability of authentication mechanisms regarding their 
efficiency, learnability and satisfaction in the context of 
eGovernment. Another systematic literature review study 
[30] focused on the usability and security of user interface 
design. They have reviewed 10 papers and proposed criteria 
for the evaluation of usability or security of systems. 
Convenience, understandable, inclusivity and requirement 
were defined for the usability evaluation criteria while 
revelation, secrecy, privacy, breakability and abundance 
were defined for the security evaluation criteria for the 
systems. A more recent review was focused on the context 
of mobile health applications [3]. In that study, 25 papers 
were reviewed, the weak areas or limitations were 
discussed, and some suggestions for mobile health domain 
were provided by researchers. 

Apart from these studies, this study is aimed to 
determine the general trends more comprehensively 
regarding the usability and security issues from a human 
computer interaction perspective. Therefore, a systematic 
mapping approach was applied to reveal the research 
clusters and any possible gaps in this research area. 

III. METHODOLOGY  

In this study, a systematic mapping was conducted 
with the articles published between years 2006 and 2016 to 
determine the basic research trends on the usability and 
security issues of software systems. Systematic mapping is a 
type of evidence based software engineering study [31]. Its 
aim is to present a general idea about a research area and to 
give information about the number, type and results of the 
studies conducted [28]. 

The study was conducted in seven steps, which 
were adopted from Kitchenham's theoretical framework 
[31]. The steps are as follows: 

1. Determination of research questions 
2. Determination of mapping form 
3. Validation of mapping form 
4. Gathering papers 
5. Mapping of papers based on mapping form 
6. Crosschecking and consolidation of mapping 

results 

7. Reporting results  
The goal of this study was determined as 

determining the general trends on usability and security 
problems and their domains; the evaluation methods applied 
for both usability and security, and to reveal the general 
recommendations proposed by previous researches for 
usable security.  

A systematic mapping form was developed based 
on the research questions to classify the published articles. 
The mapping form consisted of seven sections. The 
mapping sub-categories for these sections were gathered 
from previous researches and they are briefly explained 
below. In addition, for every section, mapping form 
included an “other” and “not applicable” options. 

1. Article general record: This section involved 
information related to the year, authors, author’s 
affiliation, proceeding information (volume, issue, 
etc.), and the keywords defined for the article. 

2. Domain or context of study: [29] defined five 
domain types which were e-government, industrial 
medical, academic or industrial. In addition, the 
context of the study was defined either traditional 
or mobile. [4] summarized usability and security 
studies in six major categories such that 
authentication, encryption, public key 
infrastructure, device pairing, and security tools. 

3. Frequently addressed usability issues: In previous 
studies [2], [4], [29] frequently addressed usability 
issues have been listed as effectiveness, efficiency, 
accuracy/errors, satisfaction, memorability and 
learnability/understandability. Moreover, some 
device-based usability issues were also considered 
such as device context, connectivity, display 
resolution, etc. [29], [3] in addition to other 
usability issues such as aesthetics, information 
architecture, accessibility, etc. 

4. Frequently addressed security issues: Frequently 
addressed security issues were listed as 
authentication, availability, confidentiality, 
integrity, non-repudiation, access control, privacy 
from [2] and [29]. In addition, [4] listed attention, 
understanding, vigilance, motivation, 
memorability, social context and conditions as 
required security considerations.   

5. Methods used for usability evaluation: Methods 
used for usability evaluation were adopted as 
usability testing, think aloud, questionnaire, 
heuristic evaluation, expert evaluation  etc. [29]. 

6. Methods used for security evaluation: None of the 
previous review or mapping studies reported any 
categorization about the methods used specific for 
security evaluation. This section of the form was 
prepared as open ended and at the end main 
categories were formed.   

7. Recommendations for usable security: This section 
was included to reveal the recommendations 
provided by previous researches. 
In the scope of this study, security and usability-

focused articles published between years 2006 and 2016 
were mapped according to the defined procedure by two 
authors. The articles were searched through the Web of 
Science so the quality of the papers were ensured. The 
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keyword string used in search was [(“usability” AND 
“security evaluation”) OR (“security” AND “usability 
evaluation”) OR (“usability evaluation” AND “security 
evaluation”) OR (“usable security”) OR (“usable security” 
AND “security evaluation”) OR ((“usable security” AND 
“usability evaluation”)]. This search returned 182 papers but 
three of them could not be accessed so 179 papers were 
included for the mapping list. Only the conference or journal 
publications which were written in English were included.  

The mapping form was checked by experts in the 
field of Human Computer Interaction and Computer 
Security and revised according to their suggestions. Articles 
were mapped by two authors independently first and then 
two came together and compared their results to reach a 
consensus during the mapping step. Finally, in the reporting 
phase, research trends were revealed. 

IV. RESULTS  

Detailed findings of this systematic review based on the 
research questions determined are presented in the following 
subsections. 

A. The distribution of the number of publications by years  

The total number of mapped articles according to years can 
be seen in “Fig. 1”. The year with the highest number of 
publications was 2016 with 39 articles. In earlier years as 
there were not any journal articles published, the number of 
journal articles was increased gradually, with a maximum 
number of nine in 2013. In this ten years period there was 
150 articles published at conferences while only 29 articles 
published in journals all of which were indexed by web of 
science.  
 

 
Fig. 1.  The distribution of the number of publications by years  

B. Domain or context of study  

Highest number of articles were conducted in academic 
domain (n=109) while the least were conducted in e-
government domain (n=4). Considerable amount of articles 
were also conducted in industrial domain (n=57) as can be 
seen in “Fig 2”.  
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Fig. 2. The domain of the articles 

Many of the studies were conducted in traditional context 
(n=145) while the least were in mobile context (n=34) as 

can be seen in “Fig 3”.  

 

Fig. 3. The context of the articles 

The study revealed that usability and security related articles 
could be considered mainly in authentication category 
(n=96). This was followed by security tools (n=46), public 
key infrastructure (n=18) and device pairing (n=7) 
categories respectively as presented in “Fig. 4”. There were 
12 other studies, which were less than five articles, 
considered in other category which included IoT, social 

networks or web searching etc. 
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Fig. 4. Categories of the articles 
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C.  Frequently addressed usability issues  

The results presented in “Fig. 5” showed that the highest 
number of usability issues considered were effectiveness 
(n=69), memorability (n=58), and learnability (n=56) 
regarding the general usability issues category. There were 
30 articles that were related with the user interface design 
(n= 30) and the lowest number of usability issues are related 
with other usability issues category such that readability, 
aesthetics etc., and they were reported as others 

 

Fig. 5. Frequently adressed usability issues 

According to “Fig. 6”, the results showed that the highest 
number of device based usability issues considered in the 
articles were device context (n=12), screen size (n=6), 
processing capability (n=6). The lowest number of device 
based usability issues were connectivity (n=1) and display 
resolution (n=1). 

 

Fig. 6. Frequently adressed device based usability issues 

D. Frequently addressed security issues  

Frequently addressed security issues were investigated. The 
highest number of security issues were related with 
authentication (n=99), and this was followed by privacy 
(n=67), and confidentiality (n=43) respectively, and the least 
number issues were related with non-repudiation, security 
storage etc. which grouped in others category as seen in 
“Fig. 7”. 
 

99

67

43
23

12 16

0
20
40
60
80

100
120

 
Fig. 7. Frequently adressed general security issues 

In addition to general security issues, user-related security 
problems were also investigated and as seen in “Fig. 8”, it 
was reported by many studies that users have problems with 
understanding the security requirements of the systems 
(n=35) and with remembering in password-based systems 
(n=20). 

 

 
Fig. 8. Frequently adressed user-related security issues 

The articles were also examined regarding the types of 
security attacks, which could cause security problems due to 
lack of usability. The attack types were listed as shoulder 
surfing (n=27), malware (n=25), phishing (n=23) and 
guessing attacks (n=22) as can be seen in “Fig. 9”.  
 

 
Fig. 9. Types of security attacks 

E. Methods used for usability evaluation 

Tools and techniques used for usability evaluation were 
investigated in the articles. Many of the studies were 
conducted as usability testing studies (n=88) , questionnaire 
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(n=40)as  can be seen in “Fig. 10”. Few of them were data-
driven which depended on automated tools such as web 
analytics and log analysis and categorized as others (n=7).  
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Fig. 10. Methods used for usability evaluation 

F. Methods used for security evaluation 

Methods used for security evaluation were investigated. 
However, many of the studies did not report any specific 
method regarding security evaluation. Only 21 of them 
reported a specific security evaluation methods which were 
attack simulation (n=15), penetration test (n=3) and cross-
site scripting (n=3) as can be seen in “Fig. 11”. 

 
Fig. 11. Methods used for security evaluation 

G. Recommendations for usable security 

The articles were examined regarding the recommendations 
provided during the mapping process. Many of the 
researches reported in these investigated articles conducted 
evaluations regarding both usability and security of systems 
and they generally reported the identified problems. 
However, few of them provided suggestions to improve 
usability and security together. Practical suggestions 
provided by the investigated articles were noted and listed 
as follows 

• Developers need to better understand human 
cognitive capabilities, so apply user centered design 
throughout the whole stages of system development 
to enable usable security [32]. 

• Automation tools or automatically chosen secure 
defaults should be provided to reduce the human 
errors in systems [33]–[35] 

• Safer programming languages, more usable security 
libraries, better security testing tools must be 

provided by the developers and defaults should be 
safe and never ambiguous [18]. 

• Users should be provided a guidance on how to 
identify and avoid security attacks [33] 

• Simple, non-technical and short messages should be 
provided to the users [36] 

• Warnings should account for the user’s previous 
behavior [37] and should be prepared both to 
motivate a user to respond, and help them understand 
the risks [37], [38] 

• Better user interface design can influence users to 
select stronger passwords [25] 

• Providing feedback prevent user errors while creating 
strong passwords [39] 

• Implementation of visualization and symmetry in 
interface design are useful tools for improving 
security protocol learnability [40] 

• Security indicator should be part of native interface -
Indicating secure connection is just as important as 
indicating insecure connection and user should be 
able to see his/her most recent action [41] 

V. CONCLUSION 

According to the results, it was revealed that many 
researches dealt with usability and security issues. They 
reported problems of efficiency and learnability from 
usability perspective and authentication from security 
perspective. User-testing based empirical evaluation was 
conducted for the evaluation and questionnaire were applied 
in many of the studies. Attack simulations, penetration test 
and cross-site scripting were mainly used while evaluating 
security. Papers mainly adopt usability evaluation methods 
rather than any specific usability-security specific method 
and a few proposed a method for design or improvement. 

As a conclusion, this comprehensive systematic 
mapping study presents the research trends between 2006 
and 2016 on the usability and security. Although previous 
systematic review studies have provided important insights 
into the subject in some specific focus, this mapping study 
provides useful insights for researchers and practitioners as 
well. One of the limitation to be considered is due to paper 
retrieval process since only web of science index papers 
were gathered so this might cause an inaccuracy and bias in 
the retrieved papers. Another limitation is related with the 
reliability of the results. Therefore, the study was conducted 
iteratively. Authors first mapped articles alone and then 
came together to form consensus about their findings so 
researcher bias was tried to be overcome.  
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Coping with uncertainties in estimating requirements 
development effort 

Abstract - Estimating requirements development effort is a 
critical activity in the software development process. 
Producing an accurate estimate, however, is extremely 
difficult, especially in the early stages of the software 
development process, where no clear and no complete 
description of the desired software behavior is available, hence 
leading to an estimate process with a high level of uncertainty. 
To handle this issue, in this paper, we present REEE 
(Requirements Elicitation Effort Estimation) – a framework 
for incrementally estimating software requirements elicitation 
efforts. We first categorize a project in terms of project’s 
domain, different types of project parameters and 
requirements – functional requirements (FRs), non-functional 
requirements (NFRs), constraints and domain properties 
(DPs), while taking into consideration relationships among 
them. We then present an incremental approach to software 
requirements elicitation effort estimation that uses similar past 
projects in a case-based reasoning (CBR) model. In this 
approach, semantic similarity is quantified, once classification 
and normalization of requirements are done. To see the 
strengths and limitations of REEE, a dataset of 36(students’) 
projects have been analyzed. Experimental results show that 
the use of REEE is a viable alternative to other cost estimation 
techniques, and can provide better results, with less 
uncertainty, for requirements elicitation effort estimation. 

 Index Terms - Requirements effort estimation; 
Requirements elicitation; Case-based reasoning (CBR); 
Functional requirement (FR); Non Functional requirement 
(NFR); Domain properties (DP). 

I. INTRODUCTION

 How accurate are your estimates? This is quite an 
important and yet difficult question in software engineering, 
particularly if the estimates are made in early stages of the 
lifecycle. In software engineering, software metrics can play a 
critical role in analyzing and evaluating software. These metrics 
were proposed primarily to measure software [1] and to control 
costs and schedule. In the literature, many different software effort 
estimation methods have been proposed. These techniques 
include: expert judgment [2], estimation by analogy [3], SLOC 

based estimation like COCOMO [4] and COCOMO II [5], 
functional sizing techniques supported by ISO, such as the 
IFPUG: ISO 20926 [6], NESMA: ISO 24570 [7], MKII: ISO 
20698 [8], FISMA:ISO 29881 [9], and COSMIC [10]. In recent 
years, models based on machine learning techniques have also 
been employed to predict software effort [11]. Each of these 
methods has its own estimation process, requiring specific 
properties, and has a specific context of use. However, it is 
difficult to present reliable estimates for software project, since in 
the first stages there is no clear and no complete description of the 
desired software behavior [12]. In Software project management, 
eliciting requirements is a non-trivial task (due to the difficulty to 
(clearly) identify and represent the essential requirements), that 
takes time and requires an additional effort [13]. However this 
effort is not treated in most software development effort 
estimation methods. 

Requirements elicitation is the first and the most important 
phase in software development life cycle that encompasses several 
activities (interviews, surveys, document analysis, business 
process description and analysis, AS-IS and TO-BE process 
elicitation…etc), and requires a considerable effort. A poor or 
inaccurate estimate on requirements efforts could lead to defective 
requirements, which in turn could lead to disastrous mishaps and 
even cancellations of the entire projects. This would be more true 
especially when important factors (such as project’s external 
context or domain properties, the different constraints, etc) that 
should be considered during an estimation are not considered or 
not adequately described, which causes many software projects 
failures. An example of consequences for such neglect is the case 
of "Launching Crash of Healthcare.gov"; [14] the system failed to 
deliver the service as expected by end-users; which shows how 
requirements errors propagate to design, construction, testing, 
implementation –i.e., defects in requirements are not a waste of 
time and effort on just requirements, but also on the 
corresponding design, implementation and testing, as defects are 
exacerbated. 

In order to reduce the fails that can occur due to inaccurate 
effort estimation (such as financial losses associated with delays 
in project deadline and inefficient use of resources) [15], in this 
paper, we aim to cope with the uncertainty of the requirements 
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elicitation effort estimation, as it is a crucial phase, and more 
reliable requirements elicitation effort estimates will further 
increase the success rate of software projects. In software 
engineering, dealing with inaccuracies in estimation is still poses a 
major challenge for software industry. In our side, we believe that 
the main reason for the inaccuracy of requirements estimates is 
that not all the features of the system are included in the 
estimation process (the different types of requirements, their 
relationships, their priorities) and mainly focusing on services 
offered by the system (FRs). Indeed, not properly taking into 
account the critical characteristics of the software leads to 
significant increases in final costs, in particular, NFRs (e.g., 
performance), that receive little attention relative to FRs, and 
often handled as interest only quality attributes [16] when 
neglecting the constraints (Architecture constraints, design 
constraints, implementation constraints, physical constraints, team 
experience and others) [17]  that are quite decisive for the success 
of project, the DPs: specifying and enforcing constraints that 
capture the behavior of the environment, that are related to the 
presence and operation of the system to be constructed [18], and 
the requirements priorities which considered as an element that 
would increase the effort. Thus, these factors must all be taken 
into account during the measurement process, as well as their 
relationships, as we believe that each NFR must be related to FR 
[20] associated with a set of DPs. Therefore, to quantify the effort, 
we have to take into consideration not only the FRs, but also the 
NFRs, the DPs, and also requirements priorities. 

To deal with the uncompleted description of requirement in 
the first stages, particularly for big projects that run over long 
time, we adopt an incremental estimation, by measuring the effort 
of defining requirements through cycles (i.e., we estimate the list 
of requirements provided in each cycle). In each cycle, we use a 
Bottom-up approach: starting with the lowest level tasks and 
providing estimates for each, by estimating each requirement. We 
then combine these into higher-level estimates. 

Recently, artificial-intelligence techniques have received 
increased attention in software effort estimation research [21], one 
of these methods is Case-Based Reasoning (CBR) approach [22], 
in which effort estimates are made by retrieving similar project 
from the past and adapting its actual effort for estimating the 
effort of a new project. This paper proposes a novel framework by 
employing an incremental methodology, using CBR in cycles, to 
well measure the requirements effort estimation, taking into 
consideration the different requirements and their relationships; 
FRs, NFRs and DPs, by respecting the proposed representation of 
requirements-structure model presented below. Noting that our 
proposal –REEE framework- concerns the first phase of 
requirements engineering, which is requirements elicitation.   

The rest of this paper is organized as follows: Related work 
is briefly presented in Section 2. Section 3 presents the proposed 
framework. Section 4 describes experimental results, together 
with analysis, followed by discussion in Section 5. Finally, 
section 6 concludes this paper and suggests our future work. 

II. RELATED WORK 

 A rich literature on requirements elicitation is available. 
It includes studies that analyze the activity of requirements 
elicitation as a critical activity of the information systems 
development life cycle [23]. In reality there are various factors 
that can affect requirements elicitation process, such as factors 
associated with problems in defining the system context and 
boundaries, problems of volatility, and most of which are related 

to problems of understanding and communication between 
stakeholders [23][24]. The purpose of requirements elicitation is 
to thoroughly identify the needs of the developing system, and 
potential associated risks [23]. In fact, requirements elicitation 
process does not only consist of functional features, but there are 
clearly nonfunctional requirements as well, which makes 
elicitation even more difficult because of their subjectivity, as 
different authors will present different definitions. Hence, 
Requirements elicitation process involves activities that require a 
considerable effort that absolutely should be measured. However, 
despite the importance of requirements elicitation activities within 
software development, insufficient attention has been paid to the 
effort required to develop requirements in industry and software 
engineering research to date. In software engineering, the most 
widely researched areas of software measurement is software 
effort estimation. To predict the effort,  many Artificial 
intelligence (AI) techniques have been developed recently as 
alternative approaches in order to tackle the problem of inaccurate 
effort estimates [21], such as Neural Networks [11], decision trees 
and fuzzy logic [25] [26], and models based on CBR, that have 
been extensively used to estimate software effort[27]. Results of 
previous studies comparing CBR to other predictive methods, 
such as neural networks and parametric methods have shown that 
the CBR cost estimation model offers many advantages, because 
of its simplicity and its ability to explain its reasoning and results 
[28]. In this paper, we benefit from the strengths of CBR to 
measure requirements elicitation effort estimation taking into 
account all the characteristics: the FRs, NFRs, DPs. Concerning 
the measurement of the effort of NFRs, there are relatively few 
researches whose major interest is measuring NFRs. [29] 
proposed a technique in which NFRs are represented as goals to 
be satisficed, which consists of decomposing NFR into 
operationalizable functions by expressing them in a functional 
way [30]. However, constraints and quality attributes that cannot 
be expressed in an operationalizable way are not included. Other 
proposed methodologies aim to measure the impact of the NFRs 
on the total effort of project [31]. The methods that exist for 
estimating software effort treat requirements in a way that FRs, 
NFRs and DPs are still always separated, and in most cases NFRs 
are considered as factors affecting the total effort. Moreover the 
relationships existing between NFRs [30] [32], each NFR must be 
related to one or several FRs, and we cannot satisfy any NFR 
without taking into account the FRs which will be affected and 
without understanding the DPs in which the requirement will be 
conducted.  

There are various techniques for estimating software 
development methods, but by and large such techniques use 
requirements (specifications) as the (key) basis for doing such 
estimation. Our framework REEE is among the first, if not the 
first, on estimating efforts on establishing such a basis - i.e., 
requirements, in a comprehensive manner. 

III. THE METHODOLOGY 

A. Requirements description parameters 
 

It is very important to identify the types of requirements and 
relationships existing between them to facilitate their elicitation 
and analysis during the early stages of software development 
process, which may be complex without using a model. NFR 
Framework [34] was the first Framework proposing a qualitative 
decomposition approach to represent and analyze NFRs. Our 
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model was strongly influenced by the interdependency of 
requirements described in [30] [32] [34], the concept saying that 
requirements are in interdependency relationships. However, in 
this work, NFRs are not considered as goals, but they are 
characteristics that contribute to the good development of FRs, 
with respect to certain DPs. In order to understand the behavior of 
the system, a new conception of the nature of relationships 
existing between FRs, various types of NFRs and DPs, is 
proposed. Figure 1 shows a standard representation structure for 
modelling requirements, based on an ascending approach, in 
which we concentrate on every individual FR.  

As mentioned above, the factors in our proposed REEE 
Framework are represented in three main categories: 

� FRs: all the functions that the system has to perform, 
which represent independent components. 

� NFRs, always related to FRs, and we cannot verify them 
independently of FRs, and they concern: 

- Quality attributes: connected to the quality of the 
services and the functions offered by the system 
(e.g safety, security…).  

- Constraints: restrictions on the features offered by 
the system (e.g team capability and experience, 
methodology followed to build the system (RUP, 
agile...)…). 

� DPs:  the characteristics of the context in which the 
requirement is carried out. 

 

 

 

Figure 1 Requirements representation structure 
 

As shown in Figure 1, each NFR has to be related to one or 
several FRs, to be performed within the associated list of DPs. 
These relationships have to be taken into consideration in the 
effort measurement process. It is known that a comprehensive 
representation or description of system behavior is not available 
early in the project, so, in order to reduce effort estimation 
uncertainty, we suggest that the requirements development effort 
estimation should be incremental rather than in one operation. 
Therefore, we define an incremental process, starting by 
estimating pre-proposal requirements in the first cycle, using CBR 
model, and estimating the different pieces occurred later in the 
next cycles.  

B. Similarity 
 

There are a number of reasons why estimation by analogy is 
not used extensively; these include the fact that the similarity 
measurement process does not include sufficient parameters to 
allow the retrieval of appropriate cases. Retrieval of similar cases 
is a primary step in CBR, among different types of techniques that 
measure the level of similarity between projects, semantic 
similarity is widely accepted. In our process of comparison, we 
use the STS (Semantic Textual Similarity) [35] to measure the 
degree of semantic equivalence between two features.  According 
to our technique, to measure the similarity between FRs, we 
compare their STS values (and select the greatest one).so, to 

measure the similarity value of the requirements, for each FR, we 
need to take into account the similarity of the list of NFRs and 
DPs to which they are related. Most of the features (quality 
attributes, constraints, DPs) can be classified into characteristics 
or sub-characteristics, but before studying the similarity between 
these features, we try to normalize each one of them; if it can be 
converted; to a characteristic (parent category), as shown in 
Figure 1. 

In our research quality attributes are classified into 
characteristics or sub-characteristics, either defined in ISO 25010 
[16], or not defined (other attributes).  And concerning the 
constraints they are classified into architecture constraints, design 
constraints, implementation constraints, physical constraints, team 
experience or others [17]   When measuring the similarity 
between NFRs and between DPs, we measure the STS similarity 
of the generalized characteristic (the parent categories, in the case 
where the normalization is possible) then we compare the textual 
meaning using STS on sub-characteristics (in the case that we 
have a preliminary description of the requirements). If the value of 
similarity is low, or if we don’t have any requirements description 
yet, we compare only the categories (parent characteristics). 

Our formula of similarity respects the axioms of similarity 
measures in the literature (reflexivity, symmetry, transitivity) [36]. 
Noting that the similarity value is between 0 and 1 (positive). 

Let A and B are two requirements: 

( )

( ),  

1,  max( ,  , 1,3 1

 max( ,, 1,1
   

n

Similarity FR FRBA
n mSimilarity A B Similarity NFR NFRi A j Bi

z wSimilarity DP DP zx A y Bx

 (1) 

n: the number of NFRs related to A 

m: the number of NFRs related to B 

z:the list of DP associated to A  

w :the list of DP associated to B 

To get the value of Similarity( X,Y) we apply  STS. 
 
C. The REEE framework 
 

 The CBR cycle of the proposed framework is used in a 
bottom-up and incremental approach, in each iteration we 
measure the effort of one requirement, and the first phase in our 
approach takes, as starting point, the initial requirements pre-
proposal, which express roughly what the system should do. The 
CBR model used includes five stages: elaborate, retrieve, reuse, 
revise and retain [37], as shown in Figure 2. 

Elaborate.  Software project is described as: project = 
{FR1,…,FRn} where every FRi may be related to a list of NFRs 
and DPs. For every FRi we generate the descriptive list of NFRs 
with which they are related and DPs associated.  

Our approach allows treating the various types of NFRs, 
even those that are described in an indistinct or ambiguous way, 
which cannot be clear if they are individually analyzed, but by 
linking them to FRs, we facilitate their understanding.  

Once the target case is developed, we begin to apply the 
other phases of the CBR cycle. 

*FR 
*NFRs 

--Quality attributes 
--Constraints 

*Domain properties 
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Retrieve.  In this stage we compare the features of many 
projects and we determine their value of similarity. The 
comparison is made based on projects domain to retrieve 
homogeneous projects as possible.  

First, we measure the similarity between the FRs of the 
projects selected and the target case FRi, then to measure the 
similarity between NFRs associated to a target case FRi with 
NFRs associated to the cases found, we compare every element of 
the NFRs of target case, with the NFRs of different FRs extracted 
from the first comparison. We do the same thing to compare DPs, 
then we apply the formula (1). 

If one or several cases sources are extracted, then the most 
similar cases are presented to the analyst, who can then choose, 
from them, according to NFRs associated to the target FR, the 
cases that seems to him the most relevant, by comparing the 
priority, the lists of NFRs and DPs, and proceeding then to reuse 
and/or to adapt the solution to the current case. 

Reuse.  Once the most similar case is extracted, its solution 
composed of requirement’s effort, requirement’s priority, is 
presented to the analyst.  

The higher the priority of requirements is, the more the effort 
required will be. So the priority has also an impact on the effort 
required of a task. The approach adopted to measure the priority 
of requirements is based on AHP [20]. 

 
Let B the requirements selected as the most similar to A: 

( ) ( ) ( )
( )

effort (B)
Effort A/B =priority A *Similarity A,B *

priority B  (2) 
 
Formula (2) shows the effort value of a requirement A based 

on the use of the effort of B, the Similarity(A, B) refers to the 
similarity between FR, NFRs and DPs of the current requirement 
A and previous requirement B. The similarity between A and B is 
shown in the formula (1). 

Revise in this stage we use the solution of the case found, in 
case of problem of direct reuse, we cross to make modifications 
on the target problem. 

A case is generally defined by a pair [P, Sol(P)]), the 
problem and its solution, which includes:  

- The description of the problem, which describes FR and the 
NFRs and DPs. 

- The solution of the problem, which indicates the effort of 
FR associated to NFRs and DPs. 

The phase of reuse consists in using the cases found to build 
a new solution of target case, and as a result, to be able to predict 
the effort of FRi by taking into account NFRs and DPs to which it 
is associated. 

Revise. The analyst will proceed to the validation of the 
result by a confirmation or a modification. A conclusion 
accompanies the adapted solution, which represents the evaluation 
of the solution, by comments or explanations, which connect the 
description and the solution. In the case of validity, the last phase 
is affected. 

Retain.  In the learning phase, the system proceeds to the 
addition of the new case with its solution to the real case base, if it 
was not restored or reused before, then it is inserted into the case 
base as a new case.  If the source case restored was reused, then it 
will be modified so that the target case is represented without 
being stored in the case base. And so the system learns of its 
experiences, by adding, completing or correcting the knowledge 
of the system. 

As we adopt a bottom-up approach, after measuring the 
effort of each requirement A based on the retrieved requirement B 
using formula (2), in order to find the estimated total effort of the 
system, we apply formula (3). 

( )i i

   

/
n

Total effort (SUD) = Effort A B
i=1                   (3) 

 

Figure 2 REEE Framework 
 

IV. THE METHODOLOGY 

A. Experimental datasets 
 Experiments have been conducted on a dataset that have 

been collected in the RE laboratory in the computer science 
department at the university of Texas at Dallas, in different 
semesters. It is composed of 36 projects classified into two project 
domains, one is Hope (Helping other people), and the other is 
DMS (Distributed Meeting Scheduler), and all these projects were 
made in two phases.  

Table 1 shows the number of these projects according to each 
domain. 

Table 1 Dataset domains 

 

B.Application of the measurement procedure 
 

In this case study, we estimate project’s effort based on our 
framework, where the unit used is man-hours. All projects 
involved are described by several numerical and categorical 
attributes. We analyzed these 36 projects with respect to ‘project 
domain, effort, team size, process model’. The details of data sets 
are presented in Table 2. 

In our work, two different evaluation methods have been 
used. These methods include the Mean of Magnitude of Error 
Relative to the Estimate (MMER) and the Prediction Level 
(PRED). Concerning the methods of evaluation used is 
Jackknifing, sometimes known as Leave-One-Out. 

Dataset Attri
butes 

Number 
 of cases 

Units Min Media
n 

Mea
n 

Ma
x 

Hope  
 

3 11 Man-
hours 

135 351.67
5 

430.9
39 

100
4.9 

DMS 3 25 Man-
hours 

153 300 331.8 624 
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MMER is one of the criteria used for cost estimation models 
evaluation that can sometimes be more accurate than the Mean of 
the Magnitude of Relative Error (MMRE), which does not select 
the best prediction model [38]. MMER is the mean of MER [39],                         
defined as shown in (4) and (5). 

Actual Effort -Estimated Efforti i
Estimated Eff

MER =i orti            (4)                                               

 

n1
MMER= MERii=1n                                      (5)                                             

phase 1 MMER=11% 

phase 2 MMER=9% 

PRED(X) is defined as follows: 

Pr  ( )
L

ed X
n

                                             (6)                                             

 n is total number of projects, and L is number of projects 
with an error (MER) less than or equal to X. 

PRED(X) is used as a complementary criterion. The 
estimation accuracy is directly proportional to PRED(X). The 
common values used for X is 25%, 20% and 10%. In this study 
we used Pred(20) and Pred(10). The results are shown in Table2. 

Phase1 Pred(10)= 80%                 Phase 2 Pred (10)= 83% 

            Pred(20)=88%                               Pred (20)= 91% 

It is obvious from the Pred that in phase 2, with more details, the 
uncertainty of estimates has decreased. 

V. DISCUSSION 

Requirements are the key factor for both success and failure 
of software projects. Well estimating the development of correct 
requirements is important. In this estimation study we have 
considered all the attributes mentioned in Figure 1. Similarity 
between projects was assessed using our definition of the process 
of similarity measure proposed in section 3.3. 

In Section 4, results are presented of each real project 
individually. In short, the obtained results for all datasets are 
promising, as for early estimates (in first phase) the average of the 
MMER is less than 12% and pred(10) is more than 80%, which 
appear significantly better than those derived from previous CBR 
estimation effort studies. 

To the best of our knowledge this is the first work to estimate 
requirements elicitation effort. But if we compare our results to 
some previous CBR development effort estimation studies results, 
even if a direct comparison is not possible because there are not 
available information about the projects and features that were 
used by these previous studies [40] [41], the average of the 
MMER or MMER, and Pred in the results obtained were between 
MMRE=24% and 54% and Pred(25)  was between 45% and 76%. 

Despite that; the results presented in this paper are 
preliminary as the study has been validated over only 36 projects, 
only two applications were considered (hence, the possibility of 
over generalization), the process of experimentation (case studies) 
is empirical in nature (e.g., not using real projects carried out by 
practising requirements engineers but by student population, the 
possibility of mis-interpretation and mis-communication); our 

framework results are competitive and significantly better than 
previous CBR estimation techniques. We believe this positive 
result is largely due to including all the characteristics and 
constraints in the estimation measurement process, and also due to 
the ability to handle missing requirements by making the 
prediction in incremental process.  

In general, all results were good; were in general consistent 
with the hypothesis; moreover if we handle uncertainty associated 
with analysis of relationships between requirements we can obtain 
more accurate estimates. 

 
To the best of our knowledge this is the first work to estimate 

requirements elicitation effort. But if we compare our results to 
some previous CBR development effort estimation studies results, 
even if a direct comparison is not possible because there are not 
available information about the projects and features that were 
used by these previous studies [40] [41], the average of the 
MMER or MMER, and Pred in the results obtained were between 
MMRE=24% and 54% and Pred(25)  was between 45% and 76%. 

Despite that; the results presented in this paper are 
preliminary as the study has been validated over only 36 projects, 
only two applications were considered (hence, the possibility of 
over generalization), the process of experimentation (case studies) 
is empirical in nature (e.g., not using real projects carried out by 
practising requirements engineers but by student population, the 
possibility of mis-interpretation and mis-communication); our 
framework results are competitive and significantly better than 
previous CBR estimation techniques. We believe this positive 
result is largely due to including all the characteristics and 
constraints in the estimation measurement process, and also due to 
the ability to handle missing requirements by making the 
prediction in incremental process.  

In general, all results were good; were in general consistent 
with the hypothesis; moreover if we handle uncertainty associated 
with analysis of relationships between requirements we can obtain 
more accurate estimates. 

 
VI. CONCLUSION & FUTURE WORK 
 
The current work emphasizes on the early estimation of 

requirements elicitation effort. This approach represents one 
possible way to estimate the effort of requirements elicitation 
early and with less uncertainty. In this paper, we have used an 
incremental approach, in which we adapt the spirit of CBR 
method to handle the problem of uncertainty in requirements 
elicitation effort measurements process through the concept of 
bottom up approach by analyzing each individual requirement. 
Before starting the effort estimation process, it is necessary to 
analyze the relationships between FR, NFRs, and also DPs, as we 
cannot attribute an effort value to FRs, without taking into 
account the NFRs and DPs to which they are connected. We 
cannot deal with uncertainty of requirements estimates without 
taking into consideration all the characteristics and constraints 
that surround the requirements to be estimated. Another novelty is 
that we generate effort estimate for requirements project in an 
incremental process (the effort is measured during the different 
phases of requirements analysis cycles), that helps reducing 
uncertainties and dealing with requirements changes. 
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          Table 2 Results of experiments

P.NO Project 
Domain 

Team 
Size 

Process model 
methodology 

 

Effort Phase1 

(man-hours) 

Effort Phase2  Calculated 
effort phase 1 

Calculated 
effort phase 2 

MER 
Phase1 

MER 
Phase2 

1 DMS 7 Spiral 301 28 338.1574 26.0126 0,10 0,076 
2 DMS 8 Agile/UP 523 16 489.9712 15 0,067 0,06 
3 DMS 5 Agile/UP 350 20 389,2217 20,77 0,1 0,03 
4 DMS 5 Agile/UP 325 16.75 310.5499 13,9375 0,465 0,20 
5 DMS 4 Agile 240 8 266,8359 8,7 0,1 0,08 
6 DMS 3 Agile 153 6 167,3215 6,43 0,085 0,06 
7 DMS 3 Agile 153 9 163 8,18 0,06 0,10 
8 DMS 8 Agile 378.4 10.4 412.1716 11 0,08 0,05 
9 DMS 7 Agile 308 7 285,185 7,7 0,08 0,09 
10 DMS 9 Agile 477 36 607,98 29,75 0,21 0,21 
11 DMS 3 Spiral 186 12 208,704 11,25 0,10 0,06 
12 DMS 4 incremental 248 8 224,24 7,25 0,10 0,10 
13 DMS 5 incremental 260 15 287,88 13,87 0,09 0,08 
14 DMS 5 Incremental  300 10 272,72 11 0,10 0,09 
15 DMS 5 incremental 300 11.5 263,157 11,625 0,14 0,010 
16 DMS 3 incremental 180 12 165,13 10,85 0,09 0,10 
17 DMS 4 incremental 260 16 247,23 16,587 0,05 0,03 
18 DMS 5 Incremental 325 15 303,738 13,77 0,07 0,08 
19 DMS 4 Incremental 260 16 234,23 14,85 0,11 0,07 
20 DMS 10 Waterfall  580 40 622,72 36,5 0,06 0,09 
21 DMS  12 waterfall 624 48 483,72 38 0,22 0,26 
22 DMS 10 Spiral 600 30 633,96 25 0,05 0,2 
23 HOPE 13 Spiral 1004.9 42.9 913,545 39,47 0,10 0,08 
24 HOPE 10 incremental 760 60 690,90 67,2 0,10 0,10 
25 HOPE 9 Spiral 486 27 397,92 22,5 0,22 0,2 
26 HOPE 9 Spiral 433.35 18 393,95 20,25 0,10 0,10 
27 HOPE 11 Spiral 730.4 33 663,2 36,5 0,10 0,09 
28 HOPE 5 Spiral 201.5 20 184,86 18,75 0,09 0,06 
29 HOPE 5 Spiral 235 10 262,17 11,02 0,10 0,09 
30 HOPE 9 Spiral 657 36 727,39 34,77 0,09 0,035 
31 HOPE 5  iterative 270 30 335,46 23,75 0,19 0,26 
32 HOPE 10 Spiral 580 30 542,05 27,7 0,07 0,08 
33 HOPE 4 Spiral 176 16 160 17,34 0,10 0,07 
34 HOPE 4 Spiral 176 16 162,96 15,57 0,08 0,02 
35 HOPE 3 Spiral 135 18 123,85 16,67 0,09 0,079 
36 HOPE 4 Spiral 188 12 170,9 11,23 0,10 0,06 

 
 
Our proposed REEE framework is a flexible and adaptable 

estimation framework that is suitable for use in various types of 
software projects. By the improvement of the precision of 
estimates, we aim at making methodological contributions in 
the domain of effort estimation. So by estimating the effort of 
eliciting requirements early in the software development life 
cycle with less uncertainty, that is able to overcome the 
limitations of others methods. 

As future work, we will shed light on the case that cannot 
be handled using previous projects; that can happen in case of  

 

 
 
new requirements that are not similar to any one of the past 

requirements; and a study will be performed and the results will 
be presented.  
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Development of Prediction in Clients’ Consent to 
a Bank Term Deposit Using Feature Selection  

 

 
 

Abstract—This paper presents the effect of Feature Selection 
on the accuracy of predictıve results. It shows that using feature 
selection algorithms help to get almost the same accurate results 
comparing to when feature selection is not used. However, the 
results show that implementing feature selection algorithms 
reduces data processing time and gives more flexibility in the 
software package selection since smaller amount of data is 
resulted.  

Keywords—Artificial Neural Networks; Feature Selection; 
Cross Validation; Sequentail Forward Selection; Mean Square 
Erorr; Regression. 

I. INTRODUCTION 

Data are ubiquitous nowadays, and they are involved in 
almost every field starting from engineering to biology and 
even economics and politics [1]. However, big data are still a 
challenge to the analysts and getting accurate results when 
using larger datasets is not always possible [2]. To tackle the 
big data problem, some algorithms can be used to reduce the 
size of the dataset and thus make the task in hand easier to deal 
with. 

This study presents a dataset obtained from a bank in 
Europe, it includes 16 attributes and 45,210 samples. The aim 
is to help predict whether new clients will be more likely to 
consent to a term deposit based on the bank records of previous 
clients. The prediction has been conducted using predictive 
Artificial Neural Networks models (ANNs). 

Before modeling, the data are prepared. At first digitization 
is applied to the attributes in the dataset. Second, resulted 
dataset is imported to Matlab environment. Third, the dataset is 
partitioned in convenience with the given dataset. 

In the partitioning process the dataset is divided as follows; 
15 percent of the whole dataset was given to the test set and 15 
percent and 70 percent were allocated to the validation set and 
the training set respectively.  

The modelling is conducted on two datasets. First the 
original dataset is modelled and second the new dataset, which 
has gone through a feature selection process, is modelled. 

The accuracy results are compared before and after using 
feature selection in terms of Means Square Errors and 
Regression parameters. This comparison shows that the 
accuracy results in the original dataset and the results in the 

new dataset are almost the same. However, computation time is 
reduced and flexibility of software package selection is greater 
when using feature selection. 

II. THE DATASET

A. A Bank Dataset
The given dataset has been obtained from a Portuguese

bank during a campaign, where the bank was trying to make 
sufficient calls to clients who would be willing to consent to a 
participation in a term deposit [3]. The data had been collected 
from previous campaigns and the data attributes had been 
registered and chosen by the Portages bank. 

B. The Attributes
The dataset in hand is relatively big, it has 45,210 samples

and 16 Attributes. The attributes in the dataset fall into three 
main categories; they can be related to the client’s personal 
data, the last contact with the client during the current 
campaign or other related attributes. The three main categories 
in the dataset are: 

1) The client’s personal data attributes:
a) The age of the client, which does not include any

unknown value. 
b) The occupation of the client, which can take the

value of administrator, manager, housemaid, entrepreneur, 
student, blue-collar worker, technician, self-employed, 
working in services, unemployed, retired or unknown 
occupation. 

c) Marital Status, which can be married, divorced or
single. 

d) Education Status, which can take the value of
primary, secondary, tertiary or unknown. 

e) Wether or the not the clinet has credits in his/her
bank account in default statue. 

f) Whether or not the client has a personal loan in the
bank, which can be either yes or no. 

g) The average yearly balance the client has in his/her
account in Euro currency. 

h) Whether or not the client has ordered a housing loan.
2) The attributes related to the previous campaigns are:
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a) Type of communication with clients, which can be by 
telephone, cellular or unknown. 

b) Last day in a month a call had been given to the 
client before the campaign. 

c) Last month in the year a call had been given to a 
client before the campaign.  

d) The duration in seconds for the last contact with the 
client. 

3) The other related attributes: 
a) The number of contacts performed for the current 

campaign and for this client. The column is titled ‘campaign’. 
b) The number of days that passed by after the client 

was last contacted from a previous campaign. The column is 
titled ‘pdays’. 

c) The number of contacts performed before this 
campaign and for this client. The column is titled ‘previous’. 

d) Outcome of the previous marketing campaign, which 
can take the categorical value of success, failure, other or 
unknown. The column is titled ‘poutcome’. 

For better understanding of the data, the following figures 
show normal distribution of the dataset’s attributes. 

Figure 1 shows the normal distribution of the martial state 
of the clients in the given dataset. It shows that around 5,000 
clients are divorced, more than 2,500 are married and around 
10,000 clients are single. Adding up the number of divorced 
clients to the number of married and single client should equal 
exactly 45,210 which is the total number of samples. 

 
 

 
Fig. 1 Distribution of client’s marital state in the dataset 

Another distribution shows the relationship between the 
clients’ marital state and the success of previous campaigns.  

Fig. 2 shows a distribution of client’s marital state and the 
success or failure of previous campaigns. The figure shows that 
the likelihood of the previous campaigns to fail increases when 
the client contacted was married. In other words it was more 
successful to call unmarried clients. Divorced clients were the 
ones who brought better results in previous campaigns. 

 
Fig. 2 Distribution of client’s marital state in terms of previous successful 

campaigns the dataset 

 

III. PREPARING THE DATA 

A. Digitizing the columns  
The first step in the data preparation process was digitizing 

the data. In the digitization process, the nonnumeric values in 
the dataset were given numeric values and thus the data were 
prepared to be imported into the Matlab. 

The nonnumeric columns that have been digitized are the 
following columns: 

• In the client data attributes; the occupation of the 
client, his/her material status, his/her education status, 
the client’s possession of a personal loan, whether or 
not the client’s bank account is in the ‘default’ status. 

• In the attributes related to previous campaign; the type 
of communication with the client and the last month 
in the year the client received a call from the bank 
before the campaign. 

• In the other related attributes category; the columns 
titled ‘campaign ‘and ‘poutcome’. The column titled 
‘pdays’ has been partially digitized i.e. only the time 
when the client was never contacted was changed to a 
digitized value, and the rest of the column was already 
numeric.  

The digitizing process would generally start with the 
numeric value ‘0’ and go in ascending order up to the required 
final number. If information about the clients was not given in 
any column, the value of ‘0’ was assigned to these data. 

B. Partioning the Dataset 
The second step in the data preparation process was 

partitioning the data, which involves dividing the dataset into a 
training set, a validation set and a test set. The training set was 
given 70 percent of the whole dataset, whereas the validation 
and the test set were given 15 percent each. 
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IV. FEATURE SELECTION AND MODELLING USING ANNS 
The predictive modelling has been applied to the original 

and new datasets using two ANNs models; the first model had 
20 neurons in the hidden layer and the second one had 60 
neurons in the hidden layer.  

While comparing the models, the following criteria were 
taken into consideration: 

• MSE (Mean Square Error): The mean squared 
difference between the output and the target. A value 
of zero indicates no error [4]. 

• R (Regression): Defines the relationship between the 
output and the target; A value of R=0 indicates a 
random relationship, whereas R=1 indicates close 
relationships [5]. 

For feature selection process, a simple and common 
approach is chosen, the Sequential Feature Selection method 
[6]. 

The selected feature selection method has resulted in the 
following attributes to be less important to the results`; the 
client’s occupation, the client’s average yearly balance, the 
client’s housing loan existence, the day of the month the client 
was last contacted, the month of the year the client was last 
contacted, the number of contacts performed for the current 
campaign and the outcomes of the previous campaigns. 

Based on the previous results, a new dataset has been 
created from the other more important columns. 

V. FEATURE SELECTION ALGORITHMS  
Feature Selection (FS) is also called attribute selection. It is 

generally automatic selection of attributes in the data that are 
most relevant to the predictive modelling problem. 

There are three general classes of Feature Selection 
algorithms; filter methods, wrapper methods and embedded 
methods [7]. For the task in hand the Sequence Forward 
Selection algorithm (SFS) has been used.  

A. The Feature Selection Algorithm 
The SFS is a wrapper method, it considers the selection of a 

set of features as a search problem, where different 
combinations are prepared, evaluated and compared to other 
combinations. A predictive model is used to evaluate a 
combination of features and assign a score based on model 
accuracy [8]. 

The search progress in the SFS method is heuristic; it uses 
forward passes for adding or removing the features [9]. 

This feature selection method has two components: 

• The objective function or criterion; this function tries 
to minimize the overall feature subsets. The common 
criteria in the method are MSE for the regression 
modelling and misclassification rates for the 
classification modelling [10]. 

• The sequential search algorithms; these methods add 
or remove features from a subset as evaluating 

criterion progresses. An intensive comparison of the 
criterion at all the subsets of the feature data set is 
usually infeasible, the sequential searches go in just 
one direction, it keeps increasing or keeps decreasing 
the candidate set [11]. 

The method has two variants: 

• Sequential Forward Selection (SFS); in this method, 
the features are sequentially added to an empty 
candidate set up to the point where feature addition is 
not decreasing any criterion [12]. 

• Sequential Backward Selection (SBS); in this 
method, the features are sequentially removed from a 
full candidate set up to the point where the feature 
removal is not increasing any criterion [13]. 

Before performing the FS process, a criterion for feature 
selection must be defined.  The criterion here is called the 
deviance of the fit, which is a generalization of the residual sum 
of the squares). In this case, a function called ‘critfun’ has been 
used in the algorithm to produce the required deviance [14]. 

B. Expermental Results 
Within the frame of this paper work, a previous campaign 

records dataset was used to predict the success of the new 
campaign. An Artificial Neural Network predictive model was 
used to make the predictions with and without applying feature 
selection algorithms. The ANN models that were used 
contained 20 neurons in the hidden layer and 60 neurons in the 
other model. The feature selection algorithm that was chosen 
for the work was the Sequential feature selection approach 
using Sequence Forward Selection algorithm. 

Two parameters that can determine the accuracy of the 
predictions are taken into consideration. They are the means 
square Errors and the regression parameter. 

The following two tables show the modelling results. Table 
I. shows the results of using the ANNs models, including MSE, 
and R results for the testing, training and validation sets on the 
original dataset. 

Table II. shows the results of using the ANNs models, 
including MSE, and R results for the testing, training and 
validation sets on the new dataset. 

Comparing MSE and R values in Tables I and II, one can 
see that the results are quite similar. For example, using ANNs 
with 20 neurons on the original dataset has given the results of 
MSE to be 9.04017e-3 and R to be 7.09865e-1, which are close 
to the values of 8.99116e-3 and 6.86815e-1 for MSE and R 
respectively when using the same model on the new dataset. 
The modelling is conducted on two datasets. First the original,   
thus using feature selection algorithm has helped to obtain the 
same results on a smaller dataset. 
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TABLE I.  MODELS AND RESULTS ON ORIGINAL DATASET  

Model Data 
 

Samples 
 

MSE 
 

R 
 

ANNs 20 Training 31646 9.04017e-3 7.09865e-1 
Validation 6782 1.54357e-2 7.49982e-1 
Testing 6782 1.35765e-2 2.35854e-1 

ANNs 60  Training 31646 7.28830e-3 7.80876e-1 
Validation 6782 1.38084e-2 1.41419e-1 
Testing 6782 2.50760e-2 2.92461e-1 

 

TABLE II.  MODELS AND RESULTS ON THE NEW DATASET 

Model Data 
 

Samples 
 

MSE 
 

R 
 

ANNs 20  Training 31646 8.99116e-3 6.86815e-1 
Validation 6782 2.34204e-2 5.25195e-1 
Testing 6782 8.24776e-3 6.76805e-1 

ANNs 60 Training 31646 7.85402e-3 7.82231e-1 
Validation 6782 9.51111e-3 5.17022e-1 
Testing 6782 2.56936e-2 8.31053e-2 

 

Figure 3 and 4 show the errors for the 20-neuron model of 
ANNs. Figure 3 shows that the errors for the model go up 
approximately between the values of -1867 and 0.1302, which 
are almost the same values that the errors go up between in the 
new dataset for the same model as shows in Figure 4.  

 
Fig. 3 The errors in the ANNs 20-neuron model for the original dataset 

 

 
Fig. 4 The errors in the ANNs 20-neuron model for the new dataset 

VI. CONCLUSION 
Using Feature Algorithms Reduced the size of the bank 

dataset dramatically; Instead of dealing with a big dataset set of 
16 attributes, the new dataset, which results after using the 
Feature Selection, has only 9 attributes . However, applying 
predictive models on both of the datasets produced almost the 
same results in terms of the mean squared error and the 
Regression parameters. This leads to the conclusion that, the 
benefits of using FS algorithms are nearly equal accuracy rate 
and a reduced run-time when dealing with large datasets. These 
can save time and give more flexibility in the software package 
choice. 

For further work, different feature selection algorithms can 
be used; in this study, SFS algorithm was the selected method. 
However, one can choose to apply any of the main three types 
of Feature Selection methods which are mentioned in section 
V.  

Further work can also include choosing bigger dataset so as 
to investigate the efficiency of several Feature Selection 
algorithms on big data.   
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Abstract— By changing the amplitude and phase of 
optical beams digital holography allows for the generation 
of desired target images at the focus of a lens. It is an 
important research challenge to determine the digital 
hologram (especially the phase function) required to 
generate a specific target image in a fast and precise 
manner, especially in dynamically changing environments. 
In this study, the digital hologram required to obtain a 
certain target image was calculated with two different 
algorithms and another hybrid approach combining both 
algorithms, and the obtained results were compared. 
Gerchberg Saxton (GS) and CMA-ES (Covariance Matrix 
Adaptation Evolution Strategy) algorithms were used 
separately and in a hybrid manner. GS algorithm is a well-
established inverse Fourier Transformation based 
algorithm for digital hologram calculation. Our study 
shows the suitability of the CMA-ES algorithm for this 
problem. Although the CMA-ES algorithm requires a high 
number of iterations and results in a slower 
implementation, it provides a more general approach than 
the GS algorithm and it allows for the use of different fitness 
functions that are not necessarily based on Fourier 
Transformation. In future studies, it is planned to 
parallelize the execution of the CMA-ES algorithm using 
GPUs and use advanced versions of the CMA-ES algorithm 
to improve the performance in higher dimensional 
problems. 

Keywords — Computer Generated Holography; 
Gerchberg-Saxton Algorithm; Evolution Strategy; 
Evolutionary algorithm. 

I. INTRODUCTION

The image formed at the focus of a lens is given by two-
dimensional Fourier Transformation of the electric field 
distribution at the back aperture plane of the lens. Digital 
holography technique allows for defining the phase and 
amplitude of the field at the back aperture of the lens by 
implementation of a digitally configurable modulator such as a 

spatial light modulator. Hence, determination of the phase and 
amplitude functions required for obtaining a target image at the 
lens focus in fast, precise and dynamically changing 
environments is a critical task that requires an efficient 
computational implementation [1]. 

Storing an optical image and the reconstruction of the stored 
image can be performed using computers with different 
algorithms [2], [3]. Working with such computer generated 
digital holograms has many advantages. The most important of 
these is that a real object is not needed when calculating the 
digital hologram. In the Computer Generated Holography 
(CGH) technique, the actual object's wavefront computation 
produces the image of the real object [3].  

Due to the nature of the computational problem, it is 
necessary to obtain an optimal solution in a large search space. 
Different search and optimization algorithms can be used for 
computer generated holograms [4]. Through these algorithms, 
the desired hologram image can be reconstructed and used. The 
Evolutionary Computation technique is one such approach that 
can be used in determining the optimal solution to perform 
computations such as the creation of optical images and image 
enhancement [5]–[8].  

High processing power of a computer is critically important 
in using holography techniques where 3D objects are digitally 
stored and reconstructed. Graphics Processing Units (GPUs) are 
typically used for this purpose making high performance 
calculations within an optimal response time. As compared to 
the CPUs, GPUs employ thousands of cores, allowing for high 
speed parallel computations. As a consequence, in the literature 
various demonstrations exist where high performance 
calculations of 3D digital holograms are performed using GPUs 
[9], [10], [11].  

In this study, the Gerchberg Saxton (GS) algorithm and the 
CMA-ES (Covariance Matrix Adaptation Evolution Strategy) 
algorithm, which use the advanced evolution strategy, are used 
separately for the calculation of a digital hologram. In addition, 
a hybrid structure was created by using the GS algorithm and 
CMA-ES algorithms together and the necessary digital 
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holographic phase functions are calculated to obtain the target 
image by using this structure. In this way, the CMA-ES 
algorithm, which has a more general feature than the GS 
algorithm, shows the suitability for digital holographic 
applications.  

The rest of the study is organized as follows. Section II 
presents the structure of the GS algorithm in the form of a 
pseudocode. Then, in Section III, CMA-ES algorithm, which is 
a population based algorithm, is presented and its adaptation to 
this study is described. Section IV gives the experimental results 
for both algorithms and the results are shown and finally 
conclusions and future works are explained in Section V. 

II. GERCHBERG SAXTON ALGORITHM 
 The Gerchberg Saxton (GS) algorithm was developed in 
1972 by R. W. Gerchberg and W.O. Saxton. GS algorithm is an 
iterative algorithm for computing the computer generated phase 
hologram for a holographic three dimensional image 
[12],[13],[14].  Fourier transform approach is used to determine 
the amplitudes and phase functions in image and diffraction 
planes with the GS algorithm. The method generally tries to 
minimize the error by repeatedly operating a Fourier transform 
relation between source and target images.  

 The pseudocode for the GS algorithm is given in Algorithm 
1. FT, IFT represent Fourier Transform and Inverse Fourier 
Transform, respectively [15] . 

 

Algorithm 1 Pseudocode of Gerchberg Saxton 
Algorithm

				 	 ,	 ,	 	 	
						 	 	 	
								 	 	 	 	 	 	
													 	 	 	 	 	
													 	 	 	
													 	 	 	 	 	
													 	 	 	
								 	 	
							 	 	 	 	
		 	 	 		

 

 In Algorithm 1, FT and IFT is calculated iteratively for the 
target and source images. The GS algorithm computes the phase 
hologram of the target image using the phase and amplitude 
values calculated at each iteration. In the developed application, 
the source intensity distribution is given by a Gaussian function. 
In each iteration, the amplitude value of the source image is 
multiplied by the phase value of the target image. Gaussian 
intensity distribution is calculated by: 

, 	 	 ,            (1) 

where, A is the peak of the beam,  is the beam waist,   and 
 center point of the input intensity, ( , ) is the coordinates of 

the input intensity.   

  In each iteration, the fitness value of the GS can be 
determined by Root Mean Square Error (RMSE) given as:  

	 , ,, ,     (2) 

where, ,  is target image, ,  is calculated and 
improved input field, ,  represent the dimensions of the target 
and input images. The value	  multiplied by the amplitude of 
the input field calculated in Eq. 2 is a constant and represents the 
normalization coefficient. 

III. CMA-ES ALGORITHM 
 CMA-ES (Covariance Matrix Adaptation Evolution 
Strategy) algorithm is a special application of evolutionary 
algorithms. The difference of the CMA-ES algorithm from the 
genetic algorithms is the update for the mutation rate in each 
iteration. The algorithm maximizes or minimizes the result 
according to the target data by the mutation rate, which is self-
adapted to each iteration [16]. 

 The pseudocode for the CMA-ES algorithm is given in 
Algorithm 2 and describes the basic steps of the CMA-ES 
algorithm [17]. 

   

Algorithm 2 Pseudocode of CMA-ES Algorithm
	 	 	 	 	 	
	 									 		 							 	 		
		 								 											 	 	 	 	 	
							 			 											 	 	 	 	 	
						 				 	 	 	 	 	
							 			 	 		 	 	 	 	
	 	 	 	 	 	 							
			 						 	 	 	 		
									 	 	
						 	 	 	 	

																	 	 	 	 	 	 	 	 	
						 	 	 	 	 	 	
						 	 	 	 	 	
	 	

 

The individuals generated in each iteration are given as:  

	 	 , 				 	 , , ,        (3) 

where, 	 represents the same distribution on the left and right 
side, ,  is as multivariate normal distribution with zero 
mean and covariance matrix	 . , k-th offspring in the 
next generation.  is the number of offspring in the population. 

 is the average value of the search distribution in generation 
g and it is calculated by taking the weighted average of µ 
offspring selected from  offspring.  is the standard 
deviation or step-size, at generation g [17]. 
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IV. EXPERIMENTAL STUDY 
In this section, two different algorithms have been tested to 

compute a Computer Generated Hologram (CGH) and three 
different results are shown. One of them is the holographic 
image of the CMA-ES algorithm, which starts with random 
phase values and produces results. The other is a hologram 
image produced from the GS algorithm. Finally, the hologram 
image is produced using the GS and CMA-ES algorithms 
together. The hologram images generated by each algorithm 
and their error rates are discussed in this section. MATLAB 
program was used to develop all experimental studies and 
applications. The original test image used in experimental 
studies is given in Fig. 1. For both algorithms, the Gaussian 
intensity distribution function given in Eq. 1 is used and the 
dimensions are arranged to be the same as the target image. 

 
Fig. 1. Original test image  

 
Fig. 2 Gaussian intensity distribution function 

A. Implementation of the CMA-ES algorithm 
In the CMA-ES algorithm, the initial candidate solution 

vector (X) dimension (X denotes the chromosome) is multiplied 
by the dimensions of the target image matrix. The initial 
candidate solution consists of phase values and takes random 
values between , . Since the original image dimensions 
are 64x64, the initial candidate solution vector will be 1x4096.  

The parameter values of the CMA-ES algorithm used in this 
study are given in Table 1. These parameter values are 
determined by preliminary studies [18]. Other parameter values 
of the CMA-ES algorithm were taken as suggested in the study 
referenced in [17].  

 

Table 1 CMA-ES Parameter Values 

Representation of Individuals 
Real -valued 
representation 

Size of Population  = 105 
Number of Parent µ = 15 
Number of Iteration 40000 

 
The fitness value of the individuals in the CMA-ES 

algorithm is calculated using Eq. (2). Input field, , , is 
given as: 

 
 , 	 , 	 ,                  (4) 

 
where,  represents the initial candidate solution vector is 
transformed into a matrix of ,  dimensions,  is Fast 
Fourier Transform (FFT) Algorithm, ,  is input intensity 
matrix. Figure 3 shows the reconstructed hologram image that 
the CMA-ES algorithm produced after 40000 iterations.   

 
Fig. 3 Reconstructed hologram image produced by CMA-ES 

algorithm after 40 thousand iterations 

 

Fig. 4 Change of the fitness value of the CMA-ES algorithm 
by the iteration number 

The fitness values of the CMA-ES algorithm shown in Fig. 
4 represent the best value of the population calculated as a result 
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of each 100 iteration. At the end of 40000 iterations fitness 
value was observed to be almost 10. 

B. Implementation of the GS algorithm 
Using GS algorithm 5000 iterations were executed for the 

original image shown in Fig. 1.  Figure 5 shows the resulting 
reconstructed hologram image that the GS algorithm produced 
at the end of 5000.    

 
Fig. 5 Reconstructed hologram image produced by GS 

algorithm after 5 thousand iterations 

Fitness value change after 5000 iterations of the GS 
algorithm is shown in Fig. 6. The fitness value, which started at 
200 in the beginning, has decreased to 2,561 in the last iteration 
and almost reached saturation. 

 
Fig. 6 Change of the fitness value of the GS algorithm by the 

iteration number 

C. Hybrid implementation of the GS and CMA-ES algorithms 
In the last part of the study a hybrid implementation is 

explored. In this implementation, the initial candidate solution 
vector of the CMA-ES algorithm is not generated from random 
phase values. Instead, CMA-ES algorithm uses the phase values 
produced at the end of 50 iterations of the GS algorithm as its 
initial candidate solution vector. Then, CMA-ES algorithm is 
executed for 40000. The resulting reconstructed hologram 
image and fitness values are shown in Fig. 7 and 8. Using this 

hybrid approach, a fitness value of almost 5 is reached at the 
end of 40000 iterations of the CMA-ES algorithm. 

 

 
Fig. 7 Reconstructed hologram image produced by CMA-ES 

and GS algorithm together after 40 thousand iteration 

 

 
Fig. 8 Using CMA-ES and GS algorithms together to change 

the fitness value by the number of iterations 

V. RESULTS AND FUTURE WORKS 
This study shows the applicability of the CMA-ES 

algorithm for the problem of imaging with digital holography.  
Despite the disadvantages of requiring a slow and high number 
of iterations according to the commonly used GS algorithm, the 
CMA-ES algorithm does not critically need to know the target 
image. In this representation, a simple Fourier Transform 
relation is used with the target image information in the fitness 
function calculation, but in general, such a target image is not 
required for the operation of the CMA-ES algorithm. In this 
case, optimization of the view through the CMA-ES algorithm 
may be possible if an appropriate fitness function is used in 
more complex optical systems (such as when there is a scattered 
medium between the lens and the image plane, such as under-
tissue imaging, imaging of blood cells). In the future, in order 
to accelerate algorithmic implementation, it is planned to 
parallelize the algorithm using GPU-based systems. It is also 
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known that the performance of CMA-ES can be limited in high-
dimensional (> 100-1000 size) optimization studies. Due to the 
high total number of pixels required for digital holographic 
applications, better performing CMA-ES based methods (sep 
CMA-ES or LM CMA-ES) will be explored [18, 19]. 
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Abstract—Combining LDPC codes with high order constellations is an 
effective way to improve the bandwidth efficiency. Since the LDPC codes 
require soft decisions as the input information, the constellation has to 
provide soft information (log-likelihood ratio) to it. In this paper, a 
simplified algorithm, called Simplified Max-Log-MAP algorithm, to 
calculate LLR is applied for binary LDPC codes, which will remarkably 
reduce the computational complexity, and has nearly no performance 
loss. 

Index Terms—LDPC codes, QAM mapping, LLR, simplified 
Max-log-Map algorithm, Pragmatic algorithm, Sum-Product 
Algorithm. 

I. INTRODUCTION

High-order constellations can achieve enhanced high-speed 
transmission without increasing bandwidth [1]. For this reason, 
Quadrature Amplitude Modulation (QAM), which has been adopted 
by various communication standards, is strongly recommended as a 
high order constellation. However, communication systems using the 
MAQ require a high signal-to-noise ratio. In order to overcome this 
drawback, it is advantageous to combine with the MAQ efficient 
error-correcting codes [2,3] such as LDPC codes. 

LDPC codes [4,5], are error correcting codes, have a capability 
approaching the Shannon limit for large data blocks [6]. They are 
block codes with parity-check matrices H that contain only a very 
small number of non-zero entries. This sparseness of H is essential 
for an iterative decoding complexity that increases only linearly with 
the code length. LDPC codes are decoded iteratively using a 
graphical representation of their parity-check matrix. 

The first iterative decoding algorithm of the LDPC codes is the 
Sum-Product Algorithm (SPA) [4,5], also known as the belief 
propagation algorithm, is an optimal iterative decoding algorithm, but 
with high computational complexity. Several algorithms have been 
proposed to reduce the complexity of the SPA [7].  

The LDPC decoder must operate on soft decisions calculated 
using: LLR (Log-Likelihood Ratio) or APP (A Posteriori Probability) 
according to type of decoding algorithm used. The exact calculation 
of these decisions for higher order constellations involves 
complicated operations. Several algorithms have been introduced to 
simplify the calculation of the LLR for the binary codes such as: the 
pragmatic algorithm [8], The max-log-MAP (Maximum A Posteriori) 
algorithm [9] and the simplified max-log-MAP [10]. The pragmatic 
algorithm is studied for binary and non-binary LDPC codes 
respectively in [11] and [12]. In this work, we use the algorithms 
max-log-MAP and simplified max-log-MAP to simplify the LLR 
calculation for binary LDPC codes. 

The rest of the paper is organized as follows. Section 2 introduces 
the LDPC code and the SPA that used in the simulation. In Sections 3 
and 4, the exact calculation of LLR and Simplified Max-Log-MAP 

for QAM constellation under Gaussian channel are investigated 
respectively. Finally, the simulation results and concluding remarks 
are given in Sections 4 and 5, respectively. 

II. LDPC CODING AND DECODING

LDPC codes are linear block codes, based on low-density parity 
check matrices H, i.e the number of non-zero elements in the matrix 
is much less than the number of zeros. The LDPC codes can be 
described by a graphical representation, called Tanner graph [13], 
corresponds to the matrix H.  

Tanner graph is a bipartite graph composed of two types of nodes: 
the variable nodes 𝑣𝑛 , 𝑛𝜖 1,… , 𝑁 , representing the symbols of the
codeword and the parity nodes nodes 𝑐𝑚 , 𝑚𝜖 1,… , 𝑀 , representing
the parity control equations. These two types of nodes are connected 
by branches according to the non-zero elements in the parity check 
matrix. Each node generates and propagates messages to its 
neighbours based on its current incoming messages except the input 
message on the branche where the output message will be sent. 

 The parity check matrix H allowed us to determine the Tanner 
graph which is used as a support for the decoder. Also, this matrix is 
used for the LDPC encoder. In the following, the SPA is described. 

¾ Sum-Product algorithm

The SPA performs the following operations [14]: 
� Initialization of variable nodes

𝜇𝑚𝑛 = 𝑙𝑜𝑔 𝑃𝑟 𝑣𝑛 =1 𝑐𝑛′   
𝑃𝑟 𝑣𝑛 =0 𝑐𝑛′   

,  𝑚𝜖 1,… , 𝑀 , 𝑛𝜖 1, … ,𝑁  (1) 

- Iteration
� Parity check nodes computation

� �¸¸
¹

·
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�
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1 2tanhtanh2 PE    (2) 

� Variable nodes computation

¦
�

� 
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� A posteriori information

¦
�

� 
nMm

mnEJJ~  (4) 

� Decision

𝑐 𝑛 =  0   𝑠𝑖    𝛾 𝑛 > 0 
1       𝑠𝑖      𝛾 𝑛 < 0

                                                  (5)

Finally, the algorithm stops if the maximum number of iterations 
is reached or if the syndrome is zero. 

III. EXACT LLR COMPUTATION

22𝑚 -QAM transmit, at each time,  22𝑚  binary symbols. Each set
of 2m binary symbols is associated to a symbol 𝑐 = 𝑎 + 𝑗𝑏, where 
𝑎 𝑎𝑛𝑑 𝑏 ∈  ±1, ±3, ±5, … ,2𝑚 ± 1 . After passing through the 
transmission channel, the observation relating to the symbol c is 
represented by the symbols 𝑐′ = 𝑎′ + 𝑗𝑏′. At the reception, 22𝑚 -
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Algorithm for High Order Constellations over Gaussian Channel 
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QAM-Gray demapping treat each symbols c' representative of the 
symbols c to extract 2m samples  𝑢 𝑛 ,𝑖 , 𝑖 ∈  1, … , 2𝑚  each 
representative of a binary symbol 𝑢𝑛 ,𝑖 . The sample 𝑢 𝑛 ,𝑖 , the soft 
output demapping, is obtained using two relationships, 𝐿𝐿𝑅 𝑢𝑛 ,𝑖  
(Log-Likelihood Ratio) or 𝐴𝑃𝑃 𝑢𝑛 ,𝑖  (A Posteriori Probability). In 
this work, one used LLR computation. 𝐿𝐿𝑅 𝑢𝑛 ,𝑖 , 𝑖 ∈  1, … ,𝑚 , is 
calculated as follows [15]: 

𝐿𝐿𝑅 𝑢𝑛 ,𝑖 = 𝑙𝑜𝑔  𝑃𝑟  𝑎𝑛
′ ,𝑏𝑛

′   𝑢𝑛 ,𝑖=1  
𝑃𝑟  𝑎𝑛

′ ,𝑏𝑛
′   𝑢𝑛 ,𝑖=0  

                                              (6) 

Where 𝑃𝑟  𝑎𝑛
′ , 𝑏𝑛

′   𝑢𝑛 ,𝑖 = 𝑤   is the probability that the available 
couple is  𝑎𝑛

′ , 𝑏𝑛
′  ; knowing the binary symbol 𝑢𝑛 ,𝑖  is equal to w. 

 For a square constellation 𝑚 = 2𝑝, 22p-QAM has the particularity 
to be reduced to two amplitude modulations with 2P states 
independently acting on two carriers in phase and quadrature [11]. 
According to the this property (the case of a square constellation): 
¾ The p expressions in  phase are consequently the following: 

𝐿𝐿𝑅 𝑢𝑛 ,𝑖 = 𝑙𝑜𝑔  
 𝑒𝑥𝑝  − 1

2𝜎2 𝑎𝑛
′ −𝑎𝑖 ,𝑗

0  2 2𝑝−1
𝑗=1

 𝑒𝑥𝑝  − 1
2𝜎2 𝑎𝑛

′ −𝑎𝑖 ,𝑗
1  

2
 2𝑝−1

𝑗=1

 𝑖 ∈  1,… , 𝑝           (7)                      

With 𝑎𝑖,𝑗
𝑘  are possible values of the symbol 𝑎𝑛  when the symbol 

𝑢𝑛 ,𝑖  to be transmitted has the value k (k = 0 or 1); 𝑤 = 0 𝑜𝑟 1; 
¾ The p relations in quadrature eventually lead to the following 

expressions: 

𝐿𝐿𝑅 𝑢𝑛 ,𝑖 = 𝑙𝑜𝑔  
 𝑒𝑥𝑝  − 1

2𝜎2 𝑏𝑛
′ −𝛼𝑛𝑏𝑖 ,𝑗

0  2 2𝑝−1
𝑗=1

 𝑒𝑥𝑝  − 1
2𝜎2 𝑏𝑛

′ −𝛼𝑛𝑏𝑖 ,𝑗
1  

2
 2𝑝−1

𝑗=1

 𝑖 ∈  𝑝 + 1,… , 2𝑝      (8)                                   

With 𝑏𝑖 ,𝑗
𝑘  are possible values of the symbol 𝑏𝑛  when the symbol 

𝑢𝑛 ,𝑖  to be transmitted has the value k (k = 0 or 1). 
Equations (7) and (8) are the exact calculation of the LLR, it is the 

optimal calculation that represents the log-MAP algorithm [16-18]. 
However, it involves several operations. Several algorithms have 
been introduced in order to simplify the exact calculation of the LLR. 
In this work, we use two simplified algorithms: a max-log-MAP 
algorithm and a simplified max-log-MAP algorithm. 

IV. SIMPLIFIED LLR COMPUTATION (SIMPLIFIED MAX-LOG-MAP 
ALGORITHM) 

Using the simplified Max-Log-MAP algorithm, The LLR is 
simplified as follows [9]: 

 

𝐿𝐿𝑅 𝑢𝑛 ,𝑖 =
 min 𝑗∈ 1,…,2𝑝−1  𝑎𝑛

′ −𝑎𝑖 ,𝑗
0   

2
− min 𝑗∈ 1,…,2𝑝−1  𝑎𝑛

′ −𝑎𝑖 ,𝑗
1   

2

2𝜎2 ,   
     𝑖 ∈  1, … , 𝑝                                                                 (9) 

And 

𝐿𝐿𝑅 𝑢𝑛 ,𝑖 =
 min 𝑗∈ 1,…,2𝑝−1  𝑏𝑛

′ −𝑏𝑖 ,𝑗
0   

2
− min 𝑗∈ 1,…,2𝑝−1  𝑏−𝑏𝑖 ,𝑗

1   
2

2𝜎2 ,       
      𝑖 ∈  𝑝 + 1,… ,2 𝑝                                                 (10) 

 
 

V. SIMULATION RESULTS 

In this section, we present the effect of the LLR simplified 
calculation on the performance of a binary LDPC code, with a code 
rate of 1/2 and a parity check matrix of size 512 × 1024, and for a 
decoding algorithm using the LLR at its input: the SPA algorithm. 
The LDPC code is associated with two square constellations: 16-
QAM and 64-QAM, as well as the associated Gray coding, and a 
Gaussian channel. 

 
Figures 1 and 2 show respectively for 16-QAM and 64-QAM, 

performance comparisons, on a Gaussian channel, between an LDPC 

code using the exact calculation of the LLR and an LDPC code using 
the simplified calculation by applying the simplified max-log-MAP 
algorithm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In figures 1 and 2, we can see that the LDPC code using the 

simplified LLR computations has a very small performance loss for 
16-QAM. For 64-QAM, there is no performance degradation. As a 
result, the simplification of LLR calculation can achieve a good 
performance with a simple calculation. 

 

VI. CONCLUSION 

In this work, we have used for binary LDPC codes the simplified 
calculation of the LLR using the simplified Max-Log-MAP 
algorithm. Simulation results show that the simplified max-log MAP 
algorithm is good for binary LDPC codes. 
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Abstract— we have presented the simulated of the structure 
HEMT with and without field plate. We have to extract ability 
characteristics the analysis DC, AC and high frequency shows 
in this paper. This work is the demonstration of the optimal 
device with length gate 15nm, heterostructure InAlN/GaN and 
the field plate structure, making it superior to modern HEMTs 
when compared with other devices than equivalent as. It 
almost gives a greater ability to bear the burden of the current 
effort because it mimics the way passers-by in the channel, we 
have an excellent exhibit current density as high as 2.05 A/m, 
peak extrinsic of transconductance is 0.59S/m at VDS=2V, cut 
off in the first is 638 GHz and for another is 463 GHz, max 
frequency is 1.7 THz , max efficiency 73%, max breakdown 
voltage 400V, IFuite=1 10-26 A, DIBL=33.52 mV/V  and ON/OFF 
current density ratio higher than 1 1010. Through the 
simulation by deriving methods of algorithm genetic and 
Monte Carlo that have could make them the optimal design 
and the future of this technology. 

Keywords— HEMT, Silvaco, Field plate, algorithm 
genetic, Quantum. 

I. INTRODUCTION

or the development of the next-generation GaN-
based field plate high electron mobility transistors 

with creating structure we have used algorithmic genetic and 
reliable Silvaco software tools for simulation. A 
hydrodynamic or quantum model approach must be used to 
deliver accurate results for such structures. We propose 
quantum mobility models which account for the peculiarities 
of the GaN material system. The models are implemented in 
our simulator Silvaco and carefully calibrated. A device 
from a recent transistor generation is measured and 
simulated using the calibrated setup. A good accuracy for all 
relevant characteristics is achieved. 

In addition, the introduction of a thin AlN spacer layer at 
the InAlN/GaN interface increases the carrier density and 
effectively reduces to alloy scattering of two-dimensional 
electron gas (2DEG) as well as, provided better to the 
confinement of the carrier [1-2]. 

Determining parasitic, i.e. extrinsic elements in a 
structure of the HEMT (due to connecting wires, metallic 
contacts, generally caused by packaging, etc.) are essential 
at very high frequency, the intrinsic parameters in the 
HEMT small-signal equivalent circuit are small enough and 
become comparable with the parasitic ones. Neglecting or 
inaccurate calculating them may lead to a big gap between 
simulation and measurement results. In order, to solve 
mathematically a problem with parasitic elements, we need 
to face a very complex optimization process when many 
variables affect the device characteristics simultaneously 
[3], however, it is impossible to know analytically the 
influence of related parameters of objective functions for 
complex problems. 

Genetic Algorithm (GA) is one of the random search 
techniques. Genetic algorithm directly searches the best 

solution in all the solution space [4], and is a suitable 
approach for searching optimal solutions in multi-problems 
variables. With the guidance of the fit function in the total 
global searching region, we can simultaneously evaluate the 
influence of all variables in complex problems that are 
difficult given the solutions with conventional methods [5-
6]. 

Recently, the application of genetic algorithm in 
microwave device modeling has been mentioned by several 
authors [7]. In this paper, shows in fig.1 the structure HEMT 
proposed for offer an optimization process with genetic 
algorithm to extract the dimensions of the devices and we 
can search global optimization solution, and we have 
discussed some simulation results which as obtain in this 
work. 

Fig. 1. View Structure HEMT InAlN/GaN before and after field 
plate. 

II. CIRCUIT ELEMENTS OPTIMIZATION

Will, the problem is determining HEMT parameter 
dimensions elements for devices; each parasitic parameter is 
considered has a variable as mentioned. At first, in order, we 
have run a test to determine high-density areas for each 
variable to find the searching space (YiMax, YiMin) for all 
variables separately and to save calculating time. We have a 
chromosome with n binary bits 𝑛 = ∑ 𝑛𝑖

10
𝑖=1 , with the aide

method of the Tayel [8], where ni is the number of binary 
bits for the parasitic parameter Xi which depends on the 
chosen range (YiMax, YiMin) of that parameter. The value of 
each parasitic element can determine by: 

𝑋𝑖 =
𝑌𝑖𝑀𝑎𝑥 − 𝑌𝑖𝑀𝑖𝑛

2𝑛𝑖 − 1  (1) 
An Eval function used to evaluate the optimum of each 

chromosome ai is calculated as follows: 

𝑒𝑣𝑎𝑙(𝑎𝑖) = 𝑀𝑖𝑛 (
1

25 ∑ ∑ |𝑋𝑖 − 𝑋|
25

𝑓𝑘=1

2

𝑖,𝑗=1

)  (2) 

Let pop-size (population size) is the number of 
chromosomes for each generation. The Fitness function of 
each chromosome is:   

F 
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𝐹(𝑎𝑖) =
𝑒𝑣𝑎𝑙(𝑎𝑖)

∑ 𝑒𝑣𝑎𝑙(𝑎𝑖)
𝑝𝑜𝑝−𝑠𝑖𝑧𝑒
𝑖=1

         (3) 

 According to the flow chart of GA shown in Fig. 2, and 
the crossover selection processes will be repeated until an 
optimal value is obtained (that means, the next generation 
can be improved) or a right condition is reached (the 
processes will loop till the last chosen generation), or broken 
by early convergence. 

 
Fig. 2 : Genetic Algorithm for Simulation. 

The GA optimization method is working according to 
the following steps [9-10]: 

Step 1: Represent the problem is variable domain as a 
chromosome with a population size N of fixed length or 
doping; the crossover probability Pc and the mutation 
probability Pm. 

Step 2: Define a fitness function to simulate the 
performance of an individual chromosome in the problem 
domain. 

Step 3: Randomly generate an initial population of size 
N: X1, X2, X3,…, XN 

Step 4: Calculate the fitness of each individual 
chromosome f (X1), f (X2), f (X3),…, f (XN) 

Step 5: Select a pair of chromosomes for mating from 
the current population. Parent chromosomes are selected, 
with a probability related to their fitness. High fit 
chromosomes have a higher probability of being selected for 
mating than less fit chromosomes. 

Step 6: Create a pair of offspring chromosomes by 
applying the genetic operators. 

Step 7: Place the created offspring chromosomes in the 
new population. 

Step 8: Repeat Step 5 until the size of the new 
population equals that of the initial population, N. 

Step 9: Replace the initial (parent) chromosome 
population with the new (offspring) population. 

Step 10: Go to Step 4, and repeat the process until the 
termination of the criterion with satisfied situation. 

The first part of the input file specifies the algorithmic 
parameters genetic model with the help of the Silvaco 
example [11]. In this case, the number of computational 
carriers (electrons) is set to 40,000 with the N parameter on 
the Particle. Statement, N= 40000 is large enough to 
adequately sample the spatial distribution of mobile charge 
in the device.  

To better sample the tail of the distribution function, use 
a higher value and statistical enhancement. In the ALGO 
statement, DT= 0.1e-15 s = 0.1 fs is ten times smaller than 
in the bulk example since the electrons must sense small 
variations in the 3D doping and field profiles. To get even 
closer to the steady-state solution, change from ITER= 2500 
to ITER= 25000. With this change, simulation of the device 
will take about 10 times longer to run than others works, but 
the averages will be closer to the steady-state solution. As in 
the bulk case situation, you may want to change from 
Trans= 0 to Trans= 1000 to obtain a more accurate solution 
before Time = 0 when Silvaco software begins collecting 
data. We have kept this simulation short by using ITER= 
2500 and Trans= 0 so we can experience running a complete 
simulation in just a couple of minutes. 

In this case, TSTEP= 5 on the POISSON statement 
indicates that Poisson's equation will be solved every 5 
iterations (or every 5 * DT= 0.5 fs). This time must remain 
short in order for the electrons to properly sample spatial 
and temporal variations of the electric fields. 

The second part of the input file specifies a rectangular 
tensor product mesh used to represent the physical structure 
of the device, to solve Poisson's equation, and to help 
enforce the AG carrier boundary conditions. A finer mesh 
captures more carrier-carrier interaction. 

The third part of the input file specifies rectangular 
regions on the mesh. The Region statements indicate both 
the material (MAT parameter) and the type of region (Type 
parameter). Across specify the regions the input file. 

The fourth part of the input file specifies the current 
regions used to estimate the current in the device. In this 
case, the x-directed estimates of the current from the first 
and third regions represent the terminal currents at the 
source and drain, respectively. 

The fifth part of the input file specifies the doping 
profiles. The last part of the input file includes a solve 
statement. The solve statement performs the Monte Carlo 
solve at the voltage biases provided by the parameters on the 
solve statement. Additional, commented solve statements 
may be used to do perform voltage ramps or obtained 
solutions at other bias points. 

Circuit 
Elements 

Lower 
Bound 

Upper 
Bound 

LG (nm) 0.01 150 
LD (nm) 0.01 500 
LGD (nm) 0.01 500 
LGS (nm) 0.01 500 
EO (nm) 0.001 200 
EB (nm) 0.001 100 
EE (nm) 0.001 100 
EC (nm) 0.01 200 
ET (cm-3) 0.1 50 
NO (cm-3) 0 100 
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NB (cm-3) 0.1 50 
NE (cm-3) 0 10 
NC (cm-3) 0 50 
NT (cm-3) 0 10 

Table 1: Extracted parameters of 14 elements model. 

 
Fig. 3 : Elements Simulation in Silvaco. 

This resultants optimized are extracted by simulation 
like we have shown in fig. 3. It presents a different point of 
the pinchoff voltage and max density of the current in 
devices with simulation and GA method. 

Circuit 
Elements 

Lower 
Bound 

LG (nm) 15 
LD (nm) 250 
LGD (nm) 250 
LGS (nm) 685 
EO (nm) 2.5 
EB (nm) 10 
EE (nm) 1 
EC (nm) 32 
ET (cm-3) 150 
NO (cm-3) 1 1021 
NB (cm-3) 1 1017 
NE (cm-3) N.I.D 
NC (cm-3) 1 1015 
NT (cm-3) N.I.D 

Table 2 : parameters Optimized. 

III. Modeling Resultants 

The length gate of the device is LG = 15nm in this work, 
we have simulated device by a program of Silvaco-Tcad 
software. Demonstrates 3D device modeling of a HEMT 
InAlN/GaN with quantum correction, have specified with 
three different statements. AGDEVICE confines the MC 
electrons to the 4H-SiC substrate. As a result, the "Electron 
Conc" and "Average Electron Conc" fields in the devices do 
not show electrons in the oxide even though electron 
penetration of InAlN barrier is considered as part of the 
model. This choice is conventional. The model does a good 
job of predicting the impact of quantum size effects on the 
electron concentration and the terminal currents [11]. 

After the definition of the HEMT structure and 
materials used model and the initial solution is obtained the 
gate voltage is set to zero, the structure under zero bias 
(initial case report for supply voltages), solutions are 
obtained from the choices specified algorithm. For good 
cause of the simulate, structure with the same dimensions 
and parameters is specified as in two devices, or when 
devices geometries, meshes, regions, electrodes and doping 

distribution are described with the same sequence of states, 
also in the material parameters and models physical are 
applied in general cases. 

A. DC Results 

 
Fig. 4 : Transfer curve simulated with VDS fixed between 2 V to 

VDD and VGS sweeping from 1 V to −10 V. 

 
Fig. 5 : DC Output characteristics of HEMT InAlN/GaN with a 
gate length of 15 nm with VGS stepped from 1.0 V to −4.0 V in 

steps of −0.5 V. 

 
Fig. 6 : characteristics of HEMT InAlN/GaN with a gate length of 

15 nm with VDS 2.0 V. 
In this simulation of the devices the electrical 

characteristics transfer is illustrated in Fig. 4. The HEMTs 
with a gate length of the 15 nm, the device is delivered to 
extract an ON/OFF current density ratio higher than 1 1010, 
IFuite=1 10-26 A and we have investigated the conduction 
band profiles for show drain-induced barrier lowering 
(DIBL) is more explicit in a highly scaled device at length 
gate 15 nm DIBL=33.52mV/V with VDS fixed between 2 V 
and VDD, effects due to this length of the gate which are 
observed are called short-channel effects (SCE). Effects 
occurring at larger VDS are termed drain induced barrier 
lowering (DIBL) effects [12].  We are not the first to 
observe this in simulations for HEMTs, have been 
investigated as early as 1989 by Awano and al. [13]. 
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We have changed the accelerated the drain voltage 
between 0V to 3V, when simulation is first conducted to 
obtain the I-V characteristic in DC mode to change the state 
of the gate voltage by 10 different bias, VGS = 1.0V to - 
4.0V with the step of the -0.5V for both HEMTs. 
Increasingly positive in the drain voltage, leads to the 
electric field across the channel increases the speed of the 
electron. The voltage distribution across the channel leads to 
a voltage difference between the gate and the channel along 
it, the transistor taking a variable resistance behavior 
controlled by the gate voltage. Indicating excellent gate 
control of the 2DEG channel [14], and the maximum drain 
current available reached 2056 mA/mm when VGS was 
biased at 0.0 V & VDS=3.0V. The pinchoff voltage is 
extracted is −4.0 V. show in Fig. 5. Two devices are given 
one result in this mode of the simulation because field plate 
is connected with source in Gnd. 

Fig. 6 presents the extrinsic transconductance 
characteristics of the device at VDS=2 V, the simulated 
exhibits a maximum as 591 mS/mm at VGS=0.0 V. This 
peak appearing in the curve of the transconductance a 
dependence on gate bias VGS obviously reflects the DC 
behavior of the simulated HEMT, which correspond to the 
2DEG channels modulated by different gate voltages. These 
properties are superior to the values previously reported for 
similar structures based on AlGaN/GaN heterostructures 
[15]. Here, a better DC characteristic is realized on sample 
with slight inferior electrical properties in comparison with 
the earlier reported [16], the total parasitic resistance 
generally is dominated at low Ohmic contact resistance for 
this is to highly desirable, which could be attributed to the 
increased carrier concentration or/and an increased carrier 
mobility [17]. 

B. AC Results 

Shows in this simulation the maximum gain of the 
current H21 is 175dB for HEMT and for others is 170dB at 1 
KHz, the maximum Stable gain of power is 100dB and for 
others is 95dB at 1 KHz. 

 
Fig. 7 : Simulated current gain (H21) and Max gain power stable 

(GMS) versus frequency for the LG=15nm InAlN/GaN 
HEMTs. The bias condition were VDS= 2V and VGS= 0V. 

This result values extracted from the extrinsic S-
parameters were than the intrinsic values of this device by 
simulation was verified, Due to the effect of the 
capacitances of the high gate to source capacitance (CGS) 
resulting from the extended effective gate length [18], the 
electronic transfer in the channel is optimized. And we 
extracted the cutoff frequency is  in the first is 638GHz and 

for others is 463 GHz and the value of Max frequency is 
Approximately of 1.7 THz with a slope of 0 dB/Dec. The 
decline in the value of the frequency of the pieces see the 
basis for being associated with the length of the gate, as well 
as the design of the device and therefore the presence of the 
filed plate has contributed to this reduction in value of the 
cutoff frequency. For comparison, the highest ft reported so 
far in nitride transistors was 670 GHz [19] and 1 THz [20]. 

C. RF Power Performance 

The power performance was characterized using Silvaco 
software. The devices were tuned for the maximum output power.  
Fig. 8 shows the output, input and gain power as a function of x-
band frequency for both devices when biased at 30 V with gate 
voltage is -5.0V.  

 
Fig. 8 : Simulated Input, Output and Gains Power versus 

frequency for the LG=15nm InAlN/GaN HEMTs. The bias 
condition were VDS= 30V and VGS= -5V. 

A higher output power is 31.86 watts and PAE is 73% 
were achieved for the device. The softer gain compression 
of the device is believed to be the reason for the linearity 
improvement at high output power levels even beyond 
P1dB. Such superior performance is mainly attributed to the 
reduction of trapping in surface states due to the field plate 
structure, if we return of the research in x-Band, we have 
two PAs at 10GHz with 4 and 10W output powers show 
peak CW efficiencies of 69% and 55% [21], The device 
exhibited saturated output power of 310 W with power gain 
of 10.0 dB over the frequency range of 8.5-10.0 GHz [22].  

IV. CONCLUSION 

We have presented the power performance of 15 nm gate 
length InAlN/GaN HEMTs on SiC substrates using the 
periphery oxide of the Gate for with or without a field plate. 
These devices exhibited current density as high as 
2.05A/mm, Peak extrinsic transconductance of 0.59S/m at 
VDS=2V, cut off in the first is 638GHz and for others is 463 
GHz, max frequency is 1.7 THz , max efficiency 73%, max 
breakdown voltage 400V, IFuite=1 10-26 A, 
DIBL=33.52mV/V and ON/OFF current ratio higher than 1 
1010. These results demonstrate the possibility of using this 
technology in different application with this structure 
optimized. 
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Abstract—This work introduces a new algorithm for searching

in sorted data, since it is the first algorithm that searches within a

small specific part of the data differently for each requested input.

This comes after analyzing the sorted data itself and calculating

its relating key and range values only once. Then, using the key,

range and requested number, it defines the considered search

data part. While it can use any of the sophisticated search

algorithms to implement on small part of the data, it always

stays the superior among them. As one of the typical test results

shows, the proposed algorithm has about 75% less average-case

time complexity and 40% less execution time than those in the

traditional Binary Search Algorithm.

Index Terms—Maximum-Speed Search Algorithm, Best Search

Algorithm, Fastest Search Algorithm, Searching in Sorted Data

I. INTRODUCTION

The vast increase in the amount of the data recorded every
day and the need to retrieve fast and useful information from
them makes queries and search operations a critical issue.
Although sorting, indexing and hashing organizes the data for
faster search responses, the so far provided solutions are not
fully considering the data to be searched in, rather than the
data to be searched for. The aim of this work is to propose an
new algorithm, with real consideration to both data, for having
the maximum possible speed of search responses named as
maximum-speed search algorithm (MSSA).

Sorted data is the point that MSSA start with as the most
of other, to MSSA, traditional search algorithms. According
to Knuth [1], the need of getting quick responses for search
requests that are issued repeatedly on conventional data leads
us to sort it for performing fast and effective searches later.
In other words, rather than implementing the naive sequential
search algorithm, different effective search algorithms can be
applied for future search requests once the data is sorted.

The following is a brief historical overview of some of these
effective search algorithms. Each of them has introduced some
advantages while had to trade off others.

A. Binary Search Algorithm

The idea behind Binary Search Algorithm (BSA) is to
shorten the range of the data to be searched in by half every
time it checks the existence of the search data. This can
be done by comparing it, in each iteration, with the middle
element of the current considered search range. Although BSA
was firstly introduced by Mauchly in 1946 [2], the uniform and
well-known BSA was presented by Knuth 1971.

B. Data-Considering Search Algorithm

As one of the first algorithms which uses the requested
search data to find the block or part of data that may exist in,
Interpolation Search Algorithm (ISA) was first described by
Peterson in 1957 [3]. This algorithm has a high performance
when the data is uniformly distributed and a low one when
the data is exponentially increasing. Simply, it uses the same
methodology of BSA with a change of choosing the search
data relative position of the current sub-data rather than
choosing the middle element of it all the time.

Another algorithm that is useful for unbounded searching is
the Exponential Search Algorithm. This algorithm, created by
Bentley and Yao in 1976, implements BSA on the data range
which is determined by the Exponentially increasing bounds
by power of 2 while the requested search data is larger than
the value that the upper bound is indexing [4].

At the same category, presented by Shneiderman in 1978,
a more simpler method with a moderate performance, is the
Jump Search Algorithm that makes fixed-size jumps to find
the candidate data block and after that applies linear search
for checking existence of the requested data [5].

C. Modified Binary Search Algorithm

As an improvement to BSA Chadha et al. [6] made
the Modified Binary Search Algorithm (MBSA) which
optimizes the worst-case time complexity by preforming extra
comparisons to check the existence of data at the upper and
lower bounds of each iteration. It’s also optimized to break
earlier if the input element was found outside the current
sub array bounds. It is noteworthy that Chadha et al. have
probably inadvertently missed the equality operator of the
while(lowhigh). Without it, MBSA would fail in finding
some existing elements. Particularly, when low and high are
equal and both referring to the matching value index.

The next sections are organized as follows: In section II,
the proposed algorithm working principle is illustrated. As to
section III, it is dedicated to the theoretical and experimental
complexity analysis of MSSA compared with the section I
search algorithms. Finally, in section IV the conclusions and
suggestions are generally referred. The mathematical proof
of the algorithm theory is provided at appendix A.

978-1-5386-7641-7/18$31.00©2018 IEEE
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II. METHODOLOGY

The innovative part of this work is not only by introducing
MSSA or a search methodology; however, it is by calculating
the parameters that MSSA need for implementing a very
range-limited search operations using any appropriate search
algorithm. That job is handled by the Maximum-Speed Search
Key-Calculation Algorithm (MSSKCA) which will analyze the
data to calculate the key and the search range for it only once.
Then we can pass these parameters to MSSA to be applied on
the same data for each search request.

In the next subsections, just to simplify the explanation as
much as possible, the algorithm is explained with a sequential
order of a simple-to-complex state until we reach the final
complete practical form of the algorithm.

A. Algorithm Principle Idea

The idea comes from the issue that BSA always starts
searching from the middle of the data whatever the data is.
However, the data to be searched for may be existed in a
completely different location. Since data are liable to updates
and the data to be searched for is mostly different at every
search request, it is not appropriate to implement the same
search strategy all the time.

For the algorithm, finding the best location to start searching
for a specified number in a vector of sorted numbers is the
essential idea. After that, using BSA or any of the effective
sorted-data search algorithms, only on a very small range of
the vector will do the job.

As an example, if we had the random sorted vector:
X = [...�324,�43, 3, 1034, 1035...], We can say that the best
location to start searching for the number 55 is the index of
number 3 or 1034. Moreover, the best shortest search range for
the number 55 is [3, 1034]. That’s because the search will stop
at the second equivalence test since 55 > 3 and 55 < 1034.
Similarly, we can only execute two test operations for the
numbers inside the range [3...1034] to tell if we found the
number or not. Note that, this conclusion is only related to
the vector X with the previous assumptions.

We can conclude that the count of tests is related to the value
of the searched number and to the vector subjected to this
search. Thus, we can say that the complexity of the algorithm,
using this principle, will be the maximum test count when
implementing search on any number-related range.

Now, how can we define the best location to start the search
with for any input number? and guaranteeing that the provided
search range will be the shortest one for each of them? and
thus, calculating the complexity for this algorithm.

B. The Algorithm in the ideal situation

The best situation the algorithm could face is when the
maximum test count is 1. Thus, as expressed in (1), the worst-
case complexity for a vector of m elements equals to 1.

O(m) = 1; 8 m 2 N (1)

This can be in a very strict condition (ideal constraint) that is
all of the vector values are elements of a series of numbers

result from multiplying their indexes with the first non-zero
positive number of this series, let it be n. Equation (2)
represents the form of these ideal cases.

X[i] = i⇥ n; 8 i 2 Z, n 2 R (2)

As an example:

X1 = [· · · ,�8,�6,�4,�2, 0, 2, 4, 6, 8, · · · ]

X2 = [· · · ,�9,�6,�3, 0, 3, 6, 9, 12, · · · ]

Thus, the best location to start search with for an input
number x is i =

x

n
, which is in this case one-step search,

because from (2) i =
X[i]

n
. As a result, the search algorithm

here, will only consist only of two instruction, i.e., the former
search index calculation and an if condition with the following
form:

if(x = X[i]) then return(i) else return(null)

C. The Algorithm Development

From the previous subsection, we saw that the value n is
the key for the search in its best situation (one test operation),
and for this key, an ideal constraint form can be expressed
instead of (2) as the following:

i  X[i]

n
 i; 8 i 2 Z, n 2 R (3)

So why don’t we extend the search range, let be [i� d, i+ d],
to obtain a valid constraint when X[i] 6= i ⇥ n. By updating
the ideal constraint (3) the real-case constraint will be:

i� d  X[i]

n
 i+ d; 8 i 2 Z, d 2 R+

0 , n 2 R (4)

By this way, we firstly suppose that d = 0 and the key n
equals the first non-zero positive number of the vector and
then we check the validity of the constraint with each element

(number) of the vector with the others as:
X[i]

i
=

X[j]

j
= n.

So, if the equality was valid, we would continue for the rest.
Otherwise, regarding (4), there will be one of two states:

If
X[i]

i
<

X[j]

j
then

X[i]

i� d0
=

X[j]

j + d0
= n0 )

d0 =
i⇥X[j]� j ⇥X[i]

X[i] +X[j]

Else if
X[i]

i
>

X[j]

j
then

X[i]

i+ d0
=

X[j]

j � d0
= n0 )

d0 =
j ⇥X[i]� i⇥X[j]

X[i] +X[j]
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If the new d0 is larger than its former d, we change the value
of d to d0 and calculate the new key n0 and replace the old
key n with it, as can be expressed by the following:

if d0 > d then d = d0 & n = n0

Then we repeat the same using the new calculated criteria
for the next elements. So, the algorithm should test those
constraints for each element with the all other elements of
the vector X .

But what is the guarantee that the new calculated key

which may be n0 =
X[i]

i� d0
or n0 =

X[i]

i+ d0
validates a

previous constraint of a previous element which the previously
calculated key n had validated.

i.e : If (k � d  X[k]

n
 k + d)

(k � d0  X[k]

n0  k + d0) =? True

To show that is true, see the provided appendix A which
contains the theorem and its proof.

D. The Key-Calculation Algorithm Design

From the previous section we saw how to calculate the key
and range for the data as a necessary initial step before starting
any search. Again, this job is handled by MSSKCA. Next is
MSSKCA pseudo code for positive real numbers.

Input: X[] 2 R+ Output: d 2 R+
0 , n 2 R+

1. m = length(X)

2. d = 0

3. n = X(1)

4. for i = 1 to m� 1

5. for j = i+ 1 to m

6. if (X[i]
i < X[j]

j ) then

7. d0 = i⇥X[j]�j⇥X[i]
X[i]+X[j]

8. if (d0 > d) then

9. d = d0

10. n = X[i]
i�d

11. elseif (X[i]
i > X[j]

j )

12. d0 = j⇥X[i]�i⇥X[j]
X[i]+X[j]

13. if (d0 > d) then

14. d = d0

15. n = X[j]
j�d

Other types of data can be processed separately in the
same way with some adjustments to the corresponding search
algorithm. Note that, the first index of the array or table of
data is considered here 1.

E. The Search Algorithm Design

As indicated before, analyzing the sorted data and cal-
culating the relating key and search range values are only
implemented once for the sake of having maximum-speed
search responses. The calculated range enables us to limit
the search upper and lower bounds which are related to the
best possible location to start searching with. This location is,
also in turn, defined by both the calculated data key and the
requested search value. This job is handled by the Maximum-
Speed Search Algorithm (MSSA).

Next is the MSSA’s pseudo code for searching in positive
real numbers. For other types of data, minor adjustments of
considering the type of the requested search number to use the
type-related key and range values would be involved.

Input: X[], x, n 2 R+, d 2 R+
0 Output: i 2 N

1. Start = floor(
x

n
� d)

2. End = ceil(
x

n
+ d)

3. if Start < 1

4. Start = 1

5. elseif End > m

6. End = m

7. while Start  End

8. i = round(
Start+ End

2
)

9. if (x = X(i))

10. return i

11. if x < X(i)

12. End = i� 1

13. else

14. Start = i+ 1

15. return 0

Note that, the traditional BSA is used here for simple demon-
stration of MSSA’s working principle.

Now as we got a limited search range, implementing any
sophisticated search algorithm for sorted numbers on that part
of data will always make MSSA faster than the used search
algorithm itself when applied on the whole data.

For which algorithm is preferred to be used by MSSA, this
is related to the distribution type of the data. For an example,
if the data has a distribution type closer to be uniform, the
best algorithm to be used is the ISA. On the other hand, if
our data is closer to have an exponential increase, the BSA
becomes much faster and reliable.

More important, choosing an algorithm with a fewer number
of instructions inside the search loop is really influential to
overall execution time. In other words, the worst and average
case improvements for some algorithms may be tricky since
their extra instructions lead to a decline in performance which
can be touched when exposed to intensive search requests.
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III. COMPLEXITY ANALYSIS AND TEST

To make a fare judgment on the novel algorithm we need
to compare it’s performance with those in the relatively
traditional search algorithms. Those who do not need a pre-
calculation time to start the search process at all. In particular,
BSA, ISA and MBSA.

The performance criteria used are the time complexity and
execution time. Therefore, the MSSA’s worst-case complexity
is calculated theoretically. Moreover, for all algorithms, it
is calculated experimentally supposing that it represents the
maximum number of the loop iterations needed for finding
each element of the data. Similarly, depending on the iteration
count, average and best case complexity is concluded.

A. Complexity Calculation

Using big-O notation and representing the data size as m,
the worst-case time complexity of the BSA is well-knows as
O(log2(m)). For ISA, it has been shown that the average
number of comparisons is much better than the one in BSA for
uniformly or reasonably distributed data, e.g., a phone book.
In that case, ISA’s performance has a O(log2(log2(m))) time
complexity. In the worst case, ISA may have a linear running
time, i.e., the complexity becomes O(m) [7].

As to MSSA, if BSA is used, the complexity would be:
O(log2(2d)), where d represents half of the search range
which was defined before in (4). According to the data
distribution, that range decreases differently. i.e. The more
uniform the data the shorter the range is.

For implementing searches within that complexity, we need
to execute MSSKCA only once every time data is updated.
The complexity of MSSKCA can be proved to be:

O(m2);m = length(X) (5)

From (5), it can be concluded that the growth order of
MSSKCA’s running time is quadratic since the algorithm has
two nested for-loops used to pass through all unique pairs of
elements. In each pass, specific comparisons are verified for
each element with all other latter elements. Thus, there is no
need to repeat the process for the previously passed elements.
Regarding that, Execution time can be reduced to half, and
the time complexity is calculated very similarly to that of the
bubble sort algorithm, and it is as follows:

cost(n) =⌃m�1
i=1 ⌃m

j=i+1(1) =⌃m�1
i=1 (m� i) =

(m� 1)m� m(m� 1)

2
=

m(m� 1)

2
= O(m2)

Obviously, MSSKCA time complexity class belongs to a
polynomial time algorithms. To an exponential time ones, they
are considered fast and useful in many cases [8].

Practically, the execution time is very accepted for reason-
able sizes of data, and the algorithm can be called whenever
the data is updated. i.e. The impressive increase in the search
performance makes the precalculation step negligible. How-
ever, a lack in the algorithm’s feasibility is exposed when the
data is large and liable to changes more than searches.

B. Experimental Comparison

For a practical view, 4 randomly generated vectors are sorted
with different lengths of 1.000, 10.000, 100.000 and 1.000.000
with a range of randomness equals to 10 times of the length
of each vector. Before sorting, the data only considers the
positive part of a normally distributed random numbers. After
sorting, the concluded data is slightly exponentially growing.
Fig. 1 shows how our data is increasing in a such distribution
that intended to simulate a normal ordinary data.

Fig. 1. The distribution of the generated data

a) Loop Iteration Count: The decrease in iteration counts
by MSSA for average-cases of all vectors is about 75% less
than those in the BSA. As to the worst-case, it’s about 40%
less. Although the best-case counts for MSSA do not form a
consistent ratio of the total data lengths, they are pretty much
worthy compared to those of the traditional algorithms which
occur rarely and especially in element repetition cases.

By comparing the considered search range of MSSA 2d to
the total data length m, we find 2d = m

8 . This ratio can differ,
decreasing or increasing, according to the data distribution
type as explained at III-A. Moreover, the performance can be
increased by implementing the most suitable search algorithm
to that distribution type on the considered range.

Tables I, II and III are showing the iteration counts of the
worst, average and best cases as well as their improvement
ratios, considering the BSA’s iteration counts as a criterion.
All searches are performed by trying to find all elements in the
data for different data sizes using the on probation algorithms.
As to fig. 2, 3 and 4 represent those data visually.

The numbers depict the difference in performance between
all algorithms. Note that, MSSA is implementing ISA on the
considered search part of the data since it is not a high-degree
exponentially growing especially for small ranges.

TABLE I
COMPARING TEST RESULTS OF WORST-CASE

m BSA MBSA Dec ISA Dec MSSA Dec

103 10 9 10% 8 20% 6 40%
104 14 12 14% 12 14% 8 43%
105 17 16 6% 15 12% 10 41%
106 20 19 5% 18 10% 12 40%
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Fig. 2. The maximum iteration counts when trying to find all elements

TABLE II
COMPARING TEST RESULTS OF AVERAGE-CASE

m BSA MBSA Dec ISA Dec MSSA Dec

103 8.93 7.47 16% 4.25 52% 2.58 71%
104 12.28 10.74 13% 6.08 50% 3.18 74%
105 15.61 14.01 10% 7.51 52% 3.47 76%
106 18.87 17.39 8% 9.00 52% 4.34 77%

Fig. 3. The average iteration counts when trying to find all elements

TABLE III
COMPARING TEST RESULTS OF BEST-CASE

m BSA MBSA ISA MSSA

103 1 3 2 125
104 1 3 5 500
105 2 4 3 1274
106 1 3 2 2879

Fig. 4. The sum of cases when data is found in only one iteration.

b) Execution Time: Since the number of check-if-exists
steps executed in each iteration is different from one algorithm
to another, the best probe to compare algorithms performance
is by calculating the execution time of each algorithm. For
having worthy and measurable execution times, all algorithms
are taken under intensive search requests of 106 (one million)
elements for three different data input batches:

1) All input elements are already existed in data.
2) Half of the input elements are already existed in data.
3) Non of the input elements are existed in data.

The results shows that MSSA has indeed better performance
with about 40% less time than other competitive algorithms.
Table IV illustrates that other traditional algorithms fail to
achieve any better performance when compared to BSA’s exe-
cution time. For a clear view of the comparison, corresponding
fig 5 is showing the test results.

TABLE IV
COMPARING THE EXECUTION TIME OF 106 ELEMENTS

Existed BSA MBSA Dec ISA Dec MSSA Dec

1.000.000 0.43 0.46 -9% 0.46 -8% 0.25 41%
500.000 0.45 0.52 -16% 0.51 -13% 0.27 40%

0 0.46 0.53 -14% 0.51 -11% 0.27 41%

Fig. 5. The execution time to search for 106 elements already existed.

The only logical explanation for the negative performance
of ISA and MBSA even if they have a less iteration counts,
is that both algorithms, compared to BSA, executes extra
instructions, comparisons and calculations at each iteration
they pass through their loops.

The execution times provided can vary, increasing or de-
creasing, according to many factors even when tests are
handled at different times on the same computer resources.
However, the ratios provided there are pretty much stable and
the fact that MSSA’s performance is real and not just having
a decrease in the iteration counts is not a subject of debate.

This effectiveness is based on shortening the considered
search data range. Thus, any other preferred algorithm, even if
not discovered yet, can be implemented on that range of data
allowing it to boost search operations and resulting maximum-
speed responses with minimum total execution time needed.
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IV. CONCLUSIONS AND SUGGESTIONS

The principle and motive of MSSA to exist is the same of
those in BSA, i.e., the need for effective fast search responses
on normal data leads to sorting the data and then analyzing it
to calculate it’s key and range values. Those which will be then
used, with the requested search value, to locate the shortened
effective search data part every time a search request issued.

Not to forget, when data is more reliable to change than
queries, the effectiveness of the algorithms becomes low
exactly as any search algorithm depending on sorted data.
Thus, another version of MSSKCA may be introduced has an
almost linear execution time can fix the issue of high liability
of data to updates. Otherwise, the best place to implement
MSSA is on a static or stable big data like searching among
data warehouses or archived data.

More realistic applications of MSSA include dictionaries,
long multi-volume e-books, encyclopedias, published journals,
newspapers and etc ... Whenever characters can be coded to
numbers, keys and ranges can be calculated from strings and
texts. Then the coded data and keys can be saved inside the
format of text file. When it comes to test, MSSA expectedly
overcome all competitive string search algorithms. Based on
the coded data, a new advantages can be provided like finding
all matches in a text file once at the same time.

The application can also be extended to partitioned or
distributed databases like anti-virus databases or malware
scanning software, cloud databases, operating systems file
allocation tables and so on.

More over the algorithm can be used as a machine learning
regression method, by using the calculated data key and range
and considering the requested index as an input to define the
upper and lower expected value bounds. Such data must have
increasing measures and records like global worming statistics
including the planet temperature and the raising levels of ocean
seas to be expected after 20 years later or similar.

APPENDIX A
THE MATHEMATICAL PROOF

To guarantee the successful of the key-calculation algorithm,
we need to ensure that in the next iterations, the change of
range d to d0 resulting the change of the key n to n0, will not
violate any previous conditions which has been validated by
the old range and key.

Theorem 1.

Let : k � d  X[k]

n
 k + d | 1  k < i

i� d0  X[i]

n0  i+ d0 | 0 < d < d0

Then k � d0 <
X[k]

n0 < k + d0

If the new key was n0 =
X[i]

i� d0
)

k � d0 <
X[k]⇥ (i� d0)

X[i]
< k + d0 (6)

Else the new key was n0 =
X[i]

i+ d0
)

k � d0 <
X[k]⇥ (i+ d0)

X[i]
< k + d0 (7)

Proof. The relation between
X[i]

i
&

X[k]

k
may be as:

if
X[i]

i
<

X[k]

k
) n =

X[i]

i� d
=

X[k]

k + d

(calculated previously). Separately from This relation:
X[i]

i� d0
>

X[k]

k + d0
; d0 > d (8)

X[i]

i� d0
<

X[k]

k � d0
; d0 > d (9)

After neatening (8) and (9) and by Putting them together:

k � d0 <
X[k]⇥ (i� d0)

X[i]
< k + d0

Which is the proof of the first state of the theorem (6). Else:

if
X[i]

i
>

X[k]

k
) n =

X[i]

i+ d
=

X[k]

k � d

(also calculated before). Then, separately from This relation:
X[i]

i+ d0
<

X[k]

k � d0
; d0 > d (10)

X[i]

i+ d0
>

X[k]

k + d0
; d0 > d (11)

After neatening (10) and (11) and by Putting them together:

k � d0 <
X[k]⇥ (i+ d0)

X[i]
< k + d0

Resulting the proof of the second state of the theorem (7).
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Computer Engineering Department

Middle East Technical University
Ankara, Turkey

oguztuzun@ceng.metu.edu.tr

Abstract—Dynamically reconfigurable systems are able to re-
spond to changes in their operational environments by reconfigur-
ing themselves automatically. Dynamic software product lines are
dynamically reconfigurable systems with an explicit variability
model that guides the reconfiguration. In this work, feature
models are used as the variability model. An emerging situation
in the environment can lead to some relevant changes to the
current configuration: some features must be activated, and some
must be deactivated. Due to constraint propagation, the status
of other features might need to be changed as well. However,
considering the feature state migration cost, one would like to
mitigate the cost to the greatest extent possible. Furthermore,
the configuration with a proper cost has to be reached in an
acceptable time. In this paper, we devised a set of feature model
heuristics for a constraint satisfaction problem algorithm that
considers the efficiency and the cost of feature state changes to
be applied to the current configuration while confronting the
changes in the environment so that the requirements of the new
situation will be efficiently satisfied with the minimum cost.

Index Terms—feature Model, online reconfiguration, dynamic
algorithm, dynamic software product line, heuristics

I. INTRODUCTION

Software product lines (SPLs) provide practical approaches
for developing a family of similar systems satisfying com-
mon requirements but with some different characteristics for
individual systems [1]. One of the major challenges in SPLs
is coping with the variability, and feature modeling (FM) is a
popular approach used for this purpose [2]. In traditional SPLs,
where a product is supposed to satisfy a static set of require-
ments, selection of features and the corresponding configura-
tion of software components occur before runtime. However,
in the systems that deal with dynamic requirements, which are
called dynamic SPLs (DSPLs) [3], [4], selecting features (and
building the corresponding reconfigurations) must happen at
run time. In DSPLs, the requirements of each situation in the
context can be translated as activation/deactivation of a set of
features in the system’s operational environment, such as the
one defined in the condition-resolution table [5].

Through feature model reconfiguration process, each fea-
ture state change imposes specific cost on the system. For

This work has been supported by TÜBİTAK ARDEB 1001 program, under
the project entitled ”Autonomous Evolution of Product Lines” with grant
number 215E188.

F1
Collision Avoidance System

F2
Intelligent ABS System

F3
Airbag Controller

F4
Autonomous Movement

F5
Speed Limit Controller

F6
Path Director

F7
Speed Adjuster

F8
Image Processing 

Analyzer

F9
Video Processing 

Analyzer

F10
Slow Down

F11
Speed Up
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100
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Fig. 1. The feature model and current configuration of a car Collision
Avoidance System. The mentioned cost of feature activation/deactivation in
this system is the needed time to activate/deactivate the feature in milliseconds

some systems, minimized reconfiguration cost is of great
importance, such as Collision Avoidance Systems (CASs). For
example, suppose the CAS shown in Figure 1 confronts a con-
dition in its context that requires activation of ”Autonomous
Movement” feature (F1 feature) in its operational environment.
An arbitrary valid reconfiguration by activating features F1,
F6, F8, F9, F7 and F11 and deactivating feature F5 demands 3
seconds cost. However, this cost could be reduced to 2 seconds
by a activating features F1, F5, F8, F7, F10 and F2, which
performs with 33% less cost than the arbitrary reconfiguration.
By effectively finding an optimal solution in such systems, the
runtime situations can be handled properly as a result.

In this paper, to effectively reach an optimal solution of
dynamic reconfigurations in DSPLs with feature model as the
system’s variability model, we propose utilizing the basic idea
of solution reuse Dynamic Constraint Satisfaction Problem
(DCSP) algorithms [6], [7] as well as the special structure
of feature model constraint networks and feature model con-
straints along with the branch and prune technique which is the
main technique used in Constraint Satisfaction Optimization
Problem (CSOP) algorithms [8].

Remainder of this paper is organized as follows. We model
the DSPL reconfiguration problem in the form of a Dynamic
CSP (DCSP) in section II, and discuss about the related work
in sections III. Then, in section IV we propose our algorithmic

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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approach to reach an optimal reconfiguration solution of
DSPLs with the feature model as their variability model.
Some characteristics of the feature model CSPs, and heuristics
corresponding to them to efficiently perform the algorithm will
be presented in section V. we present the results of executing
the previous algorithmic approach and our algorithm with and
without feature model heuristics on different feature models
in section VI. Finally, we provide our conclusion and future
topics of interests in sections VII.

II. PROBLEM DEFINITION

The problem we are trying to consider in this paper is
regarding a DSPL having a valid configuration with FM
as its variability model. This system receives a new set of
requirements from the context to activate/deactivate some of
its features [5]. To satisfy the requirements, the system can
be reconfigured to different valid configurations. However,
considering state migration cost of features, it is intended to
efficiently find a configuration that imposes the least cost on
the system.

Since every FM can be mapped to a constraint network [9],
we can describe the problem of searching an optimal solution
of feature model reconfiguration in the form of constraint
satisfaction problems (CSPs). In this case, a CSP where all
of its variables are assigned with values from their domains
and all of the constraints are satisfied by the values of the
variables receives a request to change the values of some of
the variables and maintain the values of some of others. There
might be different solutions for the CSP satisfying the new
requirements, however, considering the cost of changing the
variable values, it is intended to efficiently find a CSP solution
that needs the minimum cost (optimal solution).

A constraint satisfaction problem (CSP) can be defined as
a 3-tuple (V, D, C), where V is the sequence of variables, D
is the sequence of domains of the variables in V, and C is the
set of constraints among the variables in V. If by assigning
values to the CSP variables from their respective domains, all
of the constraints become satisfied, then that CSP is called
consistent, otherwise we call it inconsistent. While mapping
a basic FM to its corresponding CSP, every feature will be
mapped to a variable where the domains of the variables
are Boolean (activated feature as True or ’1’ and deactivated
ones as False or ’0’), and the feature model relations will be
mapped to constraints among variables. The feature states will
specify the values of the variables, and the validity of a feature
model configuration can be specified by the consistency of its
corresponding CSP. In the case of DSPL reconfiguration, we
encounter a CSP where all of its variables are assigned with
values from their domain, and all of the constraints are satisfied
by the values of variables. We refer to this initialized CSP as
ICSP with 4-tuples (V, D, d, C), where V, D and C are the same
CSP parameters representing variables, the variable domains
and constraints respectively, and d refers to the sequence of
assigned values to the corresponding variables in V.

Using MoRE process [10], every change in the operational
environment can be translated as a request R, which is defined

by two tuples (V
R

, d

R

), where V

R

represents a sequence
of variables subsequence of V that are required to be as-
signed with specific values, and d

R

represents the sequence
of requested values corresponding to these variables. For the
sequence of variables V, shown in equation 1, each request
can be defined as shown in equation 2 where m 6 n, and the
sequence of current values corresponding to V

R

is represented
with d

C

as shown in equation 3.

V = (v1, v2, · · · , vn). (1)

R = ((v
R1 , vR2 , · · · , vRm), (d

R1, dR2, · · · , dRm

)). (2)

d

C

= (d
c1 , dc2 , · · · , dcm). (3)

Reconfiguration request R requires assigning the value of
every v

Ri , which is currently d

ci , to d

R

i

for each i 2
{1, 2, · · · ,m}, along with satisfying all of the constraints in
C. Every request is assumed to require changing the value of
at least one variable. There can be no valid reconfiguration
solution or multiple valid solutions for a request in a system.
Every solution, if there is one, such as S for a request R and
an ICSP, maintains the value of some of the variables and
changes the others. Therefore, knowing the current values of
all variables, each solution S can be defined with two tuples
(V

S

, d

S

) specifying only the needed changes that must be
imposed on the ICSP, as shown in equation 4, where k 6 n.

S = (V
S

, d

S

) = ((v
S1 , vS2 , · · · , vSk), (dS1, dS2, · · · , dSk

)).
(4)

Here V

S

represents the variables subsequence of V that
must be changed, and d

S

represents the sequence of new
values corresponding to V

S

. The idea is that by applying
the changes specified by a solution, for a request and an
ICSP, and maintaining the values of other ICSP variables, the
requirements of the request and the ICSP constraints will be
satisfied. Having the feature’s state migration cost, the cost
of every solution S, represented by |S|, would be defined as
the summation of all costs of feature state changes imposed by
the reconfiguration solution S. Supposing the cost of changing
the value of each v

Si to d

Si in solution S as cost

Si , the cost
of applying the solution S is shown in equation 5. Among
different solutions, a solution is defined as optimum (or best)
where there is no other solution with less cost than that
solution. Thus, for a request R and an ICSP, a solution would
be preferable as a best solution which have the minimum value
for the formula shown in equation equation 5.

Reconfiguration Cost =
kX

i=1

cost

Si . (5)

For extended feature models, the cost of selecting a property
value and suspending another property can be considered
separately in the total cost of the system’s reconfiguration.

III. RELATED WORK

SAT solvers are commonly used to perform feature model
analysis in SPLs. However, they are not applicable to optimiza-
tion problems. For optimization purposes, max-sat solvers are
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used for weighted SAT problems [11]. In these problems, each
preposition in DIMACS format has its own weight, and the
solution is intended to minimize/maximize the overall weight
of the prepositions. However, because in our problem the cost
is related to the features’ state, the problem cannot be mapped
to the relevant DIMACS format and be solved by weighted
SAT solvers. For the same reason, weighted CSP solvers
are not applicable as well [12]. Feature model optimization
problems are commonly mapped to CSOPs and solved by the
relevant solvers. In CSOP algorithms [8], however, assigning
values to the variables starts from the scratch, which degrades
the efficiency of solution finding process. This issue can be
healed by adding solution-reuse local change techniques of
DCSP algorithms [7] to a CSOP algorithm, which is proposed
in this paper.

Sawyer et al. [13] proposed using goal-modeling techniques
in DSPLs. They used VariaMos tool [14] to solve the mapped
CSP and reconfigure to a valid configuration by context
changes. VariaMos is a tool for product line driven systems
with a constraint based approach. It only solves a CSP and is
not capable of optimizing any criterion. Using our approach, it
can be extended to support efficient dynamic reconfiguration
while optimizing QoS, reconfiguration time, or other costs
concerned with the system designers.

Rosenmuller et al. [15] provided a feature-base approach
for self-configuration and runtime adaptation. The needed
configuration changes are calculated by FeatureAce, a run-
time adaptation framework they provide, using a SAT solver.
Typical SAT solvers are not applicable to extended feature
models and cannot be used for optimization purposes. Thus,
as their future work, they mentioned using CSP solvers to
optimize the reconfiguration proposed by FeatureAce based on
different criteria. FeatureAce can be improved by utilizing our
algorithm and feature model heuristics, which would enhance
the efficiency of feature model validation or solution finding
process regarding optimization issues.

Sanchez et al. [16] proposed an approach for adaptation of
systems based on specification, measurement and optimization
of feature model quality attribute properties. For optimization
problems, they used Configuration Selection Algorithm, called
CSA [17]. In the evaluation section of that work [17], features
except the leaf features are assumed to have no effect on
optimizing a specific criterion, which can be an oversimplifi-
cation of the real problem. Moreover, the proposed heuristics
would put an extra burden on the system if the system
grows repetitively. By each system evolution, the previously
calculated heuristic values regarding a branch of features must
be recalculated. In addition, although the heuristics might be
beneficial in estimating the branches leading to an optimal
solution in some conditions, CSA has essentially the same
approach with the CSOP algorithm. Both CSA and CSOP
algorithms start with some nodes that are not associated with
values, and the aim is to assign values to them while satisfying
the existing constraints and optimizing a criterion from scratch.
However, as it is shown in section VI, the efficiency of the
dynamic approach that is proposed in this work is far better

than the CSOP algorithm.
In order to capture the context dependencies by SPLs,

extending attributed FMs with Validity Formulas (VFs) is sug-
gested by Mauro et al. [18]. In this approach, the constraints
imposed by context are defined in the VFs of each feature,
and valid configurations in each context can only include the
activated features that their VF is valid in that context. They
proposed HyVarRec (Hybrid Valid Reconfiguration Engine)
for this purpose. By each change in the context, the VF
of some of the activated features can be invalid, and the
system will try to reconfigure to a valid configuration as a
result. Finding a valid configuration is performed by mapping
the problem to a CSP and solving it. Since they intend
to find a valid configuration that is similar to the current
configuration, they used CSOP algorithms to optimize the
changes. HyValRec can also be improved by utilizing the
algorithm and the feature model heuristics proposed in this
work to reach to a valid configuration efficiently.

IV. DYNAMIC CONSTRAINT SATISFACTION OPTIMIZATION
ALGORITHM

To make use of the specialty of feature model constraint net-
work and feature model constraints, we need a CSP algorithm
to define the heuristics based on that. The commonly used
algorithm for such problems is the CSOP algorithm [8] that
uses the branch and prune technique. However, because this
algorithm starts solving the CSP by assigning the values to the
variables from the scratch while confronting each request, the
performance of the algorithm can be degraded sharply in some
cases. On the other hand, although not used for optimization
purposes, solution reuse DCSP algorithms fits dynamic CSPs
more by utilizing the current state of the variables in the
constraint network as much as possible while approaching a
new solution.

The performance of feature model reconfiguration will
be improved by using the basic technique of both CSOP
algorithm and solution reuse DCSP algorithms, which we
call it Dynamic Constraint Satisfaction Optimization Problem
(DCSOP) algorithm. The idea is to remain the current values
of the variables as much as possible in the constraint network
(because changes are costly). In this approach, similar to the
DCSP algorithm of Verfaillie et al. [7], a solution will be
searched by using the current values of variables as much as
possible, considering not to violate the request’s requirements.
After finding one solution, if there is any, the cost of that
solution will be calculated. Then, the algorithm by using
the branch and prune technique traverses the other branches
(CSOP algorithm [8]), to find a solution with less cost than the
previously found solution. At the end, the last found solution
is an optimal CSP solution for the received request.

In this work, we call a constraint and a variable directly
related if in the definition of that constraint the possible values
of that variable takes a role and has the potential to directly
change that constraint’s satisfactory state. For example, in
the feature model relation ”A excludes B”, the corresponding
constraint definition would be ”¬(A ^ B)”. We say this
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constraint and the variables A and B are directly related to
each other.

In our algorithm, distribution of values starts from a specific
state, called solving start state (SS) in this work, which is
defined with 4-tuples (C

u

, V

f

, V

x

, Cost

x

). Here, C
u

represents
the set of possibly unsatisfied constraints in the ICSP. V

f

repre-
sents the set of variables whose values are already fixedly and
not allowed to be changes through the value distribution in the
constraint network. V

x

represents the variables subsequence
of V

f

such that their values were changed through value
distribution in the constraint network, and Cost

x

represents
the total cost of those changes in the system.

In Procedure 1 and Procedure 2, some notations are used
that are defined as follows.

• ICSP[d (V=X)] : the sequence of variable values corre-
sponding the sequence of variables X in the ICSP.

• ICSP[C (V=X)] : the set of unsatisfied constraints in the
ICSP, where each constraint is directly related to at least
one variable in the sequence of variables X.

• ICSP[V (C=Z)] : the sequence of variables in the ICSP,
subsequence of V, such that each variable is directly
related to at least one constraint in the set of constraints
Z.

• A [
V

B: for two sequences A and B which are subse-
quences of V, A [

V

B is a subsequence of V and includes
all members of A and B (For example if V=(1,2,3,4,5),
A=(1,2,4) and B=(2,5), then A [

V

B is (1,2,4,5)).
FindConfiguration procedure (Procedure 1) first applies the

request on the ICSP. Then, it determines the changed variables
and the constraints directly related to them. By distributing the
values and satisfying the newly violated constraints one by
one by Solve procedure (Procedure 2), some other constraints
might become unsatisfied in turn and so on. The variable
value propagation is intended to be continued in the ICSP
with the aim of reaching a point where no constraint is
unsatisfied anymore. Since all of the constraints are satisfied at
the beginning of the solution finding process, variables with
the changed values are the only points that can make some
constraints of the constraint network unsatisfied. Thus, by
considering all of the possibly unsatisfied constraints for each
change in the ICSP and trying to satisfy them by assigning
possible values, the algorithm will discover if there is a case
that all of the constraints are satisfied.

In some cases, distribution of values leads to a point that
all of the constraints in the ICSP are satisfied. This is the
point of reaching a solution (Procedure 2 lines 25 and 26).
However, satisfying a constraint by assigning one of the
possible values to its directly related variables and distributing
its effects in the ICSP can yield a point that the ICSP cannot
be satisfied anymore. In such a case, the algorithm realizes
that the distribution of variables has not approached to a
solution. As a result, the algorithm backtracks and tries to
satisfy the unsatisfied constraints by assigning other values
to their directly related variables, if possible. Similarly, this
backtracking approach will be continued either to reach a
solution (updating V

S

and d

S

) or to conclude that there is no

solution at the end. In the case of no solution, the algorithm
terminates where the solution (V

S

, d
S

) is empty.

After finding the first solution, the Solve procedure will
continue to find a solution that imposes the minimum cost.
Thus, after finding the first solution, it will try to satisfy
the unsatisfied constraints by assigning other values to their
directly related variables. In other words, for each set of pos-
sible variable values, the Solve procedure will distribute those
values, aiming to reach a solution with a less cost than the
previously found one. Therefore, for each traversing branch,
the lower bond cost of any possible solution in that branch will
be calculated and compared to the cost of previously saved
solution. If the calculated cost is higher than the previously
found solution, the new branch will not be traversed anymore,
and the Solve procedure will continue to search solutions in
other branches, if there is any. On the other hand, if searching
in a new branch leads to a solution with a less cost than
the previous one, the new solution will be replaced with the
previous one, as the best solution up to that point. The same
process will happen for the next solutions, and at the end the
saved solution will be the solution with the least cost.

Procedure 1 FindConfiguration
Input: Consistent ICSP (V, D, d, C), and request R (V

R

, d

R

)
Output: Either an optimum solution S (V

S

, d

S

), or fail
Global Shared Variables: S (V

S

, d
S

), Cost

S

1: procedure FINDCONFIGURATION(ICSP, R)
2: V

S

, d

S

, V

changed

, d

first

 empty
3: Cost

S

 0
4: for i := 1 to |V

R

| do
5: if d

R

[i] 6= ICSP[d(V = V

R

[i]] then
6: add V

R

[i] to the end of V
changed

7: add ICSP[d(V = V

R

[i]] to the end of d
first

8: ICSP[d(V = V

R

[i]] d

R

[i]
9: end if

10: end for
11: C

u

 ICSP[C(V = V

changed

)]
12: if C

u

is empty then
13: (V

S

, d

S

) (V
changed

, ICSP[d(V = V

changed

])
14: ICSP[d(V = V

changed

)] d

first

15: Cost

S

 total cost of V
changed

16: return (V
S

, d
S

)
17: end if
18: SS  (C

u

, V

R

, V

changed

, total cost of V
changed

)
19: SOLVE(ICSP, SS)
20: ICSP[d(V = V

changed

)] d

first

21: if |V
S

|=0 then
22: return fail

23: else
24: return (V

S

, d
S

)
25: end if
26: end procedure
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Procedure 2 Solve
Input: Inconsistent ICSP (V , D, d, C), and solving start state

SS (C
u

, V

f

, V

x

, Cost

x

)
Ensure: Updating S (V

S

, d
S

) by finding a new solution for
the ICSP starting from the SS, either when no solution is
found before or when the new solution has less cost than
the found one

Global Shared Variable: S (V
S

, d
S

), Cost

S

1: procedure SOLVE(ICSP, SS)
2: c1  an arbitrary member of C

u

3: CS

rest

 member(s) of C
u

other than c1

4: if c1 is satisfied then
5: if CS

rest

is empty then
6: V

S

 V

x

7: d

S

 ICSP[d(V = V

x

)]
8: else
9: SS2  (CS

rest

, V

f

, V

x

, Cost

x

)
10: SOLVE(ICSP, SS2)
11: end if
12: else
13: V

rel

 ICSP[V (C = c1)] - V
f

14: d

rel

 ICSP[d(V = V

rel

)]
15: Sat

All

 values for V
rel

satisfying c1

16: for each sequence such as Sat

S

from Sat

All

do
17: assign SatS to ICSP[d(V = V

rel

)] and save
the changed variables of ICSP as V

changed

and their totally
imposed cost as Cost

new

18: if (|V
S

|=0) OR (|Cost

x

|+
|Cost

new

|<|Cost

S

|) then
19: V

fAll

 V

f

[
V

V

rel

20: V

xAll

 V

changed

[
V

V

x

21: CS

new

 ICSP[C(V = V

changed

)]
22: CS

All

 CS

rest

[ CS

new

23: Cost

All

 Cost

x

+ Cost

new

24: if CS

All

is empty then
25: V

S

 V

xAll

26: d

S

 ICSP[d(V = V

xAll

)]
27: Cost

S

 Cost

All

28: else
29: SS2  (CS

All

, V

fAll

, V

xAll

, Cost

All

)
30: SOLVE(ICSP, SS2)
31: end if
32: end if
33: ICSP[d(V = V

rel

)] d

rel

34: end for
35: end if
36: end procedure

V. FEATURE MODEL HEURISTICS

Our algorithm is proposed to be applied to the CSP
corresponding to the feature model of a DSPL and finds
the reconfiguration solutions confronting the changes in the
operational environment. By utilizing the characteristics of
the feature model constraints and constraint networks, the
efficiency of the DCSOP algorithm can be improved while
searching an optimal solution.

In this section we use some concepts for feature model
diagrams similar to the ones in graph theory. By eliminating
the Require and Exclude relations from feature model diagram,
we will have a tree structure, the feature representation as
nodes and the relation representations as edges among the
nodes. In this tree structure, we call the feature that has not
any parent feature as the root feature and the features that
have not any child as leaves. Similarly, We define height of a
feature as the length of the longest downward path to a leaf
from that feature (root with the longest height and leaves with
the height zero).

A. Restricting distribution of values

Each basic feature model relation can be mapped to a
logical expression in the constraint network [9], [19]. However,
following the exact definition of feature model constraints can
lead to traverse the branches that are unnecessary. Using the
fact that the cost of changing the value of one variable is less
than changing the value of that variable and another variable,
some branches in finding an optimal solution in CSP of a FM
can be discarded to traverse confronting an unsatisfied OR
feature model constraint (V1 _V2 _ · · ·_Vn

), A as follows:
• If the OR constraint gets unsatisfied by assigning 1 to A,

the branches including assigning 1 to only one of the
V

i

variables (1  i  n) are needed to be traversed
(activating more than on V

i

can be happened by for
example satisfying another FM constraint in the CSP that
needs that activation, but in this step to satisfy the OR
constraint, traversing the branches including activating
more than one V

i

are unnecessary in finding the CSP’s
optimal solution).

• If the OR constraint gets unsatisfied by assigning 0 to
a V

i

, one needed branch to traverse includes assigning
all of the OR variables to 0. The others are traversing
branches including assigning 1 to A and 1 to only one of
the V

j

(V
i

6= V

j

) variables.
• If the OR constraint gets unsatisfied by assigning 1 to a

V

i

, the only branch to traverse includes assigning 1 to A.

B. Satisfaction priority of constraints

Among a set of unsatisfied feature model constraints, mark-
ing higher satisfaction priority for the constraints Mandatory,
Optional, Require and Exclude rather than Alternative and OR,
can enhance the efficiency of the DCSOP algorithm. In each
of the feature model constraints Mandatory, Optional, Require
and Exclude, whenever the constraint is violated by changing
the value of one of its variables, there is only one way that
makes that constraint satisfied and it is changing the value
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of the other variable. However, a violated Alternative or OR
constraint can be satisfied in multiple ways. Thus, among a set
of unsatisfied constraints, by giving satisfaction priority to FM
constraints other than Alternative and OR ones and satisfying
them earlier, the domain of these constraints’ variables can be
limited earlier, and as a result, determining to stop traversing
some of the branches can be clarified earlier as well. Therefore,
the algorithm will converge to the possible solutions more
efficiently.

C. OR and Alternative constraints satisfaction

Each of the unsatisfied OR and Alternative constraints can
be satisfied with different assignments to their variables. By
doing each assignment and distributing the effects in the
constraint network, different sets of feature value changes can
be needed at the following steps. The question here is how
to satisfy an Alternative or OR constraint to have a fewer
number of changes in the following steps by distributing the
values. Value distribution toward leaf features related to fewer
unsatisfied Require and Exclude constraints would be one
solution.

In an unsatisfied OR or Alternative constraint such as C
where A is the parent of features {V1, V2, · · · , Vn

}, when
some assignments to satisfy the constraint include changing
the value of A and some include keeping the value of A,
the assignments that keep the value of A would be preferable
to be checked first. The idea is that in feature modeling,
the features with higher heights are more abstract features
and changing their state would have broader influence on the
configuration of the system. In addition, while distributing
the values downward, first traversing the branches that reach
the leaves earlier can enhance the efficiency too. The aim of
orienting value distribution direction toward the leaves is to
stop value distribution at these points. By this orientation, the
value distribution will be ended in leaves if the leaves are not
directly related to any Require and Exclude constraints. Re-
quire and Exclude constraints have the potential to propagate
the distribution of values from each feature in the system to
another one, maybe to the high abstract features. Therefore,
approaching the leaves with fewer unsatisfied Require and
Exclude constraints, can improve the efficiency as well.

While satisfying the constraint C, to orient the value distri-
bution toward the leaves, the average height of the child(s) of
non-leaf variables {V1, V2, · · · , Vn

} can be used as a criterion
about how deep the values can go downward. Therefore,
among the variables {V1, V2, · · · , Vn

}, the ones that are leaves
have the highest priority to be changed, and after them the
ones with lower average child(s) height has the next priorities
in order.

VI. EXPERIMENTS

To compare our algorithm and the heuristics with the
commonly used CSOP algorithm, the performance of all of
the approaches are monitored while applying them on different
feature models. For the purposes of experiments, we generated
4 random feature models and 10 random reconfiguration

requests including different features for each model [20].
In the experiments, the first requests are sent to the initial
systems, where all features are deactivated, and then the results
of executing the algorithms are monitored. After that, we
reconfigure the system to another configuration (proposed by
DCSOP algorithm with heuristics), and go for the next request
and so on. The algorithms are implemented in Java, and the
experiments are conducted on a notebook computer that has
an Intel(R) Core(TM) Due T9550 CPU and 4.00 GB RAM.

We executed the algorithms on four feature models includ-
ing 60, 80, 100, and 120 features, receiving reconfiguration
requests including 3, 5, 7, and 9 features respectively [20].
Mainly, we wanted to measure the necessary time to reach an
optimal solution in the constraint network by each algorithm.
This criterion shows how fast the reconfiguration with the least
cost can be reached in the DSPLs. On the other hand, the
real systems may not have time to find an optimal solution
to reconfigure. Therefore, in practice, a solution between the
first and an optimal solution can be used for reconfiguration.
Thus, we measured the first solution quality and the time
to reach it as an algorithm performance criterion to cover
such cases. To measure the quality of the first solution found
by the algorithms, we consider the extra cost of the first
solution regarding an optimal solution cost, using the formula
in equation 6.

Extra cost of first solution = first solution cost�optimal solution cost
optimal solution cost ⇥ 100

(6)
According to Table I, the commonly used CSOP algorithm,

reaches an optimal reconfiguration solution in over 3.5 seconds
on average. However, this time is reduced more than 85% on
average by using the DCSOP algorithm. In addition, using
the feature model heuristics for the DCSOP algorithm reaches
an optimal solution finding time to about 64 milliseconds on
average, which is more than 95% reduction in time regarding
the CSOP algorithm. These results show how using the current
state of the system and the feature model heuristics can
improve the performance of finding an optimal reconfiguration
solution in DSPLs.

The time for reaching a first solution and its quality is also
observed in our experiments, shown in Table I. The CSOP
algorithm reaches the first reconfiguration solution on average
in about 265 micro seconds which imposes 164% more cost
with respect to an optimal reconfiguration solution. However,
DCSOP algorithm greatly reduces this time, where it imposes
averagely 76% more cost regarding to an optimal solution.
It shows how the DCSP algorithms can improve both the
reaching time to the first solution and the quality of the
first solution. In addition, using feature model heuristics on
the DCSOP algorithm results in imposing only 20% more
cost on average in the first solution regarding an optimal
solution. It shows applying feature model heuristics can also
be very beneficial in reaching a high quality first solution but
with negligible more time than the base DCSOP algorithm
(resultant of calculating heuristics).
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TABLE I
THE AVERAGE RESULTS OF EXECUTING ALGORITHMS ON THE SAMPLE FEATURE MODELS [20]

Sample Feature model
Extra Cost of First Solution

on Average (%)
First Solution Time

on Average (µs)
Optimal Solution Time

on Average (ms)
CSOP DCSOP DCSOP and FM Heuristics CSOP DCSOP DCSOP and FM Heuristics CSOP DCSOP DCSOP and FM Heuristics

60 features and 40 relations 172 79 27 12.09 1.83 6.74 523.3 13.9 11.8
80 features and 47 relations 200 121 31 604.92 0.43 2.35 3624.4 14.2 5.1

100 features and 65 relations 155 73 17 370.36 0.64 1.21 1476.8 112.4 12.1
120 features and 69 relations 130 32 7 72.75 0.27 4.12 over 9000 1851.5 228.5

Average 164 76 20 265.03 0.79 3.60 over 3500 498.0 64.37

VII. CONCLUSION

In this work, to efficiently reach an optimal solution in
feature model reconfigurations, we proposed a Dynamic Con-
straint Satisfaction Optimization Problem algorithm. Our algo-
rithm uses the local change idea of the DCSP solution reuse
algorithm proposed by Verfaillie et al. [7] along with branch
and prune technique mentioned in CSOP algorithms [8]. This
algorithm is devised by considering system evolution as a main
concern. It can be utilized when the DSPL system grows and
the set of features and/or constraints changes gradually. We
mentioned some characteristics of feature models when they
are mapped to a CSP and proposed some heuristics related
to searching optimal solutions in the CSPs corresponding
to feature models. The proposed algorithm can be used for
extended feature models and complex constraints as well.

Although our heuristics are only tailored for feature models,
there are other several approaches reported in the literature for
variability modeling. Finding heuristics regarding the CSPs
obtained from other variability modeling approaches would
be beneficial as well. For instance, goal-modeling is one of
the approaches used for modeling an SPL and its context.
Translations from other approaches such as goal-modeling [13]
to feature modeling in order to benefit from the results of this
work would be another topic of interest as future work.
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Abstract—This paper describes the forecasting of the accidents

and incidents by modelling the fault conditions that are hard to

be predicted and forms stochastic processes in railways. As it

is seen, the root causes of the occurrence of the accidents and

incidents in railways are technical faults, organizational faults,

staff faults, third party faults and the other faults and some

parameters affecting these faults holidays, seasonal effects etc.

The system model was set with above faults and causes (input)

and accidents and incidents (output). And true values of the

accidents and incidents were compared with the predicted values

by using Artificial Neural Networks - ANN, Gaussian Processes

- GP and Instance-Based Learning Algorithms IBk. The results,

which were obtained in this article, are a guide due to the absence

of any studies about the prediction of the accidents caused by

the faults.

Keywords—Railways, Safety Stochastic Processes, Faults, Ac-

cidents and Incidents, Artificial Neural Networks, Gaussian Pro-

cesses, Instance-Based Learning Algorithms

I. INTRODUCTION

Technological innovations and developments deeply affect
the transport and social lifestyles. Life and transport possi-
bilities were limited in the narrow area but now it gives a
place the regional even global travels with these innovations
and developments. In addition, global competition and working
conditions, the time and cost factors are no longer critical
factors to work effectively for the companies.

The importance and speed of the freight and passenger
transportations between long distances are increasing day by
day because of the rising up the relations and communications
between countries. In addition to this, the increase in the
welfare levels of the people causes continuous differentiation
on passengers’ safety and comfort demands. Besides, the
passengers and freights must be carried faster, safer, more
economical and more environment friendly because they are

important conditions of competition for the transportation and
logistics activities.

Long-term investments and innovations in railway sector
ensure the fulfilment of global competition requirements and
so that aims to improve the image and the market share
of the transportation and logistics activities of the railway
sector. As a consequence, railway lines’ capacity utilization
rate and the speed of the trains were increased significantly.
Traffic density in railway lines and the average speed of the
trains has increased significantly in recent years. Besides,
the headway between trains that is important for safety has
decreased considerably. All this leads to increase the faults
and to raise big risks [1]. In Turkey railways, accustomed
speeds have increased significantly due to commissioning of
High Speed Train (HST). 120 km/h speeds were the upper
limit for the Turkey railways in the past but now the upper
limit is 300 km/h with the HST. Conventional safety approach
that is based on the past experience and cultural structures is
not enough for the rising speed limits and traffic density.

Prevent the loss of the usual safe travel image of the
railways and to be kept the risks within certain limits, new
safety strategies and methods are needed. For this purpose,
the hazards and risks that are caused by the faults must
be reduced to minimum. In this study, Adana-İskenderun-
Gaziantep rail line (475.27 km) within the boundaries of
TCDD VI. Regional Directorate took into consideration and a
database was created by using the data received from Turkish
State Railways (TCDD) Traffic Operation records and true
values of the accidents and incidents were compared with
the predicted values by using Artificial Neural Networks -
ANN, Gaussian Processes - GP and Instance-Based Learning
Algorithms IBk.
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Fig. 1. Swiss cheese model of accident causation [2]

II. SAFETY CONCEPT AND CREATED SAFETY MODEL

Organizations that is formed by the combination of differ-
ent disciplines and therefore continuation of many different
processes such as railways, have complex system structure
including accidents and incidents caused by various faults. In
system approach defences and barriers like (alarms, double
checks etc.) occupy a key position. The function of these
defences and barriers is to protect potential victims from local
hazards. Mostly they do this very effectively, but there are
always weaknesses. According to Reason [2], the difference
defence layers can in fact be seen as slices of Swiss cheese
due to they having many holes. The presence of holes in
any one slice (i.e. defence layer) does not normally cause a
bad outcome. Usually this can happen only when the holes
in many layers momentarily line up to permit a trajectory of
accident opportunity bringing hazards into damaging contact
with victims [3].

The holes in the defences arise for two reasons: active
failures and latent conditions. Nearly all events involve a
combination of these two sets of factors. Active failures are
the unsafe acts done by people who are in direct contact
with the system (e.g. slips, lapses, mistakes and procedural
violations). These active failures have a direct and usually
short-lived impact on the integrity of the defences. Latent
conditions on the other hand, are the inevitable. They arise
from decisions made by designers, builders, procedure writers,
and top-level management. Latent conditions have two kinds
of adverse effect: they can transform into conditions caused
the errors within the local workplace (e.g. time pressure,
understaffing, inadequate equipment, fatigue and inexperience)
and they can create long-lasting holes or weaknesses in the
defences (untrustworthy alarms and indicators, unworkable
procedures, design and construction deficiencies etc.). Latent
conditions may lie dominant within the system for many years
before they combine with active failures and local triggers to
create an accident probability [2, 4].

When traffic operation records kept by TCDD VI. Regional
Directorate for Adana-İskenderun-Gaziantep are examined, As
it is seen, the root causes of the occurrence of the accidents and
incidents in railways are technical faults, organizational faults,
staff faults, third party faults and the other faults and some
parameters affecting these faults holidays, seasonal effects etc.
Technical faults, organizational faults, staff faults and third
party faults observed in the records can be likened to the holes
of system barriers in the Swiss Cheese model. Therefore, based
on this information a system model can be set with above faults
and causes (input) and accidents and incidents (output).

TABLE I. NUMBER AND RATE OF FAULTS

Occurrence Tech. Organize Staff Third-Party Other TOTAL
Number 507 254 349 375 4 1489

% 34.05 17.06 23.44 25.18 0.27 100

A. Faults and Causes (Inputs)

When the data between the dates 01.01.2007 31.12.2013
are analysed, encountered faults are classified as follows [5];

Broken axle, the change on rail distance, failure of inter-
locking system, catenary wire break, and train brake system
failure etc. electrical, mechanical and structural failures are
evaluated as technical faults category.

Untrained staffs, lack/inaccuracy of procedures,
information-communication problems, and management
priorities etc. faults are evaluated as organizational faults
category.

Excessive self-confidence of staff, negligent behaviours,
lack of attention, bad habits, lack of culture etc. faults are
evaluated as staff faults category. Third parties’ negligent
behaviours, lack of attention etc. faults are evaluated as third
parties faults category. Except these faults, the other faults are
evaluated as other faults category. Holidays (start and end of
school, religious holidays, and public holidays) and seasonal
factor etc. affecting the frequency of occurrence of the faults
are accepted as inputs in the created model.

Table I shows the number of occurrences and rates of the
faults between the above-mentioned dates;

B. Accidents and Incidents (Outputs)

When the data between the dates 01.01.2007 31.12.2013
are analysed, as it is seen that the railway accidents are col-
lision, person hit by train, derailment, level crossing accident,
shunting accident and fallings from the trains and the railway
incidents are encountering of trains, fire, theft, attack, stone-
throwing, running wagons, railway line closure and the other
types [5].

The total of the above-mentioned types of accidents and
incidents in order to generate meaningful data set are taken as
the output of the system model.

Table II shows the number of occurrences and rates of the
accidents and incidents between the above-mentioned dates;

C. Determination of Training and Test Data

The all data between 01.01.2007 31.12.2013 (2562 days)
are analyzed and in question data were evaluated on a weekly
basis. There are 366 weeks in time spans in question. For each
week, 10 columns were used (technical faults, organizational
faults, staff faults, third party faults, other faults, school
holidays, religious holidays, public holidays, accidents and
incidents with the seasonal factor) and so in total 3660 data
were used.

313 weeks’ data between 01.01.2007 30.12.2012 are
defined as the training data in created model. Training data
used in Figure 2 is shown; 53 week’s data between 31.12.2012
31.12.2013 were defined as test data because it was considered
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TABLE II. NUMBER AND RATE OF ACCIDENTS/INCIDENTS

Accident/Incident Type Number %
Train Collision 6 0.65

Person Hit By Train 101 11.01
Derailment 283 30.86

LX Accident 110 12.00
Shunting Accident 28 3.05

Fallings From Trains 18 1.96
Encountering of Trains 1 0.11

Fire 15 1.64
Theft 11 1.20
Attack 15 1.64

Stone-Throwing 32 3.49
Running Wagons 11 1.20

Railway Line Closure 251 27.37
Other 35 3.82
Total 917 100

Fig. 2. Training Data

that Monday is the first day of the week and 31.12.2012 day
is Monday. Test data used in Figure 3 are shown; As a result,
the 85.52 % training data were used and the remainders 14.48
% were used in test.

III. METHODS

A. Artificial Neural Networks (ANN)

Artificial Neural Networks (ANN) are defined as a sys-
tem that contains interconnected neural cells (neurons) and
generates an output by processing input data simultaneously
in parallel according to the weight functions. It was created
with inspiration of biological nervous system’s information
processing path such as brain and so the system is an informa-
tion processing series. The widely used algorithm for artificial
neural networks is ”Feed-Forward Back Propagation” [6].

Feed-Forward Back Propagation involves three different
units that input layer, hidden layer and output layer. The nerve

Fig. 3. Test Data

cells located in the hidden layer and input - output units are
connected to each other reciprocally with the cluster weight.
The amount of cells and type of bindings can be changed.

The mentioned algorithm has two steps. To create output
data signals in the feed forward stage, the observed data
spreads to the cells. In the back propagation stage, the observed
data and the estimated data compare continuously and as a
result of this process the weights are calculated. This process is
repeated several times during the specified number of iterations
[7].

Many various studies about prediction with the Artificial
Neural Networks have been made e.g., disease diagnosis [8],
time series prediction, tourism demand forecasting, electricity
consumption demand forecasting, sales balance sheet forecast-
ing, temperature forecasting, financial forecasts, wind speed
estimates, the number of allergens bacteria in the atmosphere
estimates [9-12].

To create ANN architecture WEKA 3.6 Multi Layer Per-
ceptron [13] software was used. ANN architecture has been
created with one input layer, the number of optimal 9 artificial
neural cells in one hidden layer and one output layer. Learning
rate optimal 0.3 and momentum optimal 0.2 were taken in
optimal 1000 training iterations. Created ANN architecture is
shown in Fig. 4.

The logarithmic sigmoid transfer function as shown in
Fig.5 was selected as transfer function. To calculate the
weights, the mean of the square of errors (MSE) between
observations (y) and predictions (d) was used. These functions
are shown in the following equation and n is the number of
neural cell used;

MSE =
1

n

nX

i=1

(y
i

� d

i

)2 (1)

942

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Fig. 4. ANN architecture

Fig. 5. Logarithmic Sigmoid Transfer Function

B. Gaussian Processes (GP)

After the article of Rumelhart, Hinton and Williams pub-
lished 1986 about supervised learning on neural networks,
the fluctuations in experimental modeling of high-dimensional
data relations using non-linear parametric models such as
multi-layer sensors and radial basis functions occurred. In
the Bayesian interpretations of these modeling methods, it
is assumed that the function of y(x), that is non-linear and
represented by w parameters, forms the basis of xn

, t

n

n=1 data
and the compliance of the model with the data corresponds to
the deduction of the datas function. The set of input vector
X

N

= x

(n)
n=1 and the corresponding target values set can

be represented by the vector of t

N

= t

n

n=1. The deduction
of y(x) is described by the distribution of posterior probability
[14].

P (y(x)|t
N

, X

N

) =
P (t

N

|y(x), X
N

)P (y(x))

P (t
N

, X

N

)
(2)

The first term of the two terms on the right side,
P (y(x)|t

N

, X

N

), is the probability of the target values given
the function y(x), that can completely be separable Gaussian

distribution in the case of regression problems. The second
term P(y(x)), is the prior distribution on functions accepted
by the model. The prior distribution is exactly the choice of
the regulatory used in the model adaptation and the choice of
the parametric model. The prior distribution usually indicates
that y(x) is continuous and smooth and also y(x) has less
high frequency power than low frequency power but the
precise meaning of the prior distribution is becoming quite
incomprehensible to the use of parametric model.

Now, the only thing that is important to estimate the future
values of t is projected P(y(x)) and projected noise model the
parametrization of the function of y(x,w) is not at stake. The
idea of a Gaussian process model, without being expressed
by parameters y(x), is that a priority P(y(x)) is directly placed
into function space. The simplest method of prioritization over
functions is called Gaussian Process. It can be considered as
a generalization of the Gaussian distribution from finite vector
space to infinite dimensional functions. Just like defining as
Gauss distribution’s covariance and mean, and a Gauss process
is also defined as its covariance function and the mean. Here
describing the expected covariance C(x,x’) function, that is
between the average of x function (that will often be taken as
zero function) and y function’s value on x and x’ points, is
a covariance. In a data modelling problem, the main function
of y(x) is assumed as a simple example from the Gaussian
distribution. Gaussian processes are already well-established
patterns for variety spatial and temporal problems (Ripley
1991) For example; Brown motion, Langevin processes and
all of Wiener processes are the example of Gaussian processes.
Kalman filters also comply with the Gaussian models. ”Kring-
ing” method used in Geographical statistics is also Gaussian
process regression method.

To create a GP architecture WEKA 3.6 Gaussian Processes
software [13] was used. RBF kernel was selected for the core
by normalizing the data and the coefficient of optimal 1 was
used as noise.

C. Instance-Based Learning Algorithms (IBk)

The primary output of IBk algorithms is a concept descrip-
tion. This is a function that matches the categories with the
samples (instances): given a sample taken from the sample
space, it provides a classification that is the estimated value
for the attributes of this sample’s category.

A sample-based concept description contains some infor-
mation regarding accumulated sample set and its past per-
formance during classification (for example; the estimated
number of correct or incorrect classification). These samples
set can change after processing of each sample of learning.
However, IBk algorithms do not generate the extensional
concept descriptions. Instead, the concept descriptions deter-
mine how IBk algorithms’ selected similarity and classification
functions use the current stored sample set. These functions are
two of three components that describe all IBk algorithms in
the following frame;

• Similarity function: This function calculates the sim-
ilarity between training sample (i) and the samples
of concept description. The similarities are numerical
values.
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TABLE III. NUMBER AND RATE OF FAULTS

CD  ↵ * CD = Concept Description
for each x 2 Training Set do

1. for each y 2 CD do

Sim[y]  Similarity(x,y) 2 ymax  some y 2 CD with maximal Sim[y]
3. if class(x) = class(ymax)
then classification correct
else classification incorrect

4 CD  CD [ {x}

• Classification function: This function takes the results
of similarity function and the classification perfor-
mance records in the concept description. It provides
a classification for i.

• Concept description updater: This decides which sam-
ples will be included in the concept description and
maintains on classification performance records. The
inputs that includes i, similarity results, classification
results and a current concept description. This pro-
vides a modified concept description.

The similarity and classification functions determine how
stored sample set is used in the concept description to esti-
mate value for the category attribute. Therefore, IBk concept
descriptions not only contain just sample set but also include
these two functions.

IBk algorithms assume that similar samples have simi-
lar classifications. This situation causes local errors in the
classification of new samples according to the most similar
neighbours’ classification. IBk algorithms also assume that
qualifications have the equal compatibility for classification
decisions (for example; to have equal weight in the similarity
function). This error is obtained by normalizing of each
qualification’s possible values set.

IBk algorithms are different from most other learning
methods; they don’t constitute distinct abstractions as decision
trees or rules. Most learning algorithms derive generalizations
from the presented samples and subsequently they use simple
matching procedures to classify the presented samples. This
incorporates the purpose of generalization at presentation time.
IBk algorithms show less performance at presentation time that
does not accumulate obvious generalizations. However, their
workload is higher when presented with subsequent samples
for classification, at which time they compute the similarities
of their saved samples with the newly presented sample. This
situation makes IBk algorithms necessity, to accumulate strict
generalizations in the concept descriptions that need major
upgrade costs to calculate prediction errors, unnecessary [15].

1) IBk Algorithms: IBk algorithm described in Table III is
the simplest sample-based learning algorithm. The Similarity
function, whose samples are depicted by n attributes, is as
follows;

Similarity(x, y) =

vuut
nX

i=1

f(x
i

, y

i

) (3)

For the numerical valued attributes f(x
i

, y

i

) = (x
i

y

i

)2 is
defined and for the Boolean and symbolic valued attributes
f(x

i

, y

i

) = (x
i

y

i

) is defined. It is assumed that the values of

Fig. 6. Training Prediction Results

the missing attribute have the maximum difference with the
current value. If both values are also the missing, f(x

i

, y

i

) is
assumed to be in one. IBk, except normalization among its
attributes, is the same algorithm with the nearest neighbour.
IBk processes the samples progressively and has a simple
policy to tolerate the losses.

To create a IBk architecture WEKA 3.6 IBk software [13]
was used. K was selected as the nearest neighbour value KNN
optimal 1. Any distance weighting have not been conducted
and LinearNNSearch was used as the nearest neighbour search
algorithm. Besides, MSE function was also used.

IV. NUMERICAL RESULTS AND DISCUSSION

The generated data sets respectively by using Artificial
Neural Networks, Gaussian Processes and Instance-Based
Learning Algorithms in the WEKA 3.6 [13] software are
processed. Firstly the training has been done for each method
and after test data have been used. The training and test results
are shown on the same graph using the software MATLAB
R2013b [16] to make more objective assessment. The training
prediction results and training faults are shown respectively in
Figure 6 and Figure 7 for the data set;

The logarithmic sigmoid transfer function as shown in
Fig.5 was selected as transfer function.

The logarithmic sigmoid transfer function as shown in
Fig.5 was selected as transfer function. The assessments of the
success between the predicted values and the realized values,
the following performance evaluation criteria were used [17];

• Corrected correlation coefficient (R2
adj ): R

2
adj

value gets the value 0-1 range. If the result were close
to 1, it would assess as good.

• Mean absolute error (MAE): The result is assessed as
good if the MAE value was close to 0.

• Root mean square error (RMS): The result is assessed
as good if the RMS value was close to 0.
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Fig. 7. Training Faults

Fig. 8. Test Prediction Results

Training and test prediction results are given comparatively
in the Table IV below; Different methods are used to access
information in data mining. There are many algorithms for
these methods. Several studies have been made which one is
superior, and in these studies different results were obtained.
The most important reason is that the processing performance
is dependent on using data source, pre-processing performed
on the data and the choice of algorithm parameters. It is natural
that the studies made by different people, on different data

TABLE IV. TRAINING AND TEST PREDICTION RESULTS

Training Test
R

2
adj MAE RMS R

2
adj MAE RMS

ANN 0.9885 0.4685 0.5222 0.9870 0.4433 0.5169
GP 0.9666 0.4509 0.6491 0.9687 0.386 0.54
IBk 0.9995 0.0106 0.073 0.8387 0.5638 0.9052

Fig. 9. Test Faults

sources and with different parameters result in different results.
The performance/success evaluation criteria mentioned above
sometimes fail to find which method is the most successful.
Therefore, when evaluating the success of the model, it is also
necessary to examine the error rate, precision, sensitivity and
F-measure criteria [18]. The success of the model according to
the criteria is associated with the number of sample assigned
to correct class and the number of sample assigned to wrong
class.

A. Model Performance Criteria

The performance information achieved in the test result can
be expressed by complexity matrix. In the complexity matrix,
the rows refer the actual numbers belonging to the samples in
the test set, and the columns refer the estimation of the model.
However, to make compatible the complexity matrix with the
model, firstly error tolerance must be determined. Therefore,
firstly the test results obtained for each method are classified
into four classes as follows;

• Error value less than 0.5 in the positive direction -
True Positive (TP)

• Error value less than 0.5 in the negative direction -
True Negative (TN)

• Error value bigger than 0.5 in the positive direction -
False Positive (FP)

• Error value bigger than 0.5 in the negative direction -
False Negative (FN)

Accordingly, the complexity matrix of Artificial Neural Net-
works that was created according to the test results sees Table
V below; As you can see there are a total of 53 test prediction
results placed in the matrix. The number of 37 prediction
results in the positive direction less than 0,5 (TP), the number
of 2 test prediction results in the negative direction less than
0,5 (TN), the number of 14 prediction results in the positive
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TABLE V. ANN COMPLEXITY MATRIX

NO (Prediction) YES (Prediction)
NO (Actual) TP=37 FN=0
YES (Actual) FP=14 TN=2

TABLE VI. GP COMPLEXITY MATRIX

NO (Prediction) YES (Prediction)
NO (Actual) TP=16 FN=5
YES (Actual) FP=6 TN=26

TABLE VII. IBK COMPLEXITY MATRIX

NO (Prediction) YES (Prediction)
NO (Actual) TP=27 FN=15
YES (Actual) FP=7 TN=4

direction bigger than 0,5 (FP) and the number of 0 prediction
result in the negative direction bigger than 0,5 (FN).

Similarly, the complexity matrix that was created according
to the test results of Gaussian Processes sees Table VI below;
As you can see in the complexity matrix, the number of
16 prediction results in the positive direction less than 0,5
(TP), the number of 26 test prediction results in the negative
direction less than 0,5 (TN), the number of 6 prediction results
in the positive direction bigger than 0,5 (FP) and the number
of 5 prediction results in the negative direction bigger than 0,5
(FN).

Similarly, the complexity matrix that was created according
to the test results of Instance-Based Learning Algorithms sees
Table VII below;

As you can see in the complexity matrix, the number of
27 prediction results in the positive direction less than 0,5
(TP), the number of 4 test prediction results in the negative
direction less than 0,5 (TN), the number of 7 prediction results
in the positive direction bigger than 0,5 (FP) and the number
of 15 prediction results in the negative direction bigger than
0,5 (FN).

1) Accuracy Error Rate:: The most popular and simplest
method used to measure the success of the model is the
accuracy rate of the model. This is the ratio of the correct
classified number of sample (TP +TN) to the total sample
number (TP+TN+FP+FN). The error rate is 1s complement
of that value. In other words, this is the ratio of the incorrect
classified sample number (FP+FN) to the total sample number
(TP+TN+FP+FN) [18].

Accuracy =
TP + TN

TP + FP + TN + FN

(4)

Accuracy =
FP + FN

TP + FP + TN + FN

(5)

2) Precision:: Precision is the ratio of the correct classi-
fication predicted True Positive sample number to the correct
classification predicted all sample [18].

Precision =
TP

TP + FP

(6)

TABLE VIII. TRAINING AND TEST PREDICTION RESULTS

Accuracy Precision Sensitivity F-Measure
ANN 0.7358 0.7255 1.000 0.8409
GP 0.7924 0.7272 0.7619 0.7441
IBk 0.5849 0.7941 0.6429 0.7105

3) Sensitivity:: That is the ratio of the correct classification
predicted True Positive sample number to total of the correct
classification predicted True Positive sample number and the
incorrect classification predicted False Negative sample num-
ber [18].

Sensitivity =
TP

TP + FN

(7)

4) F-Measure:: Precision and sensitivity criteria are not
sufficient to achieve a meaningful comparison of results alone.
Evaluation of both criteria together gives more accurate results.
For this, F-Measure has been defined. F-measure is the har-
monic mean of precision and sensitivity [18].

F �Measure = 2⇥ Sensitivity ⇥ Precision

Sensitivity + Precision

(8)

Model performance measures calculated with each method and
the values are given in Table VIII ;

V. CONCLUSION

When we look at the first results, ANN method, R

2
adj

value is the highest and RMS value is the smallest, is in the
first row. GP method, MAE value is the smallest, is in the
second row. And IBk method whose results drop behind is in
the last row.

When the results compared according to the accuracy
criteria, GP is in the first row, ANN is in the second row
and IBk method is in the last row.

When the results compared according to the precision
criteria, IBk is in the first row, GP is in the second row and
ANN method is in the last row. However, if the precision
criteria alone reviewed, the evaluation can bring to wrong
results. This measure should be dealt with the sensitivity
criteria.

When the results compared according to the sensitivity
criteria, ANN is in the first row, GP is in the second row and
IBk method is in the last row. As can be seen, precision and
sensitivity criteria demonstrated by opposite order with each
other.

To evaluate the precision and sensitivity criteria together,
when the results compared according to the F-measure that is
the harmonic mean of them, ANN is in the first row, GP is in
the second row and IBk method is in the last row.

As a result, according to the comparison result; ANN
method was found to be more successful than other algorithms.

Railways have gained importance in recent years in Turkey.
Identification of hazards, such as in this work in order to
protect against hazards encountered in railways should be done
in detail and the reasons for these hazards should be classified
clearly. At the end of this identification and classification
process, in the future with a correctly created model faults,
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accidents and incidents can be predicted. Thanks to this study
that has high percentage of success, before the occurrence of
accidents and incidents, it seems to be able to prevent these
hazards with a proactive approach.

There are no studies in the literature related to the pre-
diction of accidents and incidents caused by faults. From this
perspective, this study is the first of its kind in the world.
Besides, Overlapping the predictions at high rates with the
real data shows that the model set up correctly. It is planned
in the future that similar models such as in this study will
be created for every regions and sub-regions and a prediction
software creates by using Turkish State Railways (TCDD)
Traffic Operation records to predict accidents and incidents
before they happen.
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Abstract—The time mismatch error is the most important and 
most influential error in the time-alternate parallel acquisition 
system. To solve this problem, a method based on segmented 
cubic Hermite interpolation is proposed to compensate for the 
time mismatch error between channels. The method mainly uses 
the time mismatch error to calculate the coefficients of the 
piecewise cubic Hermite interpolating polynomial, then uses the 
coefficient as the tap coefficient of the FIR filter and processes 
the collected data. This method can reduce the amount of 
calculation and is suitable for real-time implementation. The 
experimental results show that the correction technique 
effectively reduces the spurious and improves the system's 
spurious-free dynamic range. 

Keywords—digital correction, Time mismatch errorr, FIR filter, 
Segmented Cubic Hermite interpolation. 

I. INTRODUCTION 

The demand for high-speed analog-to-digital converters is 
increasing. The parallel architecture of ADCs (analog-to-digital 
converters) is one of the solutions to achieve high sampling 
rates[1], This architecture is a sampling system[2] using M 
parallel ADCs (Time-Interleaved ADCs (TIADCs)) running in 
a circular manner, and the sampling rate is increased by M 
times. However, the main problem of this kind of parallel 
acquisition structure is mismatch error between multiple 
sampling channels, which mainly includes gain error, offset 
error, and time error. [3-4]. TIADC is very sensitive to 
mismatches between parallel channels, where small deviations 
can cause severe degradation of overall TIADC performance 
[5,6]. Therefore, matching the interleaving channel with high 
accuracy is very important for high resolution. 

This paper presents a time mismatch error compensation 
method based on piecewise cubic Hermite interpolation. The 
proposed compensation scheme detects the time error from the 
sampled data by using a least-squares estimation method. The 
time error obtained is used to calculate the tap coefficients of a 
compensation filter based on a piecewise cubic Hermite 
interpolation. A low-computation, low-complexity structure of 
a compensation filter in the form of a finite impulse response 
(FIR) filter is derived, which is suitable for real-time 
implementation. 

II. TIME MISMATCH ERROR ANALYSIS IN TIADCS

The sampling frequency of TIADCs is sf , the analog input
signal is transmitted to M sub-ADCs in parallel, the sampling 
frequency of each sub-ADC is s /f M , and the corresponding

sampling phase is 1 2, ,..., M   , among which the phase of 
the adjacent sub-ADC channel sampling clock is different by 
2 / M . At the data output side, the digital output of each 
ADC channel is recombined by a multiplexer and the digital 
output data [ ]y n  with a sampling rate of sf is obtained. As
shown in Fig.1. 

Clock Distribution

Sub ADC1

Sub ADC2

Sub ADCM

delay △t1

delay △t2

delay △tm

x(t)
MUX y(n)

Figure 1. Time Interleaved System Block Diagram 

Time mismatch error is the mismatch error that has the 
greatest impact on system performance in time-alternate 
parallel sampling systems. Generally, refers to the static 
mismatch error, which refers to the clock skew caused by the 
different sample clock path delays of the sub-ADCs. The static 
mismatch error is the unique error of the time-parallel 
alternating sampling system. A schematic diagram of the static 
mismatch error between sub-sampling channels is shown in 
Fig.2. Due to the presence of the time mismatch error, the 
sampling clock interval of the equivalent high-speed sampling 
clock is not T, that is, the sampling timing of one or more 
channels is not an ideal value, resulting in non-uniform 
sampling. T indicates the sampling period. mr  is the sampling 
time error of the mth sampling channel, which is given as a 
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fraction of the sampling period T. Assuming that the mth actual 
sampling instant is mt , given by 

m mt =(m - 1)T + r T                               (1) 

Where mr  represents the sampling time error of the mth 
channel, m is the channel number, and T represents the 
sampling period. As shown in Fig.2, the sampling time error is 
the period of M, so we have 

m m+Mr = r                                      (2) 

r1T T+r2T (m-1)T+rmT2T+r3T

T

2T

mT

x(t)

t

Ideal sampling time
Actual sampling time

 
Figure 2. Non-uniform sampling diagram 

III. TIME ERROR COMPENSATION MODULE 

A. working principle 
The time error compensation module consists of a time 

mismatch error measurement module, a segmented cubic 
Hermite interpolation module, and a FIR IP core module. First, 
the time mismatch error is measured by a sine fitting method. 
Then, the FIR filter coefficients are calculated by the method of 
segmented cubic Hermite interpolation, and then the tap 
coefficients are written into the FIR IP core to process the 
collected data. Fig.3 shows the time error compensation 
module model. 

FIR module

B-spline
 Interpolation

Time mismatch error 
measurement module

s(n)y(n)

rmT

Time error 
compensation module

coefficient Enable 
signal

 
Figure 3. Time error compensation module model 

B. Implementation of The Tine Error Compensation Module 
According to the above principles, this article uses the FIR 

IP core in the Virtex-6 FPGA family and controls the enable 
signal to update the filter coefficients in real time. When the 
time mismatch error changes, the controller generates the 

enable signal and calls the error measurement module. Measure 
the time error. 

1) Time mismatch error measurement 
Sample-time error can be estimated blindly by comparing 

the statistical information of the digital output between the 
mismatched sub-ADC channels and the reference sub-ADC 
channel. However, reliable blind estimation needs a large data 
sample size and computational cost [4‒5]. In the experiment 
sample-time errors are extracted by the sine-fitting method[6] 
for simplicity and lowest resource utilizations. The average 
value of the measuring results, which is tested at different 
frequencies through multiple tests, is used to calculate the 
compensation coefficients. Firstly, a sine wave with a 
frequency of inf  is applied to the TIADCs. And then, the 
output samples of each channel are fitted by sine wave function 
of 0 0cos(2 ) sin(2 )n n n nx A f t Bn f t = +  by using the 
least square criterion. The sample-time errors are calculated by 
computing the relative difference between the sub-ADC 
channels, which are given by 

1 1 1

1

[tan ( ) tan ( )]/ 2 ( 1)m
m in

m

B Br T f m T
A A

− −= − − +     (3) 

Where mr T  is the sample-time error of channel m, 1A  and 

1B  are the estimated parameters of the reference channel, 

while mA  and mB  are estimated parameters of the mismatched 
channel. 

2) Hermite polynomial coefficient calculation 
In general, we assume that the sampled data are 

( 1t , 1y ),( 2t , 2y ),…,( nt , ny ), and the segmented cubic 
Hermite interpolation polynomial is constructed by a basis 
function and can be expressed as: 

i 1 1

1 1 1
' '

( ) ( ) ( )

        ( ) ( ), [ , ]
i i i i

i i i i i i

A t y t y t

y t y t t t t

 

 
− −

− − +

= +

+ + 
    (4) 

The sampling data iy  corresponding to sampling time is it ,   
'
iy  is the first derivative of iy , 1( )i t − , ( )i t , 1( )i t −   

and ( )i t  are basis functions, all are cubic polynomials, 
Hermite interpolation function satisfies the following condition 
[9] 

i 1 1 1

i

1 1 1i

i

' ' '

' ' '

( ) ( ) , 1,2,..., ,
( ) ( ) , 1,2,..., ,

( ) ( ) , 1,2,..., ,

( ) ( ) . 1,2,..., .

i i i

i i i

i i i

i i i

A t f t y i n
A t f t y i n

A t f t y i n

A t f t y i n

− − −

− − −

= = =
= = =

= = =

= = =

        () 

Where i
' ( )A t  is the first derivative of i ( )A t , and a 

derivative of   on both sides of (4) is obtained 
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i

'
1 1

1 11

' '

' ' ' '

( ) ( ) ( )

        ( ) ( ), [ , ]

i ii i

i i i ii i

A t y t y t

y t y t t t t

 

 

− −

− +−

= +

+ + 

     (6) 

Substituting 4n+4 cubic polynomials of (5) into (4) and (6), 
we can be given separately for Hermite polynomial coefficients 

1 1 1 11 1

1 1

1 1 1 1 11

1 1

' ' ' '

' ' ' '

( ) 1, ( ) 0, ( ) 0, ( ) 0

( ) 0, ( ) 1, ( ) 0, ( ) 0

( ) 0, ( ) 0, ( ) 1, ( ) 0

( ) 0, ( ) 0, ( ) 1, ( ) 1

i i i i ii i i

i i i i ii i i

i i i i i ii i

i i i i ii i i

t t t t

t t t t

t t t t

t t t t

   

   

   

   

− − − −− −

− −

− − − − −−

− −

= = = =

= = = =

= = = =

= = = =

 (7)   

Where '( )i t  is the first derivative of ( )i t , ' ( )
i

t  is 

the first derivative of ( )
i

t , By (7) we can solve the basis 

function concretely as follows 

21
1

21

2
1 12

2
12

( ) (1 2 )( )

( ) (1 2 )( )

1( ) ( )( )

1( ) ( )( )

i i
i

i i

i i
i

i i

i i i
i

i i i
i

t t t tt

t t t tt

t t t t t

t t t t t


 


 







−
−

−

− −

−

− −
= +

− −
= −

= − −

= − −

               (8) 

Where 1i i it t −= − , Substituting (8) into (4) we can get 

a segmented cubic Hermite interpolation polynomial on the 
interval 1[ , ]i it t +  

2
1

13

2
1

3

2
1

12

2
1

2

'

'

[ 2( )]( )( )

[ 2( )]( )        

( )( )        

( )( )        

i i i
i i

i

i i i
i

i

i i
i

i

i i
i

i

t t t tA t y

t t t t y

t t t t y

t t t t y











−
−

−

−
−

−

+ − −
=

− − −
+

− −
+

− −
+

                 (9) 

Assuming a two-channel sampling system, where the 
number of channels is M=2 and the channel 1 is reference 
channel, then 1 0r = , the time mismatch error of channel 2 is 

2r , and 2 0r  , when the input sampling points are 

( 10, y ),( 2 2+ ,s sT r T y ),( 32 ,sT y ), the channel 2 Hermite 
interpolation polynomial at the ideal sampling time is 

2 2
2 1 23 3

2 2

1 22 2
2 2

' '

3 -1( )
(1 ) (1+ )

          
(1 ) (1 )

s

s s

r rA T y y
r r

T Ty y
r r

+
= +

+

+ +
+ +

            (10)                              

From the above equation, we can see that after 
determining the sampling frequency, the coefficients of the 
interpolation polynomial are mainly determined by the time 
mismatch error mr . We define the polynomial coefficient as 

,m gh (m=2, g=1, 2, 3, 4) 

2 2
2,1 2,23 3

2 2

2,3 2,42 2
2 2

3 -1
(1 ) (1+ )

(1 ) (1 )
s s

r rh h
r r

T Th h
r r

+
= =

+

= =
+ +

，

，

                 (11) 

Where m is the sub-ADC channel number. Representing 

,m gh  as a vector form 

1 1,1 1,2 1,3 1,4

2 2,1 2,2 2,3 2,4

[ , , , ]

[ , , , ]

T

T

H h h h h

H h h h h

=

=
                  (12) 

Where, 1H  and 2H  are the interpolation coefficients 
of channel 1, 2 respectively. The generalization of the 
generalized expression of the segmented cubic Hermite 
interpolation polynomial for the M-channel 

m( ) , 1,2,..., , 1,2,3...,T
i i mA t Y H m M i= = =   (13) 

Where mA  is the compensation output, iY  is the input 

vector to be compensated, and mH  is the segmented 
cubic Hermite interpolation coefficient vector. Equation 
(13) can be expressed as a FIR filter structure, as shown in 
Fig.4. 

Hm

1[ ]kMy t +

dy
dt

ir

( )A iT

2[ ]kMy t +

[ ]kM My t +
1

'[ ]kMy t +

2
'[ ]kMy t +

'[ ]kM My t +

1A

2A

MA

MUX
 

Figure 4．Compensation filter structure 

3) FIR filter module 
The FIR filter module is mainly implemented by the 

Virtex-6 FPGA series FIR IP core provided by Xilinx. By 
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calling the IP core and enabling the signal control, the FIR 
filter tap coefficient can be updated in real time [8]. After 
entering the module, due to the characteristics of the module 
itself, the filtering result will be obtained after a delay of a 
certain time. This will have an impact in some acquisition 
systems with high real-time requirements, but it will not affect 
the compensation effect. 

IV. TEST 

A. Test Platform. 
As shown in Fig 5, the test system consists of an external 

input signal source, a time mismatch error compensation 
module, and a data storage device. 

Time error 
compensation 

module

PC

Data recording 
device

Signal source

Clock source

0.1-2GHz

4G

Fiber1

Fiber2

 
Figure 5. Test system of time mismatch error compensation 

module 

Table I. Test instruments and uses 

Category The purpose in the system 

Signal source Generate a 0.1-2GHz single-point 
frequency measured signal 

Clock source Generate a 4GHz sampling clock 

Channel number 4 channels 

Data recording 
device Data record 

PC Simulate master control to send 
commands 

Table I shows the function of each part of the system. At 
different input signal frequencies, the external input signal 
source delivers the required excitation signal to the data 
compensation module to allow the system to operate normally. 
The compensated data is output to the data storage device 
through the optical fiber for storage and data files. Through the 
analysis of the data file, we can determine whether the 
compensation module is valid. In order to ensure that the phase 
between the external input signals does not affect the test 
results, it is necessary to ensure that the external input signal 
sources are coherent. 

B. Test Results 
1） Segmented cubic Hermite  filter compensation effect 

During the test, the sampling rate is 4GSPS and the data 
sample is fixed at 8KB, Fig.6 shows a sinusoidal signal with an 
input signal frequency of 400 MHz. Without interpolation 
compensation, the time mismatch error amplitude is 51.88dB. 
Fig.7 shows that the mismatch error is attenuated to 67.8dB 
after applying the segmented cubic Hermite interpolation 
method. The horizontal axis represents the normalized 
frequency /N i sf f f= , if  represents the input signal 

frequency, and  sf  represents the sampling signal frequency. 
Comparing the two graphs, we can see that this method 
effectively suppresses spurious frequency spurious peaks 
caused by mismatch error, and the dynamic range of the 
acquisition system is improved by about 18dB on average. 

 
Figure 6. Pre-compensation output signal spectrum 

 
Figure 7. Compensated output signal spectrum 

2） Calibration Performance of Different Frequency Input 
Signals 

In order to verify the compensation performance of the 
input signal at different frequencies, the input signal frequency 
is from 100MHz to 2GHz, the frequency step is 100MHz, and 
its SFDR is calculated and compared with the uncompensated 
signal SFDR. The  results are shown in Fig.9. 
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Figure 8. Interpolation compensation performance at 

different input signal frequencies 

it can be seen that the average SFDR after the 
compensation is increased by about 20dB. As the input signal 
frequency / 2if  gradually approaches, the interpolation 
compensation performance gradually decreases. This is 
because the number of samples taken during each signal period 
during interpolation compensation is reduced, resulting in a 
decrease in the interpolation accuracy, and the performance of 
interpolation compensation is reduced. 

3） Calibration Performance at Different Time mismatch 
error 

At different input frequencies, the compensation effect of 
the Segmented cubic Hermite FIR filter compensation method 
on the mismatch error at different times is shown in Figure 9. 

 

Figure 9. Interference compensation performance under 
different input signal frequencies and different mismatch errors 

The horizontal axis is the time mismatch error mr , and 
different curves correspond to different normalized frequencies 

/N i sf f f= . It can be seen from Fig. 9 that at the fixed input 
signal frequency, the effect of the interpolation compensation 
gradually decreases with the increase of the time mismatch 
error. 

V. CONCLUSION 
This paper analyzes the influence of the time mismatch 

error on the data acquisition system, and proposes a time error 
compensation method for FIR filter based on segmented cubic 
Hermite interpolation. The derivation of the Hermite curve 
function proves the feasibility of this method. And using the 
rich resources of FPGA, this method can be implemented 
without other hardware. The test results show that this method 
can effectively compensate for the time error. The average 
spurious attenuation of the sampling time is 18dB, and the 
spurious-free dynamic range can also be significantly improved. 
The overall performance of the acquisition system is improved. 
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Abstract—Most of image quality assessment methods are

designed for grayscale images on a single domain. Therefore,

they do not sufficiently make use of image color and multi-

domain information that could provide valuable insights on the

human visual mechanisms. In this paper, we propose a new

No-reference Image Quality metric named WG-LAB, based on

extraction of a set of features from distorted images in multiple

domains (i.e., wavelet, and gradient domains) and multiple color

channels (i.e., L, a, and b). Features are then exploited using

Relevance Vector Machine Algorithm (RVM). The predictive

performances of our method have been evaluated and compared

to subjective judgments in terms of correlation, monotonicity and

accuracy using the LIVE image database release 2 (LIVE II). The

predictive performances obtained for our metric show that it has

interesting features when compared to an array of existing full-

reference (FR) and no-reference (NR) metrics on LIVE database.

Index Terms—Kullback Leibler divergence, Local Binary Pat-

tern, Relevance Vector Machine

I. INTRODUCTION

Recently, objective image quality assessment (IQA) metrics
gained a lot of attention as they can automatically predict
the perceived image without the need for humans action.
According to the availability of the information from the
distortion-free reference image, the objective IQA can be
grouped into three main families:
- Full reference (FR) metrics : This type of measurement mea-
sure the quality between an original image and its degraded
version
- Reduced reference (RR) metrics for which a few attributes
(or descriptors) of both the original and the distorted images
are required, and
- No reference (NR) image quality metrics which are the most
attractive because they make it possible to estimate the quality
only from the degraded image.
In the present work, we deal with NR image quality assess-
ment metrics where we develop a new metric for color images
based on features extraction in both wavelet and gradient
domain using the L*a*b color space. The RVM algorithm is
utilized to transform these features to a global quality score

using LIVE II. This paper is organized as follow: in section 2 a
brief review of existing no reference image quality assessment
methods. The proposed method is presented in Section 3.
Experimental results and comparisons to the existing full and
no reference image quality assessment algorithms are given in
section 4 followed by conclusions in section 5.

II. NO-REFERENCE IMAGE QUALITY ASSESSMENT
METRICS

NR image quality assessment techniques usually fall into
two categories: distortion-specific approaches and general-
purpose approaches.

A. Distortion-specific methods

Basically, the assessment is made on the fact that the image
quality is altered by one or many kinds of distortions such
as blockiness [1], ringing [2], blur after compression [3, 4],
noise resulting from image sending. Here, some features of
distorsion-specific methods are presented. The pitfall of this
technique is that is naturally distortion specific and inherently
application specific, whereas the list of factors infecting im-
ages is unlimited and non-static.

B. General-purpose methods

They deal with all kinds of distortions and can be employed
in any occasion. In [5], a no-reference image quality eval-
uation, Blind Image Quality Indices (BIQI) was suggested.
The BIQI is based on natural scene statistics (NSS) and
basically composed of two steps: establishing estimates of the
presence of distortions in a given image, and then examination
of image quality with those distortions. Later BIQI method
has been modified and named Distortion Identification-based
Image Verity and INtegrity Evaluation (DIIVINE) which is
a recent wavelet-based algorithm [6]. It consists of a two-
stage framework: the distorted images are classified into a
distortion class using Support Vector Machine (SVM), and
then support vector regression is used to predict quality
score. BLind Image Integrity Notator using DCT Statistics
(BLIINDS) [7] is another model that works in the Discrete
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Cosine Transform (DCT) domain where an NSS set of features
is calculated from an NSS model of block DCT coefficients
and are used to map the quality to human rating via support
vector regression (SVR) model. Later BLIINDS is extended
to BLIINDS-II [8] using more sophisticated NSS-based DCT
features. In [9], the authors presented a model known as
Blind Reference Image Spatial Quality Evaluator (BRISQUE)
working in the spatial domain. This model does not take
into account distortion specific features, but employs NSS
of local luminance coefficients to quantify potential losses of
naturalness in the image due to the presence of distortions.

III. DESCRIPTION AND ANALYSIS OF THE PROPOSED
METHOD

As the human visual system is the final evaluator of image
quality, we aim to build a new NR metric having a high
consistency with human judgment. Many existing methods
extract features from grayscale image in single domain such
as spatial domain [9], wavelet domain [5, 10], or DCT domain
[7, 8] and do not take into consideration the image color infor-
mation and the multi-domain information in both the spatial
frequency and spatial information which could better capture
human vision properties. To address this concern, we propose
our NR image quality assessment metric by introducing multi-
domain/channel information, we describe the local image
structures from both spatial frequency and spatial domains.
Particularly, the spatial frequency information is extracted in
the wavelet domain using the entropy of each wavelet sub-band
and the inter-sub-band correlation. The spatial information is
captured with the gradient-weighted histogram of local binary
pattern (LBP) calculated on the gradient map [11]. For color
information, a multichannel fusion scheme is developed by
combining the local information from all of the L*a*b color
channels. We use the L*a*b color space since it best represents
the color information perceived by human visual system [12].
Finally, RVM regression is used due to its applicability to
small-sample problems as well as for its generalization ability
to map extracted perceptual features to image quality. The
proposed metric extract features from wavelet and gradient
domain using L*a*b color space that is why we called it WG-
LAB.

A. Color space transformation

The suggested approach starts by transforming an input
RGB image to the L*a*b color space, where a and b are the
chromatic components, and L is the luminance component.

B. Relevant perceptual features

The features used in the proposed model are as follows:
1) Wavelet domain feature: Wavelet decomposition is usu-

ally implemented in a multi-scale steerable pyramid structure
along the horizontal, vertical, and diagonal directions, which
are respectively denoted by HL, LH, and HH. According to
[13], the most significant statistical characteristics for natural
images in the wavelet domain are exponential decay and self-
similarity across all scales. To describe the exponential decay

property, the entropy of each sub-band (HL, LH, and HH) is
employed where each channel of a color image is divided into
L scales. In the current work, L is set to 4. The entropy of a
sub-band in the kth direction and the lth scale is expressed
by equation (1) below:

êk,l = E [�log2P (�k,l )] (1)

where �k,l denotes the wavelet coefficient set in the kth

direction and the lth scale, P (�k,l) = norm(hist(�k,l)) for
1  l  L and k = {1, 2, 3}. The bin number of hist(�k,l) is
set to 800 based on our experimental study. For one channel
of a color image with L scale and 3 sub-band (HL, LH, and
HH) the entropy is given as follow:

êHL = [ê1,1, ê1,2, ..., ê1,L]

êLH = [ê2,1, ê2,2, ..., ê2,L] (2)
êHH = [ê3,1, ê3,2, ..., ê3,L]

where ê = [êHL, êLH , êHH ] and its dimension is 3⇥ L.
Since the distortion is assumed to be present in all color
channels, we extract the entropy in the L, a and b channels of
a color image. Then, the multi-channel entropy feature Ł can
be represented as:

Ê =
h
ÊL, Êa, Êb

i
(3)

As detailed in [13] and for measuring the self-similarity
property, we take into account only the difference of the
frequency distribution across the adjacent scales using the
Kullback-Leibler divergence (KLD) [14]. The neighboring sub
bands KLD between the lth and the (l+ 1)th scale along the
kth direction denoted byd̂k,lis expressed by equation (4):

d̂k,l = EP (�k,l +1)


log2

✓
P (�k,l +1)

P (�k,l )

◆�
(4)

Similar to entropy features, the KLD features in one channel
of a color image with L scale and 3 sub-band are:

d̂HL =
h
d̂1,1, d̂1,2, ..., d̂1,L�1

i

d̂LH =
h
d̂2,1, d̂2,2, ..., d̂2,L�1

i
(5)

d̂HH =
h
d̂3,1, d̂3,2, ..., d̂3,L�1

i

where d̂ =
h
d̂HL, d̂LH , d̂HH

i
is for dimension 3⇥ (L� 1).

For the entire color image transformed in L*a*b color space
the KLD features are as follows:

D̂ =
h
D̂L, D̂a, D̂b

i
(6)

where the dimensions of D̂ increase to 3⇥ 3⇥ 3.
2) Gradient feature domain: Our visual system naturally

figure out shape related information to perceive and interpret
images, to get shape related details of an image, we call
for the popular LBP operator applied on the gradient images
as in [15]. It is noted that the LBP feature only keeps the
relative intensities between the center pixel and its adjacent
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samples, which is too sensitive for some invisible small LBP
differences in the chromatic channels (i.e., a and b). Thus, we
only extract the LBP feature in the luminance channel. Hence,
we compute the gradient magnitudes of a distorted image
defined as the square root of image directional derivatives
along two orthogonal directions by convolving images with
Prewitt filters as follows:

g (i) =
q
(d ⇤ Px)

2 (i) + (d ⇤ Py)
2 (i) (7)

where the symbol ⇤ denotes the linear convolution, d is the
distorted image, g is the gradient magnitudes of image, Px

and Py are Prewitt filters. After that, the LBP in the gradient
magnitude map is calculated from the difference between the
value of the central pixel and its neighbors. The LBP operator
on the gradient magnitude map (GLBP) code at one location
is deduced as

GLBPP ,R =
P�1X

i=0

s (gi � gc) 2
i (8)

gc and gi are the gradient magnitudes at the center location
and its neighbor, R is the radius of the neighborhood, P is
the total number of considered neighbors, and s(t) is a step
function given by:

s(t) =

(
1, t � 0

0, otherwise
(9)

Furthermore, GLBP only encodes the sign of the difference
to represent local pattern and ignores the magnitude of the
difference. To remedy to this shortcoming, the structural and
gradient information are fused into a single representation.
This way, the gradient magnitudes of pixels with the same
GLBP pattern are accumulated to form the gradient-weighted
GLBP histogram as demonstrated by equations (10-11):

hglbp =
NX

i=1

wif (GLBPP ,R (i) , k) (10)

f(x, y) =

(
1, x = y

0, otherwise
(11)

where N is the number of image pixel, w is the weight of
GLBP code calculated using equation (7), k is the possible
GLBP patterns, the structural features are extracted at five
scales with LBP parameters R = 1 and P = 8.

C. Relevance vector machine (RVM)

Tipping [16] proposed the RVM as an alternative to the pop-
ular SVR method [17, 18]. Indeed, it offers several advantages
over SVR, mainly probabilistic predictions and automatic
estimation of hyper-parameters. As a supervised learning,
RVM starts with a set of data input {xi, ti}N1 where xi is
the input variable vector, ti is the target value, N is the length
of training data, the RVM regression expression is:

t (x) =
NX

i=1

wiK (x, xi) + w0 + ✏n (12)

where N is number of data points, w=[w1,. . . , wN ] is weight,
w0 is bias, K(x, xi) is kernel function and ✏n = N

�
0,�2

�
is

error term with zero mean Gaussian process and variance �2.
Usually, the Gaussian Kernel is preferred and its formula is:

K (x, xi) = exp
h
� (x� xi)

T (x� xi) /2S
2
i

(13)

where S2 is the width. Assuming that the samples are inde-
pendently generated. The likelihood of all the samples can be
defined as follows:

P
�
t/w,�2

�
=

�
2⇡�2

�� N
2 exp

⇢
� 1

2�2
kt� �wk2

�
(14)

where � is a design matrix having the size N⇥ (N+1) with:

� (xi) = [1,K (xi, x1) ,K (xi, x2) , ...,K (xi, xN )]T (15)

The highest probability estimation of w and �2 of equation
(14) may suffer from serious over-fitting. To solve this, Tipping
[19] imposed an explicit zero-mean Gaussian prior probability
distribution for the weights, w, with diagonal covariance of ↵
as follows:

P (w/↵) =
NY

i=0

N
�
wi/0,↵

�1
i

�
(16)

with ↵ is a vector of N + 1 named hyper parameters. In
this way, using Bayes rule, the posterior over all unknowns
could be calculated given the defined non informative prior
distribution:

P
�
w,↵,�2/t

�
=

P
�
t/w,↵,�2

�
P (w,↵,�)R

P (t/w,↵,�2)P (w,↵,�2) dwd↵d�2

(17)
Full analytical solution of this integral (17) is obdurate. Thus
decomposition of the posterior according to

P
�
w,↵,�2/t

�
= P

�
w/t,↵,�2

�
P
�
↵,�2/t

�
(18)

is called upon to ease the solution [19]. The posterior distri-
bution over the weights is thus given by:

P
�
w/t,↵,�2

�
=

P
�
t/w,�2

�
P (w/↵)

P (t/↵,�2)
(19)

The resulting posterior distribution over the weights is the
multivariate Gaussian distribution:

P
�
w/t,↵,�2

�
= N (µ,⌃) (20)

where the mean and the covariance are respectively expressed
by:

⌃ =
�
��2�T�+A

�� 1 (21)

µ = ��2⌃�T t (22)

with diagonal A = diag(↵0, . . . ,↵N ) For uniform hyper
priors over ↵ and �2, one requires only to maximize the term:

P
�
t/↵,�2

�
=

Z
P
�
t/w,�2

�
p (w,↵) dw (23)
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P
�
t/↵,�2

�
=


(2⇡)

�N

2
/
q
|�2 + �A�1�T |

�

⇥ exp

⇢
�1

2
tT

�
�2 + �A�1�T

�� 1t

�
(24)

By simply forcing the derivatives of equation (24) to zero, we
can get the re-estimation formulas on ↵ and �2 respectively
as follow:

↵new
i =

1� ↵i⌃ii

µ2
i

(25)

�
�2

�new
=

kt� �µk2

N �
P

i (1� ↵i⌃ii)
(26)

IV. EXPERIMENTAL SETUP AND RESULTS

The LIVE II database [20] is used to test the proposed
algorithm and compare its predictive performances with other
objective IQA algorithms.

A. LIVE II image database

LIVE image database was developed at the Laboratory
for Image and Video Engineering in collaboration with the
Center for Perceptual Systems at the University of Texas at
Austin, USA. It consists of 29 high resolution color reference
images. These images were distorted using five distortion
types namely JPEG2000, JPEG, white noise, Gaussian blur,
and transmission errors using a fast fading Rayleigh channel
model. The perceptual quality of 982 test images was sub-
jectively estimated by the Difference Mean Opinion Score
(DMOS) ranging from 0 to 100.

B. Validation protocol and results

The performance of the proposed metric WG-LAB is
assessed using four criteria: Pearsons Correlation Coeffi-
cient (PCC), Spearman Rank Order Correlation Coefficient
(SROCC), mean absolute error (MAE) and root mean square
prediction error (RMSE) between subjective and objective
scores. Before computing these criteria a nonlinear mapping
between true DMOS and algorithm scores is carried out using
the logistic function with five parameters [21]. The expression
of the quality score which is the predicted DMOS is given by:

DMOSp = �1logistic (�2, D � �3) + �4D + �5 (27)

where D and DMOSp are the expected scores before and after
regression, �1,�2,�3,�4 and �5 are respectively the regression
parameters. fminsearch function is called upon to estimate the
vector (�1,�2,�3,�4,�5) in Matlabs optimization Toolbox,
and the logistic function is given by:

logistic (⌧, D) =
1

2
� 1

1 + exp (⌧D)
(28)

Our LIVE database is randomly divided into 02 non - overlap-
ping sets. 80% of the data is for the training set, whereas 20%
of it is destined for tests. we proceed like so to guarantee that
empirical findings are not attached to features obtained from
already known distorted images, that can unfairly enhance awe
method’s performance. moreover, we interchange this random
80% and 20% sets 100 times and compute the average value of

the performance of the method in question. This latter is also
compared to three FR image quality assessment algorithms
(PSNR [22], SSIM [23], and VIF [24]) and seven NR im-
age quality assessment methods (BIQI, BLIINDS, DIIVINE,
BLIINDS-II, BRISQUE, NIQE [25], and NR image quality
assessment method proposed in [26]). The image quality
metrics being compared are summarized in table I. In the
following, table II reported below are the median values of
performance across the repeated 100 iterations on each of the
five distortion types and further on the entire database.

C. Discussion of the results

From the experimental results, it can be seen that the
proposed metric (WG-LAB) correlates well with the human
subjective score on LIVE database. For the comparison with
full reference methods, the most salient observation from table
II is that the proposed no-reference approach is competitive
with the full reference PSNR, SSIM and VIF index. For the
comparison with no-reference methods, WG-LAB performs
better in terms of PCC with subjective scores witch achieves
correlations of about 0.972 on JP2K subset, 0.992 on WN
subset, and 0.965 on Blur. As for the other types of distortion,
BLIINDS-II is better. In terms of SROCC, the proposed
method is statistically inferior to the top-performing IQA
approaches, it performs quite well on the Fast Fading subsets,
and it is competitive with other methods on the other four
subsets. MAE and RMSE are not suitable tools for assessing
the performance because they depend on the range of the
metric scores.

V. CONCLUSION

In this paper, we proposed a novel method for NR image
quality assessment metric called WG-LAB using both the
spatial and spatial frequency features from L*a*b color space.
The proposed method has been tested on LIVE database
using RVM. The performance of the proposed method was
comprehensively compared with three full reference and seven
NR image quality metrics on LIVE database. Experimental
results show that the proposed metric is highly correlated with
human subjective scores. It also performs well for a wide range
of distortion types and has a good prediction accuracy when
compared with other existing metrics.
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TABLE I
SUMMARY OF THE FULL AND NO REFERENCE IMAGE QUALITY METRICS BEING COMPARED.

Symbol Metrics description Reference

PSNR Peak Signal to Noise Ratio [22]
SSIM Structural Similarity Index [23]
VIF Visual Information Fidelity [24]
BIQI Blind Image Quality Indices [5]

BLIINDS BLind Image Integrity Notator using DCT Statistics [7]
DIIVINE Distortion Identification based Image Verityand INtegrity Evaluation [6]

BLIINDS-II BLind Image Integrity Notator using DCT Statistics [8]
BRISQUE Blind Reference Image Spatial Quality Evaluator [9]

NIQE Natural Image Quality Evaluator [25]

TABLE II
MEDIAN PCC, SROCC,RMSE AND MAE ACROSS 100 TRAIN TEST TRIALS ON THE LIVE II IQA DATABASE.

Distortion JP2K JPEG

Metric Type PCC SROCC RMSE MAE PCC SROCC RMSE MAE
PSNR FR 0.896 0.890 7.187 5.528 0.860 0.841 8.170 6.380
SSIM FR 0.937 0.932 5.671 4.433 0.928 0.903 5.947 4.485
VIF FR 0.962 0.953 4.449 3.445 0.943 0.913 5.321 3.807
BIQI NR 0.750 0.736 16.540 - 0.630 0.591 24.580 -

BLIINDS NR 0.807 0.805 14.780 - 0.597 0.552 25.320 -
DIIVINE NR 0.922 0.913 9.660 - 0.921 0.910 12.250 -

BLIINDS-II NR 0.963 0.951 - - 0.979 0.942 - -
BRISQUE NR 0.923 0.914 - - 0.974 0.965 - -

NIQE NR 0.937 0.917 - - 0.956 0.938 - -
[26] NR 0.958 0.939 - - 0.971 0.954 - -

WG-LAB NR 0.972 0.912 5.389 4.282 0.977 0.934 4.88 3.66

Distortion WN Blur

Metric Type PCC SROCC RMSE MAE PCC SROCC RMSE MAE
PSNR FR 0.986 0.985 2.680 2.164 0.783 0.782 9.772 7.743
SSIM FR 0.970 0.963 3.916 3.257 0.874 0.894 7.639 5.760
VIF FR 0.984 0.986 2.851 2.304 0.974 0.973 3.533 2.818

BIQI NR 0.968 0.958 6.930 - 0.800 0.778 11.100 -
BLIINDS NR 0.914 0.890 11.270 - 0.870 0.834 9.080 -
DIIVINE NR 0.988 0.984 4.310 - 0.923 0.921 7.070 -

BLIINDS-II NR 0.985 0.978 - - 0.948 0.944 - -
BRISQUE NR 0.985 0.979 - - 0.951 0.951 - -

NIQE NR 0.977 0.966 - - 0.953 0.934 - -
[26] NR 0.963 0.975 - - 0.944 0.937 - -

WG-LAB NR 0.992 0.968 2.496 1.886 0.965 0.879 4.890 3.753

Distortion Fast Fading Entire database

Metric Type PCC SROCC RMSE MAE PCC SROCC RMSE MAE
PSNR FR 0.890 0.890 7.516 5.800 0.824 0.820 9.124 7.325
SSIM FR 0.943 0.941 5.485 4.297 0.863 0.851 8.126 6.275
VIF FR 0.962 0.965 4.502 3.547 0.950 0.953 5.024 3.887
BIQI NR 0.722 0.700 19.480 - 0.740 0.726 18.360 -

BLIINDS NR 0.743 0.678 18.620 - 0.680 0.663 20.010 -
DIIVINE NR 0.888 0.863 12.930 - 0.917 0.916 10.900 -

BLIINDS-II NR 0.944 0.927 - - 0.923 0.920 - -
BRISQUE NR 0.903 0.877 - - 0.942 0.940 - -

NIQE NR 0.913 0.859 - - 0.915 0.914 - -
[26] NR 0.870 0.878 - - 0.968 0.942 - -

WG-LAB NR 0.912 0.736 7.271 5.812 0.974 0.996 4.984 3.644
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Abstract—A new Histogram Of Templates (HOT) feature 
describing stroke orientations in handwritten signatures is 
proposed. Several predefined templates are used to model all 
possible orientations of handwritten strokes. A comparison 
between these templates and handwritten strokes is evaluated 
through a sliding window that considers a central pixel with two 
neighboring pixels. Presently, a quad-tree partitioning according 
to the center of gravity is applied to allow a local calculation of 
HOT. The verification task is achieved by SVM classifier. 
Experiments are conducted on the well-known CEDAR and 
MCYT-75 databases. The comparison with the state-of-the-art 
highlights the effectiveness of the proposed feature. 

Keywords—Handwritten Signature Verification, Histogram Of 
Template, SVM. 

I. INTRODUCTION

Handwritten signature is probably one of the most ancient 
and popular way to authenticate individuals for approving 
government, legal, and commercial transactions. Over the past 
years, extensive research works were devoted to develop 
robust systems for automatic handwritten signature 
verification. The challenge is to deal with the complicated 
nature of handwritten signatures. In fact, it is known that there 
are no two equal signatures of the same person since the 
signing process depends on the physical and psychological 
state of the signer. So, a good signature verification should 
distinguish between intra-signer variability and forged 
variability. In practical point of view, on-line verification 
might give impressive discrimination if signatures are 
dynamically captured through an input electronic device [1]. 
However in most cases, signatures are already prewritten over 
documents, such as bank checks and contracts. Therefore, 
offline verification is developed using static information about 
digitized signature images. 

This work focuses on developing a robust off-line 
handwritten Signature Verification System (SVS). Roughly, 
each SVS is composed of feature extraction and verification 
modules. Popular verification methods are either similarity-
based, such as metrics and dynamic time warping or 
classification-based, such as Hidden Markov Models (HMM), 
neural networks, and SVM [2]. Note that various research 
works showed that SVM is impressively effective compared to 
other techniques [3]. Furthermore, First feature extraction 
methods were based on structural characteristics, curves, 

stroke geometry, pixel densities and sig-nature morphology [4, 
5]. Thereafter, some works employed global transforms, such 
as Wavelet and Ridgelet [6, 7]. However, literature reports 
that statistical or global features are less informative compared 
to local features. In recent years, histogram-based descriptors 
provided outstanding performance in off-line handwritten 
signature characterization. In [8], authors introduced the use of 
Histogram of Oriented Gradients (HOG) for off-line signature 
verification. HOG is computed after a grid partitioning of 
signature images to highlight local orientations of signature 
strokes. On the other hand, in [9] authors proposed the use of 
Local Binary Patterns (LBP) that offers interesting 
performances by exploiting at once textural information 
related to ink variations and edges information. More recently, 
the Gradient LBP (GLBP) descriptor, which combines HOG 
and LBP information was proposed in [10, 11] to achieve 
better characterization. 

In order to bring a more accurate characterization, the 
present work introduces a new histogram-based feature for 
describing handwritten signatures. The proposed feature, 
called Histogram Of Templates (HOT), compares a set of 
templates with the neighborhood of each pixel to check the 
pattern local orientation. Presently, HOT is computed on a 
quad-tree partitioning of signature images according to the 
center of gravity. The verification module is based on a SVM 
while experiments are conducted on two public datasets. The 
rest of this paper is structured as follows: Section 2 introduces 
the proposed feature and gives a brief review on SVM. Results 
are presented and discussed in Section 3. Finally, main 
conclusions of this work are summarized in Section 4. 

II. PROPOSED SIGNATURE VERIFICATION SYSTEM

The proposed off-line SVS is designed to distinguish 
genuine signatures from skilled forgeries. Histogram Of 
Template (HOT) is investigated for feature generation while 
SVM classifier is employed in the verification stage. 

A. Histogram Of Templates (HOT)

HOT has been recently introduced for automatic human 
detection [12]. It consists of comparing the pixel 
neighborhood with several templates to find the template that 
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fits the segment orientation. As shown in Fig. 1, for signature 
characterization, templates are defined in order to represent 
nearly the strokes orientations in (3×3) pixels regions. Thus, 
for each template, a sliding window covering 9 pixels is 
applied on the signature image to count the number of pixels 
that fit this template. The resulting numbers of corresponding 
templates derive the histogram of templates. So, if we 
consider twenty templates, the histogram will have 20 bins. 
Each bin corresponds to the number of pixels P matching a 
template k. Presently, HOT feature can be deduced either by 
considering the pixel information or the gradient information. 
This leads to P-HOT and G-HOT features that are defined in 
what follows. 
 

x Pixel information-based HOT (P-HOT): For each 
template, if the gray value      of a pixel   is greater than 
the gray value of the two adjacent pixels, P matches this 
template. 

 
                                (1) 
 

x Gradient information-based HOT (G-HOT): For each 
template, if the gradient magnitude        of a 
pixel   is greater than the gradient magnitude of the 
two adjacent pixels, P matches this template. 

 
  
                                       (2) 
 

 
 

Fig.1. Templates employed in HOT calculation 
 

 

B. HOT on a Quad-Tree Structure 
 

The quad-tree structure takes into account the spatial 
property of a local shape by recursively subdividing it into 
four equal regions at each level. Presently, it aims to highlight 
subtle local orientation strokes in signatures by using local 
histograms of templates. We propose a modified quad-tree 
partitioning performed according to the center of gravity (CG) 
of signatures. In fact, equi-space division can generate several 

empty cells since signatures don't totally cover their bounding 
boxes.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2. HOT calculation on a quad-tree structure 

 
 
On the contrary, the equi-mass partitioning provides a 

smaller number of empty cells. Therefore, HOT is locally 
computed at each level of the quad-tree structure. Then, the 
whole image descriptor is obtained by concatenating all local 
HOT features. As shown in Fig. 2, level 0 corresponds to the 
whole signature image histogram. Level 1 contains the 20-bins 
histogram of level 0 plus 4 other histograms of the four cells 
obtained after image partitioning. Thereby, the dimensionality 
of the global HOT descriptor at a level D equals    
       

    . In this work, the decomposition is limited to levels 
1 and 2 since further levels yield several empty cells. 
 

C. Support Vector Machines (SVM) 
The verification task is achieved by SVM classifier. SVM 

training consists to find the optimal hyper-plane separating 
two classes from a set of training examples:           
             [13]. Commonly, data are mapped into a 
dot-product space via a kernel function such that:         
            . Then, the decision function is expressed as: 

 
 

                         
        (3) 

 
 
  is the number of support vectors that represent training data 
for which,       . The bias   is a scalar while   is the 
cost parameter. Moreover, a large number of mathematical 
functions are eligible to be a SVM-kernel. Here, we use the 
Radial Basis Function kernel given in equation (4). 
 
 
               

         
   (4) 

 
   and   are user-defined parameters 
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III. EXPERIMENTAL RESULTS 
Off-line signature verification is addressed according to the 
writer-dependent approach. For each signer, a specific SVS is 
developed to separate genuine signatures from skilled 
forgeries. Experiments are carried on two standard datasets, 
called CEDAR and MCYT-75 using Average Error Rate 
(AER), which is the average of False Acceptance Rate (FAR) 
and False Rejected Rate (FRR). CEDAR dataset contains 
signatures of 55 volunteer signers belonging to versatile 
cultural backgrounds. For each writer, there are 24 genuine 
signatures and 24 forgeries. The MCYT-75 corpus contains 75 
signers from four different Spanish sites with 15 genuine and 
15 forged signatures for each signer. Table 1 shows some 
examples from the datasets. Whether for CEDAR or MCYT-
75, 10 genuine and 10 forged signatures are randomly selected 
for the training stage while remaining signatures are used to 
test the verification performance. In a first experiment, P-HOT 
and G-HOT are individually evaluated by considering various 
levels in the quad-tree partitioning. Fig. 3 reports AER values 
using CEDAR and MCYT-75, respectively. From these 
outcomes, we infer that the intensity information obtained 
using P-HOT is more suitable for CEDAR dataset. On the 
contrary, the gradient property obtained by G-HOT is more 
efficient when using MCYT-75 dataset. 

 
Moreover, the inspection of the relationship between 
partitioning levels and AER values shows that the second 
level with CEDAR has a compounding effect on AER results. 
This is due to the fact that level 2 yields empty cells for a large 
number of CEDAR signatures. As this problem is not posed 
for MCYT-75 signatures, the AER is reduced proportionally 
to the quad-tree level. In order to bring more accurate results, 
in a second experiment we tried to combine P-HOT with G-
HOT. Tables 1 and 2 report error rates obtained for CEDAR 
and MCYT-75 datasets, respectively. As expected for 
CEDAR, the concatenation is more significant at level 1, 
which brings an AER of 1.03%. Also, it provides lower FAR 
than FRR, which means that it favors the reduction of 
accepted forged signatures. For MCYT-75, the best AER of 
6.40% is obtained at level 2. However, FRR scores are bigger 
than FAR, which denote the reduction of rejected genuine 
signatures. Furthermore, our proposed feature allows a 
considerable improvement compared to the state-of-the-art 
reported in Tables 3 and 4. 
 

TABLE I.  SAMPLES FROM DATASETS 

 Genuine   Forgery 

CEDAR 

 

 
 
 

 

 

MCYT-75 

 

 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Evaluation of HOT features 
 

 
Moreover, the inspection of the relationship between 
partitioning levels and AER values shows that the second 
level with CEDAR has a compounding effect on AER results. 
This is due to the fact that level 2 yields empty cells for a large 
number of CEDAR signatures. As this problem is not posed 
for MCYT-75 signatures, the AER is reduced proportionally 
to the quad-tree level. In order to bring more accurate results, 
in a second experiment we tried to combine P-HOT with G-
HOT. Tables 2 and 3 report error rates obtained for CEDAR 
and MCYT-75 datasets, respectively. As expected for 
CEDAR, the concatenation is more significant at level 1, 
which brings an AER of 1.03%. Also, it provides lower FAR 
than FRR, which means that it favors the reduction of 
accepted forged signatures. For MCYT-75, the best AER of 
6.40% is obtained at level 2. However, FRR scores are bigger 
than FAR, which denote the reduction of rejected genuine 
signatures. Furthermore, our proposed feature allows a 
considerable improvement compared to the state-of-the-art 
reported in Tables 4 and 5. 
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TABLE II.  HISTOGRAM CONCTENATION RESULTS FOR CEDAR     
DATABASE (%) 

Level Features FAR FRR AER 

1 
P-HOT 1.13 1.13 1.13 
G-HOT 2.95 1.81 2.39 
P-HOT+G-HOT 0.68 1.36 1.03 

2 
P-HOT 2.50 0.90 1.71 
G-HOT 3.18 2.27 2.73 
P-HOT+G-HOT 2.04 0.45 1.25 

 
 

TABLE III.  HISTOGRAM CONCTENATION RESULTS FOR MCYT-75     
DATABASE (%) 

Level Features FAR FRR AER 

1 
P-HOT 12.00 7.46 9.74 
G-HOT 11.73 7.46 9.60 
P-HOT+G-HOT 8.53 7.73 8.14 

2 
P-HOT 10.66 4.53 7.6 
G-HOT 8.00 5.33 6.67 
P-HOT+G-HOT 9.33 3.46 6.40 

 
 

TABLE IV.  CEDAR STATE OF THE ART 

References Features #Genuine 
Signatures AER(%) 

[1] Surroundedness 24 8.33 
[11] GLBP 10 3.41 

[14] Gradient+equimass 
pyramid 16 7.58 

[15] Chord moments 16 6.02 
Proposed 

work HOT 10 1.03 

 
 

TABLE V.  MCYT-75 STATE OF THE ART 

References Features #Genuine 
Signatures AER(%) 

[16] Slant measure 10 22.13 

[17] Geometric 
centroids 9 21.61 

[18] Local Derivative 
Patterns (LDP) 10 11.54 

[19] 
LDP (binary+gray 

equalized 
histogram) 

10 8.07 

Proposed 
work HOT 10 6.40 

 
 
 
 

IV. CONCLUSION 
A novel histogram-based descriptor is proposed to 

highlight strokes orientation in handwritten signatures. This 
descriptor, called Histogram Of Template (HOT), aims to 
bring more discriminant traits from the pixel and the gradient 
information of signature images. Also, a quad-tree division is 
employed to extract local histograms at various levels of the 
signature shape. The comparison with some-state-of-the-art 
results shows that HOT is a quite efficient descriptor either 
when being computed on pixels or gradient information. The 
concatenation of both histograms provides at least a gain of 
2% for CEDAR and 1.5% for MCYT-75. From CEDAR 
dataset results, we infer that the contribution of the quad-tree 
representation seems to be strongly dependent on the yield of 
non-empty cells. Specifically, the quad-tree partitioning with 
non-empty cells improves the HOT characterization. Further 
tests on more complicated signature verification datasets, such 
as GPDS-4000 will be done to confirm again the effectiveness 
of this proposed descriptor. 
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Abstract—The role of a double talk detector (DTD) in 
acoustic echo cancelation (AEC) system is to detect the 
presence of near-end speech signal with the microphone signal 
and freeze the filter adaptation to avoid the adaptive 
algorithm divergence. This paper presents a DTD based on an 
enhanced Geigel algorithm where a modified form of decision 
variable is proposed. The aim is to improve the behavior of 
Geigel algorithm, evaluate performances of the proposed 
method, and compare it to conventional Geigel algorithm. 
Recursive Least Squares (RLS) algorithm is used in this case 
as an adaptive filter which it requires a good DTD due to its 
fast convergence and its sensitivity to double talk situations. 

Keywords—Acoustic echo cancellation; Adaptive filtering; 
RLS algorithm; DTD; Geigel algorithm. 

I. INTRODUCTION

The acoustic echo cancellation (AEC) is one of more 
important problems in communication systems. The 
researchers have to improve the performances of AEC 
systems to make in better conditions the quality of 
communication, especially with the increasing use of 
communications devices in hands-free mode [1, 2]. 

An acoustic echo canceller (figure 1) removes echo 
signal ( )y n resulting from the coupling between far-end 

speech signal ( )x n and the echo path h which returned to the 
microphone when the loudspeaker is used. The general 
concept is to use an adaptive filter to identify the echo path, 
where the output of adaptive filter ˆ( )y n is then subtracted 

from microphone signal ( )d n  in order to transmit finally 

the near-end signal ( )v n without echo disturbance [3]. 

The microphone signal is given by: 

( ) ( ) ( )

( ) ( )T
L

d n y n v n

n v n

= +

= +h x
        (1) 

With: 0 1 1... Lh h h −ª º= ¬ ¼h impulse response of echo

path; ( ) ( ) ( 1) ... ( 1)n x n x n x n Lª º= − − +¬ ¼x vector of L last

samples of the far-end signal ( )nx , where L is the order of 

h filter. 
We have: 

ˆ( ) ( )Ty n n= w x              (2) 

Where: 

0 1 1... Lw w w −ª º= ¬ ¼w is the adaptive filter vector.

Thereby we get the error signal: 

ˆ( ) ( ) ( )e n d n y n= −     (3) 

Many algorithms have been used to update the adaptive 
filter coefficients and allow a good convergence to the 
optimal solution, like as least mean squares (LMS) based 
algorithms and recursive least squares (RLS) based 
algorithms [4, 5]. In fact, each of these algorithms has its 
advantages; the RLS algorithms have a fast convergence 
rate and a high computational complexity, while the LMS 
algorithms have a low complexity and less convergence 
rate [6, 7]. 

The most challenge in AEC beside the convergence rate 
(misalignment) and reduction of computational complexity 
is the problem of the double talk detection. The main task 
of a DTD is to halt the filter coefficients updating during 
the presence of near-end speech to avoid filter divergence 
[8]. Figure 2 shows the implementation of DTD in AEC 
system. Many techniques have been used in order to 
improve behavior of DTD, i.e. Geigel algorithm [9], 
normalized cross correlation between different available 
signals [10-12] and more other recent methods [13][14]. An 
efficient DTD must react fast to the presence of near-end 
speech and allows resuming of adaptive filter updating 
when double-talk (DT) is finished. The simplest algorithm 
used to detect DT situations, is Geigel algorithm [9] which 
has been used first in network echo cancellation. This 
algorithm improves a good behavior; however for AEC it 
presents some problems due especially to its misalignment. 

In this paper we propose a modified form of decision 
variable in order to enhance its performances using in this 
case RLS algorithm.   

This article is organized as follows: section 2 gives the 
mathematical formulation of RLS algorithm; section 3 
presents the Geigel algorithm and the proposed 
modification; and finally results are discussed in section 4. 

Fig. 1. General concept of AEC. 
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Fig. 2. Implementation of Geigel DTD in AEC system. 

II. RLS ALGORITHM  
The RLS algorithm search the w which minimize the 

weighted quadratic error: 

[ ]2

0

2

0

( ) ( )

( ) ( )

n
n i

i
n

n i T
n

i

J n e i

d i i

λ

λ

−

=

−

=

=

ª º= −¬ ¼

¦

¦ w x

                            
(4) 

The relations defined the conventional RLS algorithm 
are showed in table I. 

TABLE I       RLS ALGORITHM SUMMARY. 

Parameters: 
 

   

  

p filter order
forgetting factor

regularization paramerter
λ
δ

=
=

=  

Initialization: 

0 =w 0

 1(0) δ −=P I

 Computation: 

For: n=1,2,…compute 
*( ) ( 1) ( )n n n= −z P x

 1
( ) ( )

( ) ( )Tn n
n nλ

=
+

k z
x z  

1( ) ( ) ( )T
nn d n nα −= − w x

 1 ( ) ( )n nw n nα−= +w k

 1
( ) ( 1) ( ) ( )Hn n n n

λ
ª º= − −¬ ¼P P k z

 
 

 
III. GEIGEL DOUBLE-TALK DETECTION 

Geigel algorithm [9] is a very simple algorithm, it is 
based on the level comparison between far-end signal ( )nx

and microphone signal ( )d n , the decision variable is 
defined as:  

{ }max ( ) , ( 1) , ( 2) , ......, ( 1)
( )

( )
G

Gx n x n x n x n L
n

d n
ξ

− − − +
= (5) 

The DT is declared whenever G Tξ <  

Where T is a detection threshold and GL is the length of 
far-end signal bloc. 

These two parameters describe the DTD performances 
and must be chosen properly, one simple chose of GL  is to 
take the same length of adaptive filter L [8]. 

We propose in this work to use in the denominator of 
decision variable, the mean of the GL  last samples of 
microphone signal. 

{ }
{ }

max ( ) , ( 1) , ( 2) , ......, ( 1)
( )

( ) , ( 1) , ( 2) , ......, ( 1)

x n x n x n x n LGnp mean d n d n d n d n LG
ξ

− − − +
=

− − − +
(6) 

IV. RESULTS AND DISCUSSION 

Simulations are performed using signals depicted in 
figure 3, near-end and far-end signal are a recorded audio 
sequences composed of 33000 samples (4.12 seconds) 
sampled at 8 KHz. To simplify simulations, we have used a 
short echo path (128 taps). 

 
Fig. 3. Speech signals used in simulations. 

First of all, we have to fix two parameters (LG and T in 
this case) of the proposed DTD. Several values of GL  and 
T are tested with forgetting factor =0.999. Figure 4 and 5 
show the comparison between misalignment curves where 
the best result is obtained with 12.GL L=  and 45T = . 
These values are chosen for the remaining simulations. 

0 0.5 1 1.5 2 2.5 3 3.5 4

-0.5

0
0.5

Far-end signal x(n)

0 0.5 1 1.5 2 2.5 3 3.5 4

-0.5

0

0.5

Near-end signal v(n)

0 0.5 1 1.5 2 2.5 3 3.5 4

-0.5

0

0.5

Mic signal y(n)

Time (s)

966

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

 
Fig. 4. Misalignment curves for different LG values. 

 
Fig. 5. Misalignment curves for different T values. 

To compare the proposed and conventional methods, we 
use the binary decision variable calculated as following: 
when DT is detected, B=1; when DT is not detected, B=0.  

Obtained result is illustrated in figure 6, we can remark 
that Geigel algorithm make several wrong detections more 
than proposed method, this wrong detection affect the AEC 
performances and hold the adaptive filter convergence.  

 
Fig. 6. DTD decisions of conventional Geigel and proposed method. 

To confirm the efficiency of the proposed method and 
the impact of DTD on the global performances of an AEC 
system, we use the normalized misalignment and Echo 
Return Loss Enhancement (ERLE) criteria defined as: 

2

10 2

( )
( ) 10log

n
Misalignment dB

ª º−
« »=
« »¬ ¼

w h

h
         (7) 

      

2

10 2

( )
( ) 10 log

( )

E d n
ERLE dB

E e n

 ½ª º
« »° °¬ ¼= ® ¾
ª º° °« »¬ ¼¯ ¿                      

(8) 

Where ( )n −w h denotes the Euclidian distance between filter 

coefficients w and real echo path h.  

Obtained results are showed in figure 7 and 8. 

The residual echo depicted in figure 9 is calculated as 
following: 

( ) ( ) ( )residual echo n e n v n= −                     (9) 

 
Fig. 7. Comparison of misalignment of different methods.
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Fig. 8. Comparison of ERLE of different methods. 

 
Fig. 9. Comparison of residual echo of different methods. 

Obtained results with different evaluations confirm the 
necessity of DTD in AEC system and show the superiority 
of the proposed method compared to conventional Geigel 
algorithm. The convergence of conventional Geigel is slow 
due to the large periods of wrong detections shown in 
figure 6. Furthermore the residual echo is more significant 
without DTD and with conventional Geigel DTD. Proposed 
method in DT situations, presents the best misalignment. 

V. CONCLUSION 

The presence of a good DTD in an AEC system is 
essential especially in the case of an adaptive algorithm 
with a fast convergence rate like the RLS. In this context 
we have proposed a modified form of decision variable of 
the conventional Geigel algorithm in order to improve its 
performances which directly affect performances and 
quality of communication systems. Obtained results 

confirm the superiority of the proposed method compared 
to conventional one. 
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Abstract—The hand gesture recognition systems deal with 
identifying a given gesture performed by the hand. This work 
addresses a hand gesture recognition method to classify and 
recognize the numbers from 0 to 9 in Turkish Sign Language 
based on surface electromyography (EMG) signals collected from 
a wearable device, namely the Myo armband. To accomplish 
such a goal, we have utilized machine learning techniques to 
recognize the hand gestures. In this context, seven different time 
domain features are extracted from the raw EMG signals using 
sliding window approach to get distinctive information. Then, the 
dimension of the feature matrix is reduced by using the principal 
component analysis to reduce the complexity of the deployed 
machine learning methods. The presented study includes the 
design, deployment and comparison of the machine learning 
algorithms that are k-nearest neighbor, support vector machines 
and artificial neural network. The results of the comparative 
comparison show that the support vector machines classifier 
based system results with the highest recognition rate.  

Keywords—hand gesture recognition; k-nearest neighbor; 
support vector machines; artificial neural networks; Myo armband 

I. INTRODUCTION 

Humans interact with technological devices using mouse, 
keyboard, joystick or touchpad. That input methods restrict the 
people, for that reason Human Computer Interaction researches 
focus on creating more natural interfaces between human and 
computer [1]. In that point, the hand gestures arise as a new 
interface for devices. There are various methods for hand 
gesture detection such as cameras [1], gloves [2] and electrodes 
[3]. Although visual based solutions provide high recognition 
rate, they face difficulties such as light conditions, skin and 
background color, spatial position and orientation of the fingers 
[1]. On the other hand, glove systems hinder people from using 
their hands comfortably [4]. Thus, electrode based systems are 
appeared as an alternative solution. When muscle cells contract 
to perform a hand gesture, they generate an electrical signal 
that is the myoelectric signal [5]. The technique of recording 
and study of myoelectric signal is defined as electromyography 
(EMG). The electrodes, located on forearm, can measure 
directly the EMG signals and thus the EMG apparatus are easy 
to use and are not effected by light, color and sight view as the 
visual based solutions for hand gesture recognition systems.  

In literature, there are two main types of electrodes, which 
are needle electrodes and surface electrodes [6]. From an 
application-oriented view, the surface electrodes facilitate the 
implementation and are more convenient [7]-[13]. In these 

studies, it has been shown that it is not possible to construct a 
basic EMG based hand gesture recognition by using a 
threshold, since the problem is quite complex due to various 
gestures and also the EMG systems have multiple electrodes. 
Thus, to end up with an efficient and generic solution, machine 
learning methods have been used to infer the underlying 
pattern of the signals recognize automatically to hand gestures. 
To accomplish such a goal, k-Nearest Neighbor (kNN) [8], 
Decision Trees [9], Support Vector Machine (SVM) [10], [11] 
and Artificial Neural Networks (ANN) [12], [13] are employed 
as they have shown to be highly efficient.  

In this study, we will present machine learning based hand 
gesture recognition systems with the wearable Myo armband to 
classify the numbers from 0 to 9 in Turkish Sign Language 
(TSL). We will first briefly introduce the Myo armband that 
has 8 electrodes/channel and handled data set. Then, we will 
utilize machine learning techniques to recognize the hand 
gestures. In this context, a sliding window approach will be 
applied for signals of each channel of the Myo armband and 
seven time domain features will be extracted from each 
obtained window. Hence, the feature matrix will have 56 
dimensions that will be then reduced by applying Principal 
Component Analysis (PCA) algorithm to 15 dimensions. Then, 
using the processed feature set, we will design and deploy the 
machine learning algorithms kNN, SVM and ANN as 
classifiers and compare their recognition performances. In the 
comparative comparisons, the performance of the kNN 
algorithm will be examined for various distance metrics and 
number of neighbors while the SVM classifier will be tested 
for linear and radial basis function kernel methods. For the 
SVM, the performances of One Versus One (OVO) and One 
Versus All (OVA) binary classification methods will also be 
examined. We will examine the performance of the ANN for 
various numbers of neurons in hidden layer and three different 
training algorithm. In the light of these analyses, we will adjust 
the tuning parameters of the classification methods to optimal 
values to perform overall performance comparison in hand 
gesture recognition. The results will show that highest 
recognition rate will be obtained when the SVM classifier is 
deployed. 

This paper is organized as follows. Section II introduces the 
Myo armband and handled data set. Section III describes the 
proposed hand gesture recognition system. The comparative 
performance results of the proposed systems are given in 
Section IV. Chapter V present the conclusions and future work. 
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II. MYO ARMBAND AND HAND GESTURES 
The Myo armband, launched by Thalmic Labs on 2013, is 

a wearable and Bluetooth based wireless device that contains 
ARM Cortex M4 Processor, eight EMG sensor and nine axis 
Internal Measurement Unit including gyroscope, 
accelerometer and magnetometer [14]. The device provides 
feedback to user via LED lights and vibrations. As shown in 
Fig. 1, users wear the Myo armband on the forearm. The EMG 
data is measured from 8 channel of electrodes, whose 
locations are seen in Fig. 1. The measured raw EMG data 
related with muscle activity can be collected via the SDK of 
device with sampling rate of 200 Hz [15]. In this work, we 
have used the Matlab Mex Wrapper [16] that records the EMG 
signals in a normalized range of [-1 1].  

 
Fig. 1. The Myo armband (a) channel placement, (b) worn on forearm 

We have collected a hand gesture data set consisting of 10 
gestures that are numbers between 0 and 9 in the TSL and one 
gesture defined as a resting position. Fig. 2 illustrates the 
gestures of the handled numbers in TSL [17]. A user 
performed and hold on the gesture during the collection of the 
signal; therefore, the transition between gestures were not 
considered. We have performed 5 experiments and collected 
5x1000 data points from each channel of the Myo armband, 
thus a total of 11x5000 data points were collected for training 
the machine learning methods. 

 
Fig. 2. Handled gesture set, numbers between 0 and 9 in TSL 

III. HAND GESTURE RECOGNITION SYSTEMS 
In this section, we will present the developed hand gesture 

recognition system based on the machine learning methods, 
namely kNN, SVM and ANN. The design of the system 
follows the steps of machine learning application. First, the 
features are extracted from recorded signal to get distinctive 
information. Then, the number of dimension in feature matrix 
is reduced to facilitate the classification process. Then, the 

classification algorithms are trained to recognize the hand 
gesture. The pipeline of the algorithm is illustrated in Fig. 3. 

 
Fig. 3. Classification algorithm pipeline 

A. Feature Extraction  
The first step of the process is to extract meaningful and 

distinctive features from the raw data. Due to the complex and 
noisy characteristics of EMG, proper selection of features is 
essential for classification. In machine learning, working with 
directly raw data increases the complexity of implementation 
and processing cost. Also, some hidden patterns which cannot 
be visible in a single data point can be obtained in features. In 
this study, we have performed a sliding window method to 
record the data with windows length of 40 and sliding length of 
20 as a preprocessing step. Then, the seven time domain 
features are calculated which are the Mean Absolute Value 
(MAV), variance, waveform length, Root Mean Square (RMS), 
Willison amplitude, Zero Crossing (ZC) and Slope Sign 
Change (SSC) of the signals. 

1) Mean Absolute Value  
The MAV value presents the contraction level of muscles 

and is calculated as follows: 

𝑌 =
1
𝑁

|𝑥 | (1) 

2) Variance 
 The variance of a signal is defined as, 

𝑌 =
1

𝑁 − 1
(𝑥 ) (2) 

3) Waveform Length 
 The waveform length is a measure of the cumulative 
variations and is expressed as, 

𝑌 = (|𝑥 − 𝑥 |) (3) 

4) Root Mean Square 
 RMS is another well-known feature and defined as, 

𝑌 =
1
𝑁

𝑥  (4) 

5) Willison Amplitude  
This feature counts how many times the contiguous time 

instances in signal exceeds a threshold (𝑡ℎ𝑟) and is defined as:  

𝑌 = 𝑓(|𝑥 − 𝑥 |) (5) 

where 

𝑓(𝑥) =  1,    𝑖𝑓 𝑥 > 𝑡ℎ𝑟
0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  (6) 

The thr value is experimentally found as 0.2. 
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6) Zero Crossing 
 ZC counts that how many times the signal crosses zero and 
is defined as, 

𝑌 = 𝑓(𝑥 , 𝑥 ) (7) 

where 

𝑓(𝑥 , 𝑥 ) =
1, 𝑖𝑓 (𝑥 > 𝑡ℎ𝑟 & 𝑥 < 𝑡ℎ𝑟) 

                  𝑜𝑟 (𝑥 < 𝑡ℎ𝑟 & 𝑥 > 𝑡ℎ𝑟)
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (8) 

The thr value for ZC is obtained experimentally and set as 0.3.  

7) Slope Sign Change 
 SSC is a measure of changing the sign of the slope of the 
signal. The mathematical expression of SSC is, 

𝑌 = 𝑓(𝑥 , 𝑥 , 𝑥 ) (9) 

where 

𝑓(𝑥 , 𝑥 , 𝑥 )

=
1, 𝑖𝑓 (𝑥 < 𝑥  & 𝑥 < 𝑥 ) 

                 𝑜𝑟 (𝑥 > 𝑥  & 𝑥 > 𝑥 )
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (10) 

Remark: All seven features were extracted from each channel 
of the recorded data; therefore, at the end of the process, 56 
dimensional feature matrix were obtained.  

B. Dimension Reduction  
Dimension reduction is a process of reducing the number of 

variables in the feature vector set. In the classification 
problems, choosing the number of inputs has great importance 
to determine the time and space complexity of the classifier; 
therefore, working with less dimensional data provides simpler 
solution [18]. In this study, the well-known technique PCA 
[19], has been employed to reduce the dimension of the feature 
matrix. We have observed that the first 15 principle 
components preserve about 96 percent of the variance; and thus 
we have reduced the feature matrix dimension from 56 to 15. 

C. Classfication Algorithms 
In this work, as we have 11 gestures to be recognized, the 

classification problem has to be defined as a multiclass one. In 
this context, we have designed and deployed kNN, SVM and 
ANN algorithms as classifiers. The kNN and SVM were 
deployed using Matlab Statistics and Machine Learning 
Toolbox [20] while the ANN with Matlab Neural Network 
Toolbox [21]. The remainder of this section gives background 
of algorithms and details how the algorithms are designed.  

1)  k-Nearest Neighbour Algorithm 

kNN algorithm is a non-parametric instance-based lazy 
learning algorithm [22]. Each labelled instance in the training 
set is defined as {𝑥 , 𝑦 }, where 𝑥  represents the attribute-value 
and 𝑦  is class label [18]. When the algorithm takes a test point 
𝑥, the output label 𝑦∗ can be obtained via the algorithm given 

in Table 1. Here, the distance 𝐷(𝑥, 𝑥 ) to be calculated can be 
the Euclidean, City Block, Minkowski and Chebyshev distance 
metrics [23] and are defined in Table 2. 

Table 1. kNN Algorithm 
1. Calculate distance 𝑫(𝒙, 𝒙𝒊) for each training instance 

2. Sort the distances 
3. Select k closest neighbors with labels 
4. Assign majority voted label  as output, 𝒚∗ 

In this section, we will investigate the effect the parameter 
k and the distances 𝐷(𝑥, 𝑥 ) given in Table 2 on the 
classification performance. Thus, increasing k numbers from 1 
to 10 for four distance metrics were tested and the results are 
shown in Fig. 4. It can be seen that increasing the value of k 
improves the accuracy for all the distance metrics. The distance 
metrics of Euclidean and Minkowski give almost same 
accuracy, but Chebychev distance resulted with the lowest one. 
Cityblock distance metric has as better performance than 
others; hence, it is selected as best distance metric with optimal 
number of neighbor as k =6. 

Table 2. Distance Metrics 

Euclidean Distance: 𝑫(𝒙, 𝒙𝒊) = (𝒙 − 𝒙𝒊)𝟐
𝒌

𝒊 𝟏
 

City Block Distance: 𝑫(𝒙, 𝒙𝒊) = |𝒙 − 𝒙𝒊|
𝒌

𝒊 𝟏
 

Minkowski Distance: 𝑫(𝒙, 𝒙𝒊) = |𝒙 − 𝒙𝒊|𝟑
𝒏

𝒊 𝟏

𝟑
 

Chebyshev Distance: 𝑫(𝒙, 𝒙𝒊) = 𝐦𝐚𝐱
𝒊

{|𝒙 − 𝒙𝒊|} 

 
Fig. 4. Accuracy of kNN for different k values and 𝐷(𝑥, 𝑥 )  

2) Support Vector Machine Algorithm 

One of the most popular learning algorithm is the SVM 
which basically separates the data by finding an optimal 
hyperplane. The optimal hyperplane is constructed using the 
support vectors which are the closest points in the two classes 
each other. The gap between the hyperplane and support 
vectors is called margin (𝑤) and SVM aims to find the 
maximum margin for better separation. The optimization 
problem of the SVM is defined as: 

min
1
2

‖𝑤‖  (11) 

subject to 

 𝑦 (𝑤 𝜙(𝑥 ) + 𝑏) − 1 ≥ 0 , ∀  (12) 
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where 𝑦 𝜖{−1,1}, 𝑥 is input, 𝑏 is bias and 𝜙() maps 𝑥 into a 
higher dimensional space. Once the optimization is completed, 
the optimal 𝑤 satisfies:  

𝑤 = 𝑦 𝛼 𝜙(𝑥 ) (13) 

where 𝑙 is the number of support vectors and 𝛼 is Lagrange 
multiplayer. Now, when a query instance 𝑥 arrives, the SVM 
decides the output by: 

𝑓 𝑥 = 𝑠𝑖𝑔𝑛 𝑦 𝛼 𝐾(𝑥 , 𝑥 ) + 𝑏  (14) 

where 𝐾() is the kernel function which ensures non-linear 
property to SVM by transforming the input data to higher 
dimensional space. If 𝐾() is chosen as in (15), then it is called 
linear SVM. 

𝐾 𝑥 , 𝑥 =  𝑥 ∙ 𝑥  (15) 

In addition, a Radial Basis Function (RBF) can be also 
employed. 

𝐾 𝑥 , 𝑥 = exp (−
|𝑥 − 𝑥 |

2𝜎
) (16) 

 
Fig. 5. (a) Support vectors and margin (b) OVO and OVA methods 

We have firstly examined the accuracy of the linear and 
RBF based SVM methods by repeating the experiments 10 
times. As it can be seen from Fig. 6, the linear SVM provided a 
better recognition rate for the handled data set. 

 
Fig. 6. Comparison of the linear and RBF kernels 

As it was mentioned, SVM is binary classifier; however, 
the dataset in our case, is multiclass. Hence, the methods, 
OVO and OVA can be used to obtain multiclass outputs from 
binary classifiers. OVO trains a separate classifier for each the 
class pairs in the training set. On the other hand, OVA trains 
one classifier for each class by considering pairs as the 
selected class and rest of all. The OVO and OVA methods are 
illustrated in Fig. 5b that includes example dataset with three 

classes for linear SVM. The performances of OVO and OVA 
methods for the data set is given in Fig. 7. It can be observed 
that the linear SVM employing the OVO resulted with a 
higher accuracy when compared to its OVA counterpart.  

 
Fig. 7. Comparison of the OVO and OVA methods 

3) Artificial Neural Networks  

Most of the applications of ANNs use the multi layered 
perceptron (MLP) model [24]. As shown in Fig. 8, each layer is 
fully connected to next layer; therefore, the output value of a 
neuron in each layer is an input value of the neurons in the next 
layer [25]. Here, a single neuron is defined as: 

𝑎 = 𝑔 𝑢 𝑤  (17) 

where 𝑢, 𝑤 and 𝑎 refer input, weight and output of the neuron, 
respectively. 𝑔() denotes the activation function which can be 
linear and nonlinear such as sigmoid, hyperbolic tangent 
sigmoid and softmax. The training of the multilayer ANN is 
usually accomplished with backpropagation algorithms to 
minimize the cross entropy performance value.  

 
Fig. 8. Structure of MLP 

In this study, the MLP ANN is configured with one hidden 
layer defined with tansig activation function while the output 
layer is defined with the softmax activation function. The 
performance of the MLP has been investigated for increasing 
number of neurons from 5 to 55 in hidden layer and for the 
training functions; gradient descent backpropagation (traingd), 
Scaled Conjugate Gradient (traingscg) and Resilient 
Backpropagation (trainrp). The resulting accuracies of these 
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structures are given in Fig. 9. It can be firstly observed that 
increasing the number of neurons in the hidden layer has not 
significantly improved the recognition accuracy. For the 
handled data set, an optimal number of hidden of neurons can 
be set as 12. In comparison of the training methods, the 
traingd method resulted with lowest accuracy; whereas, 
trainrp and trainscg provided significantly better 
performances. The trainrp function has been chosen as 
optimal training function as it has resulted with slightly better 
performance in comparison to the trainscg one. 

 
Fig. 9. Accuracies of ANN methods for various configurations 

IV. COMPARATIVE EXPERIMENTAL RESULTS 
In this section, the performance of kNN, SVM and ANN 

will be compared. First, the parameters of classification 
algorithms are set to optimal values that are found in Section 
III.C. Then, comparison of the algorithms will be accomplished 
in terms of overall performance and each classes performance.  

In the performance measures of multi-class classification, 
first, the confusion matrix is obtained using the known target 
values and the outputs values of the classifier. Then, evaluation 
metrics, which are precision, recall and Fscore, are computed 
via the confusion matrix [26]. The precision is the ratio 
between number of correctly classified positive instances and 
outputs of the classifier which are labelled as positive. The 
recall is the ratio between number of correctly classified 
positive instances and number of the positive classes in target. 
The weighted average of the precision and the recall is 
interpreted as Fscore which reaches its best value at 1 and 
worst value at 0. The mathematical expressions of precision, 

recall and Fscore metrics are given in Table 3. Here, 𝑡𝑝 , 𝑓𝑝  
and 𝑓𝑛  denotes the true positive, false positive and false 
negative counts of class 𝑖, respectively. The coefficient 𝛽 
determines the balance between 𝑃 and 𝑅 to calculate 𝐹, and 
was chosen as 1 in this work. 

Table 3. Definition of Evaluation Metrics 
Measure Formula 

Precision 𝑃 =
∑ 𝑡𝑝

∑ (𝑡𝑝 + 𝑓𝑝 )
 

Recall 𝑅 =
∑ 𝑡𝑝

∑ (𝑡𝑝 + 𝑓𝑛 )
 

Fscore 𝐹 =
𝑅(𝛽 + 1)𝑃 

𝛽 𝑃 +  𝑅
 

 The validation phase of the training has been performed by 
employing the k-fold in each experiment. According that, the 
input dataset is divided into t subdata set, where each subdata 
set has equal number of instance and labelled by randomly 
from 1 to t. The classification algorithms are run for t times and 
each time one of the subdata is chosen for test and the rest is 
used for training. At the end of t times, the average of each 
calculations of metrics are considered as output. Number of 
fold was selected 10 for this work. Table 4 includes the Fscore 
ratios, which were obtained by averaging the 10 experiments. 

Table 4. Fscores of classifiers 
Classifier kNN SVM ANN 

Fscore 0.8167 0.8661 0.8520 

 The results in Table 4 shows that, all the classifiers have 
more than a 0.8 Fscore ratio; whereas, the kNN algorithm has 
lowest recognition rate. Although the ANN based method 
improved the performance, the highest Fscore ratio is obtained 
for SVM algorithm. In addition to overall performance, the 
recognition rate of each class is also investigated in terms of 
recall, precision and Fscore. According to results given in 
Table 5, for all classifiers, the classes ‘rest’ and class ‘2’ have 
highest and lowest recall ratio, respectively. The highest 
precision ratio of all classifiers is achieved for the class ‘9’; 
whereas, SVM and ANN resulted also with equal ratios with 
class '9' for classes ‘6’, ’7’ and ‘8’. Fscore ratio of class ‘6’, ‘7’, 
‘8’ and ‘9’ were obtained as higher than the other classes for all 
algorithms. As a result, by looking the Fscore ratios, the linear 
SVM classifier provided highest recognition rate for all classes. 

Table 5. Performance of each hand gesture class  
 Hand Gesture Classes 

Rest 0 1 2 3 4 5 6 7 8 9 

R
ec

al
l kNN 0.97 0.93 0.84 0.80 0.80 0.82 0.83 0.84 0.82 0.82 0.82 

SVM 0.99 0.92 0.88 0.86 0.87 0.87 0.87 0.88 0.87 0.87 0.87 

ANN 0.95 0.91 0.85 0.82 0.84 0.85 0.85 0.86 0.85 0.85 0.85 

Pr
ec

is
io

 kNN 0.64 0.70 0.68 0.67 0.70 0.73 0.75 0.77 0.77 0.78 0.79 

SVM 0.71 0.77 0.78 0.78 0.81 0.82 0.84 0.85 0.85 0.85 0.85 

ANN 0.72 0.77 0.77 0.76 0.79 0.80 0.82 0.83 0.83 0.83 0.83 

Fs
co

re
 kNN 0.77 0.80 0.75 0.73 0.75 0.77 0.79 0.80 0.80 0.80 0.80 

SVM 0.83 0.84 0.83 0.82 0.83 0.84 0.85 0.86 0.86 0.86 0.86 

ANN 0.82 0.83 0.80 0.78 0.81 0.81 0.83 0.84 0.84 0.84 0.84 
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V.  CONCLUSIONS  
In this paper, we have presented hand gesture recognition 

systems that deals with identifying a given gesture performed 
by the hand with the aids of machine learning methods. This 
work addressed a hand gesture recognition method to classify 
and recognize the numbers from 0 to 9 in TSL based EMG 
signals collected from the Myo armband. To recognize the 
hand gestures, we have utilized machine learning techniques 
kNN, SVM and ANN. In this context, seven time domain 
features were extracted from each channel of the Myo 
armband; and thus a feature matrix was obtained with 56 
dimensions. PCA algorithm was applied to reduce the 
dimension. Then, obtained feature matrix was classified using 
the kNN, SVM and ANN algorithms. As result of comparison, 
the SVM classifier was determined as best algorithm with 0.87 
Fscore ratio.  

Future work includes testing the proposed method with 
recording signals from different people and for more 
complicated hand gestures.  
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Abstract—Parametric analysis of a three layer unit cell for a 
designed frequency selective surface is presented. Effects of design 
parameters such as rectangular slot width and length, diameter of 
the circular patch as well as incidence angle impinging on the unit 
cell in terms of reflection and transmission characteristics are 
investigated. In future research, the designed frequency selective 
surface is aimed to be used for X-band curved structures such as 
radomes. 

Keywords—curved structure, frequency selective surface, unit 
cell, X-band 

I. INTRODUCTION 

      Frequency selective surfaces (FSSs) are periodic arrays 
of conducting patch and/or aperture elements called unit cells 
[1]. FSSs are commonly used as absorbers, lenses, and 
reflectarrrays in microwave, millimeter wave, and infrared 
bands [2].  They act as spatial filters such that they allow 
transmission in a specific frequency band while suppressing the 
remaining frequencies. These structures can be designed to 
exhibit low-pass, high-pass, band-pass, and band-stop filtering 
characteristics.  

FSSs are used in a variety of applications. Recently, a 
growing interest has been observed in the development of 
antennas and FSS geometries that allow the possibility of 
changing their main parameters according to the variation in 
structural parameters such as patch and aperture element shapes. 
Furthermore, variation of a particular structural parameter of the 
antenna or FSS can be provided mechanically or electronically. 
In several studies [3-5], different FSS layouts are developed to 
obtain these reconfigurable topologies. FSSs could also be used 
as antenna ground planes instead of solid metal ground planes in 
order to obtain a low radar cross section while maintaining the 
radiation characteristics as adressed in various research [6-8]. 
Lately, planar and curved FSSs have been integrated into 
radome designs in different shapes [9, 10].  

Spectral characteristics of FSSs are determined by several 
factors such as geometry and dimension of unit cells, spacing 
between unit cells, structure of the dielectric layer(s) as well as 
incidence angle and polarization of the incoming wave. It is 
important to understand the impact of these factors during the 
design process so that the desired FSSs can be produced.  

In this study, a parametric analysis is performed in order to 
evaluate the effects related to a designed unit cell geometry such 
as rectangular slot width and length along with the diameter of 
circular patch. Moreover, various incidence angle cases are 

investigated. These factors of interest are explored in terms of 
reflection and transmission coefficients, two frequency 
dependent parameters. The unit cell is designed for X-band, 
particularly for an operation frequency of 10 GHz. In the future, 
the proposed unit cell (and therefore FSS) is planned to be 
integrated in a curved radome structure. 

II. UNIT CELL

     Unit cell of the proposed FSS is designed in three layers: The 
top and bottom layers consist of one circular metallic part each. 
Diameter of the circle is D=8.19 mm. The medium layer is a 
square metallic part with a cross-shaped slot whose width and 
length are given by W=0.4 mm and L=3.5 mm, respectively. 
Dielectric material between the layers is a 0.51 mm thick 
Rogers RO4003C high-frequency laminate with a relative 
dielectric constant of r=3.38±0.05. The unit cell, given in      
Fig. 1, is a square with an edge length of Ws=10 mm. 

I. PARAMETRIC ANALYSIS

    In order to investigate the impact of unit cell dimensions on 
the transmission and reflection coefficients, a parametric 
analysis is carried out. First, a number of W values (W=0.2 mm, 
W=0.4 mm, W=0.6 mm, W=0.8 mm) is utilized for simulations. 
As shown in Fig. 2a, usage of W=0.2 mm and W=0.4 mm results 
in a single band characteristic with a larger bandwidth for  

 (a) 

   (b)           (c)              

   Fig. 1. Unit cell for the FSS:Layers of unit cell (a), perspective view (b), top 
view with dimensions (c).  
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  (a)                                                                                  (b)               

                                                         Fig. 2. Reflection coefficient (a), transmission coefficient (b) for  parameter W.
 

 
W=0.4 mm, while W=0.6 mm and W=0.8 mm lead to a double 
band variation in the reflection coefficient simulation. A flat top 
transmission curve is obtained for all W values in the 
transmission coefficient simulation, as illustrated in Fig. 2b. 
Moreover, top of the transmission curve occurs at smaller 
frequencies as W becomes larger. Note that W=0.4 mm is 
chosen for the FSS design, which yields the maximum 
bandwidh including the chosen operation frequency of 10 GHz. 
 

Next, another parametric analysis is performed to explore 
the impact of the unit cell dimension L on the reflection and 
transmission coefficients versus frequency. Four L values (L=3 
mm, L=3.5 mm, L=4 mm, L=4.5 mm) are inputted to the 
simulations. Values of L=3 mm and L=3.5 mm result in single 
band reflection coefficient curves while L=4 mm and L=4.5 mm 
yield double band curves (see Fig. 3a). Smaller resonant 
frequencies occur as L becomes larger. This is due to the 
increase of equivalent inductance with increasing L. 
 

       

 

 

 

 

 

 

 

 

 

 

 
   Resonant frequency of the unit cell is calculated as  
 

                                         (1) 

where LU and CU are the equivalent inductance and equivalent 
capacitance of the unit cell, respectively. As the slot length L 
increases, the resonant frequency decreases, which is observed 
smaller frequencies as L becomes larger. Recall that a slot 
length of L=3.5 mm is used in the FSS design. 
 
    A parametric analysis for the unit cell dimension D is also 
carried out. Values of D=7.5 mm, D=8 mm, D=8.19 mm, and 
D=8.5 mm are applied as inputs. Fig. 4a and Fig. 4b depict the 
reflection coefficient and transmission coefficent curves, 
respectively. A value of D=7.5 mm results in a double band 
reflection coefficient variation, while remaining values yield a 
single band characteristic. 

  (a)                                                                                   (b) 
 

    Fig. 3. Reflection coefficient (a), transmission coefficient (b) for parameter  L.
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    Lower resonant frequencies are observed as the parameter D 
increases. Furthermore, a flat top transmission is is obtained for 
all D values. The designed unit cell has a D value of 8.19 mm. 

    It is useful to explore the effect of incidence angle on the 
reflection and transmission coefficients as well. Fig. 5 
illustrates the incident wave that impinges on the unit cell with 
an angle of . A set of incidence angles between =0  and 
=50  with an increment of =10  is applied.  

    As verified by Fig. 6a, resonant frequency remains 
unchanged with varying incidence angles, however, reflection 
coefficient becomes larger at the resonant frequency as the 
incidence angle increases. An increasing incidence angle yields 
a narrower passband as given in Fig. 6b. Also, a flat top 
transmission is obtained for all incidence angles. In order to 
cover a larger range of incidence angles, reflection and 
transmission coefficients simulated between =0  and =90  
are depicted in Fig. 7. 

                                                        

                                                                 
.     

 
 
 

 
 

         
Fig. 5. Incident wave on unit cell. 
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                                        Fig. 4. Reflection coefficient (a), transmission coefficient (b) for parameter D.     
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             (a)                                                                                    (b)                                                   

 
Fig. 6. Sensitivity analysis of the EM wave: Reflection coefficient (a), transmission coefficient (b). 

 
 
 
 

                                          
 

                                               Fig. 7. Sensitivity analysis of the EM wave: Comparison of reflection and transmission coefficients. 
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II. CONCLUSION 
      A parametric analysis for the unit cell of a designed FSS is 
carried out in order to better understand the effects of unit cell 
dimensions such as slot width W, slot length L, circular metallic 
patch diameter D on the reflection and transmission 
coefficients as a function of frequency. Furthermore, the 
impact of varying incidence angle on the frequency 
performance is investigated. Simulation results reveal that 
these input parameters have significant impacts on the 
resonance and passband characteristics of the unit cell. Based 
on the simulation results, dimensions of the unit cell are 
determined. It can be concluded that the designed FSS is 
suitable to be used for curved structures such as radomes.
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Abstract— Bone age assessment is one of the most 
important problems to assess Pediatric growth. Various 
methods have been investigated to develop bone age 
assessment. The study of bone age assessment helps to 
diagnose disorders in growth progress. It is very common to 
monitor growth progress with left hand x-ray images. There 
are many method such as Tanner-Whitehouse [TW], 
Greulich and Pyle (G&P) methods. In this paper, we 
applied convolutional neural network resnet50 by 
preprocessing the images using different filters based on 
edge detection to compare effects on CNN accuracy. The 
main purpose of the paper is to compare the effect of DoG 
filtering and à trous wavelet as preprocessing techniques on 
bone-age assessment. It has been proved that suggested 
methods improved the accuracy of CNN (resnet50) in 
filtered images compared to the result of the non-filtered 
ones.  The ages between 0 and 7 are analyzed to assess bone 
for female, male, and female male together. It is observed 
that there is over% 14 improvement for Female   for Male 
%11 and for male and female %10 percent between filtered 
images and non-filtered images. The proposed method 
reached% 87.78 female and% 80 for male within 7.9 month. 

Keywords— bone age assessment- x-ray radiology left hand, 
convolutional neural network, à wavelet filter, Differential Gaussian 
filter, binary segmentation, resnet50 

I. INTRODUCTION 

There are various factors for the chronological progress of 
body like height weight, skeletal mass [1]. Skeletal maturity 
during growth from childhood till adulthood shows many 
changes. It is very important to monitor the body to see there is 
any problem with the normal growing process. One of the ways 
is pediatric bone age assessment to detect for any disorder such 
as endocrine disorders [2]. Bone age assessment from left-hand 
wrist as radiology photos reveals much information about 
maturity. The radiology images could give us information about 
any abnormalities in the growth process. For identification of 
people without ID card bone age assessment  is used commonly; 

similarly, for  therapeutic treatment this method shows 
information about health condition [3]. Changes in bone 
happens in carpals and epiphyses and proximal phalanges as 
well as radius and ulna (see Figure 1). This growth continue until 
reaches to metaphysis; in carpal section it growths until takes the 
final shape [4]. Medical researches reveal that carpal bone 
between 8-12 does not reveal much information about maturity 
the main reason is the carpal bone shows some overlapping with 
other bones in this time looking for phalangeal will reveal more 
information than carpal bone [5]. The first method which 
implemented for evaluation age is from Greulich and Pyle 
(G&P) method [6] and the Tanner e Whitehouse (TW2) method 
[7]. G&P method is fast and easy and most common used 
method (by 76% of radiologists) because it is based on the 
comparative method on atlas photos. TW based method is to 
evaluate bone according to the some parts of bones such as 
carpal, epiphysis/metaphysis (EMROIs).Even though this 
method has more accuracy than G&P ,it is used  less because 
much more time is needed for analysis. 

There are another methods that use TW method, for example 
EMROI segmentation by ad-hoc method to extract and after that 
TW utilized by fuzzy classification to classify input image [8]. 
By using Bayesian estimation Phalanx bones are segmented and 
then according the shape descriptor of bone and makes it feature 
vector for regression then Bayesian estimation for showing 
growth level [9]. 

In recent years, one of method used was Bone expert which 
reconstruct bone and according the shape (radius, ulna, and 11 
short bones) which is essential parts of bone then utilize the 
Greulich Pyle (G&P) or Tanner Whitehouse (TW) bone age. 
One of the disadvantages of this method is which does not work 
on low- quality photos. This model has been utilized Greulich 
Pyle (G&P) or Tanner Whitehouse (TW) [10]. Another works 
by extracting Epiphysis and Metaphysis by doing  threshold and 
using differential Gaussian filter and  the extracted region is 
given to TW2 for evaluation [3]. The first semi-Automated 
algorithm is proposed by Michael by doing some preprocessing 
and using adaptive counter algorithm for segmentation and 
model-based histogram modification [11]. Other works , 
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concentrated on  carpal bone segmentation and evaluation based 
on carpal shape ,this work shows good performance  on the 
bones which has no overlapping  on carpal section the age 
interval is 0-7 ages and after segmentation of carpals it is given 
to fuzzy classification algorithm to evaluate[12].  

Recently, Deep learning and convolutional neural network 
methods have been utilized for bone age assessment [13-15] like 
Finger net, which finger gaps and joint is detected. This study 
does not concentrate on classifying age ; evaluation is based on 
the joint.[13] Vladimir [14] used the convolutional neural 
network (VGG) for classification and regression to analyze 
mean absolute error of different parts of hand like carpal. 
Hyunkwang Lee [15]  used CNN for detecting hand and to 
remove extraneous shape from the images then googlenet, 
alexnet, and VGG are used as networks for training . In other 
medical images also CNN shows power instead of manually 
choosing  features from the pictures and used  it in algorithms 
for classification purpose ,CNN executes this duty by end to end 
features extraction till evaluation [16]. There are various works 
in the literature reporting use of CNN like detecting lung 
deceases, detection and classification of nuclei in clone cancer 
and analysis of histopathological images. Beside classification 
CNN does other works like segmentation and object detection, 
in medical images shows paramount accuracy and precision 
results. M. Havaei [17] tested different CNN architectures and 
different regularization like dropout for tumor segmentation 
improvement. Hatipoglu, Nuh [18] compare the CNN with other 
machine learning algorithms  to detect cellular structure from 
non-cellular structures and observed the superiority of CNN 
compare to and other methods.  

 

In this paper the residual neural network is implemented to 
the datasets. In order to have a high accuracy bone age 
assessment, firstly unnecessary information in the images 
should be removed. For this purpose binary segmentation is 
implemented. The hand is segmented and extra shape around 
hand which prevent for better result is removed. Second we need 
information about proximal and carpal and ulna and radius bone 
for this reason, different edge based filter method is applied first 
differential Gaussian filter (DoG), and à trous wavelet which 
will help us to more conveniently extract features especially the 
shape of bone in carpal and proximal by enhancing observability 
of the edges which makes feature extraction easier. Residual 
convolutional neural network resnet50 is powerful deep CNN 
algorithm which extract feature (feature map) and decide data 
for which classification is belongs; without needing manually 
crafting and interfering for algorithm. The comparison between 
the effect of filtered and non-filtered CNN is presented. 

 
Fig.1. hand anatomy [19] 

II. MATHERIALS AND METHODS  

A. Dataset 
The dataset is taken from a publicly available website 

ipilab.usc.edu [20]. The dataset includes x-ray images from 0 to 
18 age with different sex, male and female. The dataset is from 
4 ethnics groups (Asian, African, Hispanics, and Caucasians). 
The total data is 1224 x-ray photos. Beside every data, there is 
information about bone diameters and lengths in websites which 
is related to ages. The total number of images between 0-7 ages 
are 365 for training data set. Figure 2 and 3 shows the age 
distribution of the dataset with respect to genders. 

 

 

 

Fig.2 Female age distribution  
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Fig. 3. Male distribution 

B. Binary segmentation 

In binary segmentation threshold value is used for grayscale 
images. Applying threshold value removes some parts of image 
which is extraneous shape. According the threshold value the 
border of hand is drawn then it make a masks and   clear all 
extra shape on dataset.  By assigning zero value for non-mask 
part of images the image cleared from and prepare it to filters 
and trains for CNN.   

C. Differential Gaussian filters 

There are many methods for edge detection like canny edge 
detection, Robert Edge, Sobel etc. Differential Gaussian filters 
is kind of filters which is used for finding intensity changes 
among the images especially it is used for detecting edge in 
images; for edge detection differential of Gaussian has sigma 
parameter which represent the spread size of filter for 
neighborhood which is selected and the choice of sigma vary 
from image to image because it suppresses of high frequency     
[21].As the equation (1)(2) represent we calculate Gaussian 
distribution then apply for image then subtract it (5)and apply 
for images. 

*  ] *exp ( )                        (1) 

 
(x)=	 (x,y)* ,                                                                (2) 

 
*  ] *exp ( )                             (3) 

 
(x, y)=	 (x)* ,                                                                (4) 

 
DoG ( , ) = [1/ * ]*exp (- ) - 
1/ * ] exp (- )                                               (5) 
 
DoG ( , )* ,                                                                    (6) 
 
 

The value of is determine the bandwidth at half sensitivity 

and half power and peak sensitivity .the variation of value 
change sensitivity and power and parameter which is called 
excitatory and inhibitory space constant [21]. 
 

D. À Trous Algorithm(Wavelet-Based Edge Detection) 
À trous algorithm is discreet wavelet transforms which gives 

us spatial information of image. We can obtain edges of image 
with this algorithm. This algorithm allows the image to have 
shift-invariant decomposition with same columns and rows of 
original image. À trous algorithm is  a non-orthogonal, 
transform [22].With use of scaling function which has  Cubic 
spline of degree 3 the convolution of four box functions in one 
dimension are:   for image 2D we can 
obtain this low pass filter: 

 

				 			

			

                                                 (7)                   

 
Gflss 

7.5 

E. Deep learning and convolutional neural network: 
 

Deep learning is a type of machine learning which can 
observe the concepts with hierarchy. Deep Learning does not 
need to human prepare features for algorithms; Deep learning 
can learn it with experience. There are many Deep learning 
algorithms such as convolutional neural network, recurrent 
neural network, Deep belief network and LSTM. 

In the 1980 convolutional neural network is proposed with 
Lecun [23]. Convolutional neural network mainly has three 
steps: weight sharing, convolutional layers, pooling layers. 
Convolutional neural network designed for 2D image for feature 
extraction from 2D images. In this part we briefly explain what 
convolutional neural network is and then what is residual neural 
network. 

 

a) Convolutional layers: 

The Convolutional layers is a layer which implement a filters 
kernel for our data, on the other hand ,every plane is connected 
to one or more feature maps of  the preceding layers. The two 
dimensional  matrix which is called mask or kernel ,has different  
numbers, which first kernel matrix applied for input data then it 
will apply for other plane masks which is produced , in final 
convolutional value will gathers and sums with bias and it will  
pass through the activating function  the output plane is called 
feature map [24]. More filters can reduce the size of data which 
occupy space and more filter can help to make progress in 
algorithm performance [25]. 
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The output of convolutional layer can be calculated: 

 

= [ ] +1                                                                  (8) 

 
= number of input feature 
=number of output feature  

K= convolutional kernel size  
P = convolutional padding size  
S=convolutional stride size 
S= convolutional stride size  

Fig. 4. A typical convolution neural network [26] 
 

b) Pooling layer: 

For deduction of operation space we use pooling layer which 
is called down sampling in CNN. Pooling layer preclude CNN 
from overfitting. Pooling layer can be implemented in two 
different ways; Max pooling which gets the maximum value, 
and average pooling which gets the average value of kernel. In 
this work we will use max pooling values. 

 

 
 

 

 

 

Fig. 5. Pooling operation  

c) Fully connected layers:  

After convolutional layer and pooling layer these layers 
connected to the output layer of previous layer ,in fully 
connected layer y=f_c=(w,s,b) which s is input to fully 
connected layer  w express   the weights and b is bias values if 
we have N attribute our weight will have M*N weights and y 
will calculated  

y=                                                                       (9) 
 
And all of this change happen after one by one iterations and 
weights and biases will update according the below formula. 

(t+1)= - -  +f                                            (10) 

 

(t+1)= 	  +f                                                                                     (11) 

W is weight, b is bias, x ,learning rate ,and l is number of layers 
, 	 is regulation  n, f, t, d shows number of samples rate, 
momentum, updating step and cost function. In this work we 
use two activation function, Relu and softmax Rectifier linear 

activation (Relu) unite this activation function is much speedy 
than other functions like tanh(x) in sgd optimization. By 
thresholding at zero value can easily be implemented and it is 
quite simple operation compare to tanh(x) and sigmoid [27]. 
Rectifier linear activation formula in below shown. 
F(x) =max (0, x)                                                                        (12) 
Softmax activation function: 
This activation function usage mostly is for final output layer 
when we want to classify our data, the range is between 0- 1 
[24].  
The formula of softmax can be written 

                                                                    (13) 

 
d) Batch normalization: 

  
 For accelerating learning in CNN is used batch 
normalization. Batch normalization normalized the output of 
the previous activation layer, it allows to each layer learn more 
separately compare to other layers. It has a regularization 
aftermath like other regularization L2 L1 and dropout which 
helps us to prevent to over fitting happen in the training. Batch 
normalization increase the stability of neural network. By 
subtracting batch mean and dividing by the batch standard 
deviation batch normalization can be calculated [28]. The 
formula below shows the mathematical operations on layers 
with batch normalization  
Input: values of x over mini-batch:	  
 Parameter to be learned: 	                                 (14-a)   
Output :{	 , } 

						// mini-batch mean                               (14-b) 

 // mini-batch variance                 (14-c) 

                                                                         (14-e) 

 
 

 ,     [28]                                       (14-f) 
 

e) Dropout:  
 

Another approach to prevent CNN from over-fitting is 
dropout, which helps to reduce interdependent learning among 
the neurons. For each hidden layer for each iteration dropout 
neglect some neurons randomly, which help to teach CNN more 
robust feature from subsets of other neurons [29]. 
 

f) Stochastic gradient decent: 
 
 There are various calculation methods for optimizing 
algorithms such as Adam, RMSprop, Adagrad, and stochastic 
gradient decent (SGD).  We used SGD, this calculation is 
happen at the end of each iteration. 

                                                        (15) 
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g) Residual neural network: 
  
 It is key point that the depth of convolutional neural 
network effect the results, but the most significant problem in 
deep convolutional neural network is gradient vanishing. 
Gradient vanishing can be reduce by initial normalization; 
stacking layers to network  shows enhancement in the  
performance,  but after one point the error of network increases. 
When the model goes from fewer layer to deeper model after 
one point, reduction of accuracy appears. For solving this 
problem residual neural network comes out. Resnet50 instead 
of fitting underlying mapping, resnet50 uses residual mapping 
which has shortcut connection (identity mapping). Identity 
mapping does not add any operational complexity just should 
be the same output size otherwise with extra zero padding the 
dimension will be increased. Without shortcuts the network 
become a plain network which is inspired by VGG net has 
higher error when going to deeper but residual neural network 
has low error rate when going to deeper. If we consider F(x) is 
underlying mapping and x is identity mapping the output of 
residual neural network will be H(x) =F(x)+x. Residual neural 
network has different  variation like resnet50 which we used 
has 50 layer, other variation such as  101 layer 152 layer 34 
layer and 18 layers [30]. 
 
 

 
Fig.7 the residual neural network [30] 

  

   
Fig8.identity block in our residual neural networks 

  

F. Proposed CNN model(resuidual neural networks) 

 
In this paper is used resnet50 which is first time tried in bone 
age assessment. Prior to classification the dataset was 
divided into four classes. First class includes the ages 
between 9-25 Second class26-42Third class43-59 Forth 
class 60-80 month. The last class has more month because 
of less images. It is resized all images to 224*224 in pre-
trained resnet50.It can be frozen some weights which gets 
from imagenet but It is trained the whole resnet50 without 
freezing any layers .The train for all data is finished by 2500 
iteration but after around 1000 iteration there was not huge 
difference in percentage. The dataset split is 0.8 for learning 
and 0.2 for testing is chosen .It is have been tried many 
optimizers but the best one is stochastic gradient decent 
with 0.0007 value. The error calculation is mean absolute 
error. Learning done with GPU with google colaboratory. 
We classified ages within 7.9 month. Female and male and 
female and male for non-filtered images and differential 
Gaussian filter and à trous filtered and compared with each 
other. The main purpose of our work is by filtering images 
to make convenient to CNN to get feature. And improve 
percentage of accuracy. 
 
 

III. RESULTS AND DISCUSSION  

Binary segmentation method is applied for one image by 
suitable threshold value. After masking hand, the histogram of 
this image is used as reference histogram for other images. 
Then by histogram matching for other images, It is used the 
same threshold for all of images. The procedure is   shown 
Figure 9. 

 
Fig. 9. Binary segmentation 

 
 

 Gaussian filter has been applied to images. First Gaussian 
constant sigma is 10 and the second  is chosen 40 by subtracting 
Gaussian filter we see good result and we can observe mostly 
bone joints and bone edge more robust and clearly .These 
constant differ from images to images and for other grayscale 
image should try some other value to find best options. Also      
à trous applied for these images. 
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Fig.10 1) differential guassian filter  output 2) à trous wavelet transform output  

 
Results of differential Gaussian filter and à trous wavelet 

transforms are depicted in figure 10. Differential Gaussian filter 
shows better performance than à trous wavelet transform for 
reducing the noise and making the edges more evident. As it 
obvious the à trous wavelet has noise in picture and the joint 
between carpal metacarpal ulna and radius is not clear as 
Differential Gaussian filter. Because of clarity and less noise in 
DoG filter is considered to show high accuracy performance 
than à trous. As it can be seen easily the border of soft tissues 
in hand in DoG filtering is obvious and it assist to resnet50 to 
learn better. 

The accuracy results are given in table 1. Raw line shows 
accuracy of not preprocessed data. The other lines are the 
results of respective preprocessing methods.  

 
Table 1 accuracy percentage  

Type of image  Female  Male  Male and 
female 

raw 73.53 68.9 68.49 

Differential 
Gaussian filter  

87.78 80 78.6 

à trous 
wavelet 

76.47 72.36 73.69 

According the table 1, we can see DoG filter can effect over 
%14 percent for image classification for female because 
metacarpal carpal bones edges and shape of bones became 
clearer %87.78 percentage for male %80 for male and %78.6 
for female and male. For à trous images also we have the same 
condition by this different  which à trous has noise which cause  
degrade the performance of CNN resnet50 , %76.47 for female 
%72.36 for male and %73.69 for male and female. In non-
filtered image the quality of image will more important. It could 
be considered differential Gaussian filters has a huge effects on 
classification accuracy as the table 1, à trous wavelet has a 
enough effect to change CNN output toward to high accuracy, 
but it is clear that DoG filter is more effective than à trous 
wavelet. à trous wavelet has quiet noise for this reason the 

accuracy is low than dog filter.  Comparison is   DoG> à trous> 
raw images. 

 
The mean absolute error of the resnet50 result is shown in:

 
Fig.10 mean absolute error  
 

According to the figure 10 the mean absolute error of DoG 
filter for female, male and female male has the lowest error rate 
because of the height accuracy which is gained. The second 
lower error rate is à trous wavelet which is close to the non-
filtered dataset but lower than raw data. 

Bone age assessment is important to detect any disorders for 
children who should have enough growth. The discrepancy 
between chronological age reveals information about growth. 
In this paper deep learning CNN resnet50 approach is proposed 
for bone age assessment problem. The classification is done 
within 7.9 month. Firstly by binary segmentation all extra shape 
around hand is separated then by different edge detection 
filtering is used as input for fully automated convolutional 
neural network resnet50 .Resnet50 is power full algorithm 
which bring solution for gradient vanishing, The main aim of 
this work is improve the accuracy as well as the novel idea is 
applying new filters to see the results of resnt50 output compare 
to the non-filtered ones.  

 Among the result edge based filter help by low pass 
filtering and elimination, staying robust features in images. 
Furthermore resnet50 is suitable deep neural network for 
extracting features. It could be said that deeper CNN will bring 
more and higher accuracy for such dataset 

IV. CONCLUSION 

It this paper resnet50 proposed for bone age assessment for 
0-7ages within 7.9 month. It is aimed by different edge detection 
process to improve accuracy of resnet50. By looking to the 
previous work it could be seen our result is acceptable results. 
In future work by help of different image processing filtering 
and deeper convolutional neural network is aimed to enhance 
our accuracy.  

 

female male female
and male

Dog 0.078 0.1224 0.1056
 a trous 0.1255 0.128 0.121
raw 0.1324 0.1404 0.165

0.078

0.1224
0.1056

0.1255

0.128
0.121

0.1324 0.1404
0.165

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

mean absolute error 

Dog  a trous raw
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Abstract— Image registration is an essential step of 
deblurring algorithms which is applied multiple images of a 
scene to minimize the degradations stemming from time-
varying blur and geometric deformations. The proceeding step, 
optimal image fusion is required as well in order to reconstruct 
the scene representation success of which heavily depends on 
the registered frames. In this study we deal especially with the 
images degraded by atmospheric turbulence. We investigate 
the efficiency of three registration methods; thin-plate spline 
based non-rigid image registration, demons algorithm based 
non-rigid registration and Fourier transform based 
registration.  The main thrust of the study is to demonstrate 
and evaluate the performance of well-known registration 
algorithms applied on images suffering from atmospheric 
turbulence.  

 Keywords— image registration; atmospheric turbulence; 
multiple images; non-rigid deformation 

I. INTRODUCTION

During image or video acquisition in long range 
imaging, atmospheric turbulence effects on visual quality. 
This effect may be observed in different degradation forms 
like geometric deformation or blurring. Atmospheric 
turbulence occurs due to temperature difference, wind 
velocity or aerosols. When the temperature difference 
begins between earth and air, the air is heated and there exist 
horizontal coat. If this difference increases, the thickness of 
each coat decreases and air coats move to up fastly, making 
greater micro-scale variances in the air's refractive index [1], 
[2], [3].   

When the image acquisition system is exposed to strong 
turbulence effect, severe geometric deformations can be 
observed as geometric deformations on the acquired 
video/images. For example, we can see this effect on hot 
paths, desserts or near any heat emitting / reflecting 
surfaces. Fig. 1 shows an image degraded by atmospheric 
turbulence. One can clearly see the geometric deformation is 
pointed out within the in the red box frame.  

Fig. 1. An image degraded by atmospheric turbulence [4]. 

Mitigating  the turbulence effect is an ill-posed problem 
to solve commonly for the imagery in long range 

surveillance. Because of the geometric deformation, using 
one single image is not an efficient method to get rid of 
degradations exposed on the scene representation. It may 
not embody the adequate information to represent the scene. 
So, it is a necessary process to utilize an image registration 
step preceding the image fusion towards deblurring the 
images degraded by atmospheric turbulence. 

Image registration is a fundamental, medium level image 
processing task. The ultimate goal of image registration is to 
find an optimal geometric transformation between pairs of 
images in hand. One image is aligned with the other with 
highest possible overlapping. Technically, image 
registration problem can be expressed as following; given a 
reference and a template image (in some sources named also 
as left and right images), find a corresponding 
transformation such that the transformed (or registered) 
template image comes to the highest resemblance to the 
reference image. Because of real life scenarios dictate 
variety of demands; image registration task becomes a 
challenging task [5]. For example in medical imaging, X-ray 
images need to be registered with rigid transformation; on 
the other hand, breast MRI scan images need non-rigid 
transformation.  

Registration methods can be seen as different 
collaborations of these four elements: a feature space, a 
search space, a search strategy and a similarity metric [6]. 
The feature space takes the information in both images 
(reference and template). The search space is the set of 
transformations that houses possible alignments of the 
images. The search strategy enthusiastically tries to find the 
optimal transformation. The similarity metric has to be 
accompanying search strategy which evaluates the 
resemblance of the images in hand.  

In this article, an investigation on the efficiency of well-
known image registration methods on the images exposed to 
atmospheric turbulence is studied. These methods are; thin-
plate spline based non-rigid image registration, demons 
algorithm based non-rigid registration and Fourier transform 
based registration. Considering the experimental results a 
comparison of the methods are indicated.  

The structure of this paper is as follows. In Section 2 
established methods and techniques considering the task of 
image registration is presented. A brief study with the 
expedient theories in general and their bearing on 
atmospheric turbulence effect is given. In Section 3 the 
experimental study and a comparison of the methods are 
stated. Section 4 puts concluding comments, discusses 
problems arisen in the study and possible future work and 
lists final remarks and practical advices resulting from the 
experimental study. 
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II. METHODS 
An image registration difficulty is to align one image, 

the template image, onto the other image, the reference 
image, by checking out a transformation that is the best 
option. We can define an image registration difficulty 
considering the image degradation model consisting 
following five functions / entities [7]:  

1. Reference image  𝐼1 𝑥, 𝑦  that is commonly taken to be 
untouched 
2. Template image 𝐼2(𝑥, 𝑦) that is transformed to align onto 
the reference 
3. Geometric transformation 𝑓 that maps positions in one 
image to the other 
4. 𝑔 that transforms intensity values in reference image to 
the template image 
5. Noise term 𝑛(𝑥, 𝑦) that gives shape to sensor and other 
additive imaging noise. 

These definitions lead to the following relationship 
between the reference and template images, where (𝑥, 𝑦) 
represents the equivalent system in the reference image, and 
(𝑢, 𝑣) represents the equivalent system in the template 
image. Two image locations in the reference and template 
image are said to correspond or to be corresponding points if 
they are mapped into each other under the geometric 
transformation, i.e., 

𝐼1 𝑥, 𝑦 = 𝑔(𝐼2 𝑓𝑥(𝑢, 𝑣 , 𝑓𝑦 𝑢, 𝑣 )) + 𝑛(𝑥, 𝑦)  (1) 

This section describes the important methods and 
techniques utilized for the task of image registration. These 
methods are all well-established and illustrated in all details 
in the literature. Therefore their overview here contains only 
the parts relevant to the study.  

A. Thin Plate Spline based Nonrigid Registration 
The use of thin plate spline interpolation was proposed 

by the researchers with a seminal study [8]. Thin plate 
spline is utilized to model the displacement of landmarks. 
Exclusively, it interpolates the coordinate displacement of 
each pixel of the image as it is very important that the 
geometric structure of the image is protected.   

To determine the transformation 𝐮, between two images 
of dimension d (2), assume  𝑝𝑖  and 𝑞𝑖 , 𝑖 = 1, . . . 𝑛 represent 
two different sets of landmark in the reference and template 
images, seriatim, as well as information about the landmark 
localization errors in terms of scalar weights 𝜎𝑖

2 [9]. 
Following equation is used to measure the distance between 
the two landmark sets and smoothness of the transformation,  

𝐽𝜆 𝐮 =
1
𝑛  

 𝑞𝑖 − 𝓊 𝑝𝑖  2

𝜎𝑖
2

𝑛

𝑖=1

+ 𝜆𝐽𝑚𝑑  𝐮  . (2) 

where 𝑚 is the order of involved derivatives of 𝐮, and the 
parameter 𝜆 is greater than zero and weights two terms. The 
solution to the single functionals can be stated as  

𝓊 𝑥 =  𝑎𝑣𝜙𝑣

𝑚

𝑣=1

 x +  𝑤𝑖𝒰
𝑛

𝑖=1

 𝑥, 𝑝𝑖  (3) 

with polynomials  𝜙𝑣  up to order 𝑚 − 1 and 𝒰 is the 
suitable radial basis. For example, in the 2D case 𝑑 = 2 

(known as thin plate splines) and we have the well-known 
function, 

𝒰 𝑥, 𝑝 = 1
8𝜋

 𝑥 − 𝑝 2𝑙𝑛 𝑥 − 𝑝  . 

The coefficient vectors a =  𝑎1, . . . . , 𝑎𝑚 𝑇  and w =
 𝑤1, . . . . , 𝑤𝑛 𝑇   of the transformation can be computed 
through the following system of linear equations, 

 K + 𝑛λW−1 w + Pa = v  

PTw = 0 
(4) 

where v is a vector of one component of the coordinates of 
the landmarks 𝑞𝑖   𝐾𝑖𝑗  =  𝒰(𝑝𝑖 , 𝑝𝑗 ) and 𝑃𝑖𝑗  = 𝜙𝑗  (𝑝𝑖). The 
matrix  

W−1 = diag 𝜎1
2, … , 𝜎𝑛

2    
contains the scalar weights representing isotropic landmark 
localization errors. 

 

B. Demons Algorithm Based Nonrigid Registration 
In the original paper [10], Thirion proposed a new 

method to perform the nonrigid matching of two 3-
dimensional images. This method is called demons [11]. 

The main idea is to position demons at specific places in 
the image domain. These demons can then decide whether 
or not an action of one particle of the template image in a 
specific direction decreases the variation between the 
reference and template images.  

 

 

 

 

 

 

 

 

 

C. Fourier Tansform based Registration 
Frequency domain methods supply a fast choice for 

figuring out  the correlation coefficient similarity measure. 
A frequency transform turn to an image to a collection of 
frequency coefficients that represent the strength of each 
frequency in the original image. For instance, if the original 
image has a large number of ridges, then the frequency 
domain will have large coefficients related to the regular 
distance between the ridges.  

Fourier domain methods are based on to Fourier’s shift 
theorem, which states that if a function is a translated or 
rotated version of another signal in the spatial domain, then 
the corresponding Fourier transforms will be related by 
noticeable shifts and rotations and can be recovered 
efficiently. For image registration, the two images are 
transformed to the frequency domain by the Fast Fourier 
transform. These transforms are then multiplied efficiently 
in the frequency domain, and their product is transformed 
back (via the inverse FFT) to the spatial domain for 

Algorithm 1 : Thirion's Demons Algorithm 
 
Let    𝑘 = 0 and 𝜑(𝑘)   =  I and  ⅅ be a set of demons 
 
For   k = 0,1,2... 

For each demon, 𝑑 ∈  ⅅ 
- Compute the pushing force 𝑓 𝑑  according to the 
values of 𝑇 (𝑑) = 𝑇  𝜑 𝑘   −1(𝑑) 𝑎𝑛𝑑 𝑅(𝑑) 
- Compute a displacement field 𝑢(𝑘): ℝ𝑑 →   ℝ𝑑 , based 
on 𝑓 𝑑 , 𝑑 ∈ ⅅ 
- Concatenate the transformations  𝜑(𝑘) and 𝑢 𝑘 , 
  𝜑 𝑘 + 1    =   𝑢 𝑘  ⸰ 𝜑 𝑘  
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recovery of the translation. Fig. 2 shows the step by step 
Fourier transform based image registration [7, 12, 13]. 

 

III. EXPERIMENTAL STUDY 
In the experimental part, well-known image registration 

methods are tested on the images degraded with to 
atmospheric turbulence. The performances of the methods 
are then evaluated. We conducted our experiments on the 
image set named as “door” of the well-known Open 
Turbulent Image Set [14]. The sequences are reported to be 
acquired with a GoPro Hero 4 Black camera with a 25 mm, 
f/2.0 14d HFOV 3MP lens. The images have the size of 
520x520 and the turbulence level is strong (severe 
geometric deformation). They even covered the field with 
artificial turf reflecting the sun heat. Thus, they reached to 
higher levels of turbulence. Unfortunately there is no ground 
truth image as the scene representation. 

To run registration algorithms the reference image has to 
be designated, in that the sequence can be aligned onto this 
image. The naive way is to set it as the average of all images 
(Fig.3). In this study we tested 10 raw (template) frames, so 
the reference image is averaging of these images. 

 
Fig. 2. Overview of the Fourier transform based image registration 
algorithm. 
 

 

 
Fig. 3. Reference image and a template image from the set selected to be 
registered. Same image pair is used for all the runs. 

 
Fig. 4. Deformation map computed with thin plate spline based nonrigid 
registration. 
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0  255 

Fig. 5. Registered template image and difference image with thin plate spline 
based nonrigid registration. 

Next demons algorithm based nonrigid registration is 
used.  Registered template image and difference image for 
this algorithm is given in Fig. 6. As it can be seen due of the 
intensification of the deformations at the edge of registered 
template image this algorithm produces a performance 
deficiency.  

The registration task based on Fourier transform is 
conducted as well and the results are given in Fig. 7. The 
fact that there are certain scenarios of image registration 
which can be handled the best in the frequency domain does 
not seem to be worthwhile for the degraded images in this 
study. Regarding the difference image it is not operative as 
thin plate spline based nonrigid registration. 

 

 

 
0  255 

Fig. 6. Registered template image and difference image with demons 
algorithm based nonrigid registration. 
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Fig. 7. Registered template image and difference image with Fourier 
transform based registration.  

 

IV. CONCLUSIONS 
A good registration algorithm involving such an 

application includes two main steps; crude registration and 
fine registration (sub-pixel registration). Essentially crude 
registration was carried out in this study through 
establishing correspondences between multiple views. The 
crude registration is the most challenging part of a 
registration.  

Given the extensive rate of image capture by imaging 
systems and complicated application, there is much need of 
proper, endorsed and efficient registration algorithms. This 
study has showed 3 different image registration methods to 
provide an overview of the efficient approach to images 
degraded by atmospheric turbulence.  

Frequency domain efforts mostly demands very limited 
atypical scenarios. The amount of the degradation in the 
images and its nature, which is spatially time invariant, we 
here requires non-rigid examination. Demons based image 
registration is generally expected to demonstrate superior 
performance when larger deformed image regions are dealt 
with such as deformed body parts in medical images. 
According to difference images of these 3 methods, we can 
clearly see that thin plate spline based nonrigid registration 
provide a good performance for atmospheric turbulence 
scenario.   
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Abstract—In this paper a method for mapping vegetation 
patches in semi-arid area is presented. These vegetation spots 
show specific morphological variations and their exact location is 
essential for the regional development. The proposed method is 
based on exploiting spatial and spectral information from 
Remote sensing data. First, the vegetation spots are emphasized 
by using the Spectral Similarity Ratio between the pixels of the 
image and previously defined windows which include samples of 
the targeted structures. Second, and once vegetation spots are 
highlighted, they are extracted using the grayscale Hit-or-Miss 
Transform from mathematical morphology. The method has 
been applied to map specific pre-Saharan vegetal formation from 
Landsat Thematic Mapper imagery on Algerian Saharan Atlas.  

Keywords— Vegetation cover; semi arid area; Satellite images; 
mathematical morphology; Hit-or-Miss transform 

I. INTRODUCTION 

The semi-arid of Algerian Saharan region is characterized 

by vegetation spots. Most of these structures in the study area 

are located between the Djebel Amour belonging to the 

Saharan Atlas chain and the Western Great Erg, 50 km 

southwest of Laghouat city (Algeria). These vegetation spots 

are important for the population as they are the resource for 

breeding and heating for rural societies. In the corresponding 

Landsat TM sub-scene acquired on 1 January 1989, the region 

is characterized by the presence of sub-circular spots scattered 

on the whole surface [1]. This distribution is peculiarly clear 

on the color composite (Fig.1). Remote sensing data were 

used in this work to map ligneous cover which is the key 

indicators of environment change in semi arid areas.  

In literature, numerous studies have presented various 

ways of mapping vegetation in semi-arid environments using 

multi-spectral analysis [2,3,4] or estimating aboveground 

biomass by the means of appropriate vegetation indices 

[5,6,7]. The vegetal cover is generally emphasized by using 

the Normalized Difference Vegetation Index NDVI [8]. 

However, most of the commonly used methods designed for 

extracting the vegetation cover are not appropriate for 

estimating vegetal spots in a semi-desert landscape. As a 

matter of fact, vegetation patches of different sizes tend to 

concentrate within small depressions or river-beds, under the 

impact of climatic dryness or anthropogenic action. Both 

spectral and spatial information are combined in order to 

extract these structures in semi-arid lands. In this context, we 

propose an approach which follows the flowchart of Fig. 2 and 

consists in the following steps:  

• Highlighting the vegetation spots by using Spectral

Similarity Ratio (SSR). Herein, we propose to generate

one grayscale SSR image from multispectrale image.

• Fuzzification of the SSR image by application of the S-

shaped function. The grayscale HMT is then applied to

the new fuzzy SSR image in order to generate fuzzy

HMT images.

• Vegetal spots extraction by analyzing the differential

fuzzy HMT images.

Fig. 1. Color composite of the Landsat TM sub-scene 

978-1-5386-7641-7 / 18 / $ 31.00 © 2018 IEEE
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Fig. 2. Flowchart of the method 

II. VEGETATION SPOTS DETECTION 

A. Spectral Similarity Ratio (SSR) 
To extract the vegetation cover, from passive remote 

sensing images, many segmentation techniques have been 

proposed in the literature. The accuracy of these techniques 

depends on the ligneous spatial distribution. According to 

Huete and Escadafal [10], the Soil-Adjusted Vegetation Index 

(SAVI) reduces soil background effects on the vegetation 

signal then it could discriminate better the vegetation cover in 

semi arid zones than the NDVI. However, the vegetation index 

were limited to those derived from the red/near infrared 

spectral bands. Hence, the method we propose to highlight the 

vegetation cover integrates all bands of the multispectral 

image. It relies on a measure of spectral similarity between a 

sliding window and reference windows previously defined 

over a region of interest. In order to estimate this spectral 

similarity, we use the Spectral Similarity Ratio (SSR) 

computed from the bands of the multispectral image. The 

approach based on the Spectral Similarity Ratio has been used 

successfully for detection of building locations [11]. As 

vegetation cover is relatively heterogeneous, reference 

windows are chosen on the spectrally most homogeneous part 

of vegetal spots. These reference windows allow the texture 

analysis to better discriminate vegetation areas from bare soils. 

The main idea of computing the SSR, is based on a 

comparison of the variance of the data in the sliding window 

and the variances of the data in the reference windows. 

Therefore, the SSR is estimated in the neighbourhood of each 

pixel in all bands of the multispectrale image and by the 

following expression: 
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Where: 

λ ri

1

  and  λ ri

2

  : are the first and second eigenvalues of the 

covariance matrix of the reference window i ( i= 1,2,…, n); 

n : is the number of reference windows ; 

λ ai

1
   and λai

2
   : are the first and second eigenvalues of 

the augmented window obtained after the addition of the 

pixels of the image found in the sliding window to the pixels 

in the reference windows. 

B. SSR image generation  
The main steps of the generation procedure are given as 

below:  

• Select reference windows over a region characterizing 

a vegetal spot. 

•  Generate augmented windows for each pixel image by 

adding the pixels under the sliding window to the 

pixels of the reference windows. 

• Calculate the covariance matrix of each reference 

window and augmented window. 

• Using (1) to estimate the Spectral Similarity Ratio 

(SSR). 

The SSR image is then generated by comparing the local 

variance, estimated within the augmented window and the 

variance of the reference window. The SSR values will be 

higher for higher spectral similarity between the data under the 

sliding window and the data of the reference windows. The 

SSR image (Fig.3a) presents a net discrimination between 

vegetal spots and their surroundings. In contrary, the NDVI 

image (Fig.3b) presents a low contrast and there is some 

confusion particularly between some clear soils and the 

ligneous cover. By analyzing visually the SSR image, we note 

that bare soil appears as black surfaces whereas, the vegetation 

signatures appear with white color. It can be seen that we have 

an efficient detection of the structures even for the small ones, 

but it can yields to some false alarms. In order to reduce them, 

we used the theory of fuzzy subsets [13]. It considers that the 

belonging of a pixel to the "vegetal spot" class can vary 

between a minimum and a maximum. This variation is 

estimated by the degree of membership of the pixel to the 

fuzzy subset which represents the desired class. Thus, our 

vegetal spots extraction approach is based on the extension of 

fuzzy Hit-or-Miss transform (FHMT) from mathematical 

morphology [11]. 

 

    

 

Fig. 3.  (a)  SSR image. (b) NDVI image 

(a) (b) 
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III. VEGETATION SPOTS EXTRACTION 

A. SSR image fuzzification  
Once spots are highlighted, the SSR image is analyzed in 

order to assign pixels to vegetation spots. We exploit the local 

geometrical information of each pixel. This is performed by 

using fuzzy HMT. Hence, a fuzzification of the SSR image is 

required. For this task, we have chosen to use the S-shaped 

function [14] defined as follow: 
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Where the parameters α, β and λ are defined as follow:  

min)max(05.0min LLL −+=α   
(3)

 

min)max(05.0max LLL −+=γ  
(4)

 

2/)( αγαβ −+=    
(5)

 

Lmin and  Lmax are respectively the minimum and the 

maximum of gray level SSR image values. 

This step provides a fuzzy SSR image needed to compute 

FHMT images using fuzzy morphological operations. 

B. Fuzzy Hit or Miss transformation (FHMT) 
The HMT transformation requires two structuring 

elements (SEs) to be fully applied on the image. The first (SE 

of the foreground : FG) is used to correspond to the shape 

sought, the second (SE of the background : BG) is used to 

correspond to the spatial neighborhood of the shape [15]. The 

two SEs form a composite structuring element B. 

The definition of the FHMT [11]  is written as: 
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This definition is equivalent to preserving the arithmetic 

difference between fuzzy erosion and fuzzy dilation to the 

points where this difference is positive. With: 

[ ][ ])(),(1,1),)((
)(

byxMinMinyxfE
FGFG BfB µµµ −+=

 
(7) 

Where b ∈BFG .  
FGBµ  is the degree of membership to the 

fuzzy structuring element of the foreground (BFG), and 

),( yxfµ   the degree of membership to the fuzzy image.  
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(8) 

Where b ∈ BBG.  
BGBµ   is the degree of membership to the 

fuzzy structuring element of the background (BBG).  

As the degree of membership of the fuzzy background SE 

(initialized at 0.1) is increasing and the degree of membership 

for the fuzzy foreground SE (initialized at 0.8) decreasing, a 

FHMT image is then generated for such increasing or 

decreasing step (the step of increasing and decreasing is 0.1).  

C. Vegetal spots extraction 
In the last step of vegetal spots extraction, the difference 

between two successive FHMT images leads to the evaluation 

of the Differential binary FHMT images (DHMT). It consists 

in assigning a value to each pixel P as follows.  
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The first DHMT images ensure the extraction but with the 

drawback to miss-detect some pixels and slicks border 

smoothing. On the contrary, last iterations are more 

appropriate but with the drawback of false alarms mixing up. 

In order to select the best one, the homogeneity index [16] is 

calculated for each one. In that study, the results of 

homogeneity index, suggest that the binary DHMT4 image 

gives best detection results. The resulting binary image 

contains 222 structures (Fig. 4). It can be seen that we have an 

efficient detection of the structures even for small ones. 

The size is computed for each structure. The area is most 

simply expressed as the number of pixels (Nbp) comprising 

that structure. On the other hand, the histogram of the vegetal 

patches size shows that their size varies between 2 and 375 

pixels (Fig. 5). In fact, except the presence of three structures 

with the respective sizes 375, 148 and 143 pixels, the average 

of the size of the structures is around 28 pixels. 

 

 

Fig. 4. DHMT4 image 

 

 

Fig. 5. Histogram Nbp of the vegetal spots versus the number of structures 
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IV. CONCLUSION 

This paper presents a method for mapping the vegetation 

spots of different sizes in semi-arid area by using both the 

spectral and the spatial information. The use of spectral 

information contributes for their detection considering the 

responses of their vegetal cover whereas the use of the 

morphological information considers spatial dependencies 

between adjacent pixels for their extraction. Spectral 

Similarity Ratio was performed in order to highlight vegetal 

spots in multispectral image. Thus, the SSR ratio has been 

calculated for each pixel and then a grayscale SSR image has 

been generated from multispectral image. Most vegetal spots 

were successfully highlighted on SSR images and they 

appeared with bright tones. In order to assign SSR pixels to 

vegetal spots, fuzzy HMT transformation exploit their 

morphological information. Results of the proposed approach 

are satisfactory and are suitable tool for the monitoring of the 

vegetal spots in the semi arid area. The vegetal spots maps we 

developed will help to detect and analyze the changes across 

two or more images over time. 
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Abstract—In this study, we propose an adaptive Fourier 
linear combiner (FLC) based on a modified least mean kurtosis 
(LMK) algorithm for canceling the sinusoidal noise signals 
from the desired signals. In the proposed framework, the 
weight coefficients of the FLC are adjusted by using the 
modified LMK algorithm instead of the conventional least 
mean square (LMS) algorithm. The fundamental reasons for 
using the proposed LMK algorithm in the FLC are that it 
provides a fast convergence rate, a lower steady-state error 
and a robust behavior against sinusoidal noise distributions. 
The performance of the proposed FLC algorithm is assessed on 
the noise canceling problem by comparing that of the 
conventional FLC based on the LMS algorithm. The 
simulation results demonstrate that the proposed FLC based 
the modified LMK algorithm outperforms its conventional 
LMS algorithm in terms of the convergence rate and the 
steady-state error. 

Keywords—Fourier linear combiner; least mean kurtosis, 
sinusoidal noise signal 

 T T

s is well nown, the most of engineering applications 
contain the periodic signals as ac ground noise  

speciall  in the field of iomedical engineering, an 
important part of signals ta en from the patients is faced  
periodic in general for instance, evo ed potentials, 
cardiograms, pneumograms, tremor etc   ther area 
involved periodic signals is the field of power s stems  The 
current and voltage information in the power s stems are 
sinusoidal signals ,  ence, the processing of the 
periodic signals ecomes an important tas  enerall , the 
transient ehavior of these signals has significant information 
elonging to the s stem considered to e processed  n 

this conte t, adaptive estimators can provide optimal 
solutions  using a little it a priori information a out the 
signal  

ne of the most popular adaptive algorithms in the 
literature is the least mean s uare algorithm   due to 
its simplicit  and low computational comple it   This 
algorithm is preferred in the man  engineering applications 
such as s stem identification, noise canceling, inverse 
modeling, channel e uali ation  owada s, in order to 
remove periodic signal interferences from the primar  input 
signal, the  algorithm has een com ined  in the 
form of a noise canceller  n this structure, the  
algorithm adaptivel  updates the weight coefficients of the 

 s stem  owever, the main issue of the  algorithm 
is slow convergence rate due to the fact that the eigenvalue 
spreads of the input auto covariance matri   To solve this 
pro lem, the  algorithm has een proposed in the 
literature, ut it re uires high computational comple it  
ecause it contains the matri  inverse operation in its 

algorithm structure  n order to overcome the mentioned 

issues of these two fundamental algorithms  and , 
Tanr ulu and onstantinides introduced the least mean 
urtosis algorithm  in  The cost function of this 

algorithm includes the urtosis of the error signal that defines 
the high order statistical properties such as fourth order 
moment term as well as the second order moment  

ith small e tra addition su traction operations independent 
of the parameter dimension, this algorithm outperforms the 

 algorithm in the most of signal processing applications 
 ecentl , the different versions of the  algorithm 

 have ecome popular in the adaptive signal 
processing area  

n this paper, we introduce an adaptive  ased on a 
modified  algorithm for canceling the periodic 
sinusoidal noise signals from the primar  input signals  

rimaril , we define the modified urtosis ased cost 
function for periodic sinusoidal signals unli e the 
conventional urtosis cost function to e valid onl  for 

aussian distri ution  fter the minimi ation of the derived 
cost function, the modified  algorithm is derived for 
processing periodic signals  n the proposed framewor , the 
weight coefficients of the  are ad usted  using the 
modified  algorithm instead of the  algorithm  The 
fundamental reasons for using the proposed  algorithm 
in the  are that it provides a fast convergence rate, a 
lower stead state error and a ro ust ehavior against 
sinusoidal noise distri utions  The performance of the 
proposed  algorithm is assessed on the noise canceling 
e periments  comparing with that of the conventional  
ased on the  algorithm  The simulation results support 

that the proposed  ased the proposed  algorithm 
outperforms its conventional  algorithm in terms of the 
convergence rate and the stead state error  

T      
 T  T  T

eriodic signals can e defined  a sinusoidal or ourier 
series model  ith the help of an adaptive algorithm, the 

 predicts a uasiperiodic signal having predetermined 
fre uenc   ad usting the amplitude and phase components 
of a reference input signal  ere, the primar  input signal can 
e artificiall  generated  a d namic ourier series ,  

( ) ( )sin cos
M

k r r
r

y a r k b r k    

where ra  and rb  represent ourier series coefficients that 
are adaptive filter coefficients  

The loc  diagram of an adaptive  is presented in 
ig  , where kx  and kw  are the reference input vector and 

the weight vector, respectivel  lso, ks , ky , and ke
represent the primar  input, the output of the , and the 
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error signal  rimaril , the error signal ke  is defined as 
follows  

k k ke s y       

Then, the output of the  ky  is defined as  

T
k k ky w x       

where the reference input vector kx  including harmonic 
sinusoidal components can also e defined as follows  

, , , T
k k k Mkx x xx !       

where 

( )sin ,
cos ,rk

r k r M
x

r M k M r M
   

where  is the radial fre uenc  

The weight vector kw  is defined as follows  

, , , T
k k k Mkw w ww ! , , , T

k Mk k Mka a b b! !   

where M is the num er of ourier series in order to represent 
the measured primar  input signal ks , and T<  is the vector 
transpose  

n order to update the weight vector kw  of the , the 
conventional  algorithm has een generall  used in the 
literature  The  algorithm is a simple algorithm in terms 
of the computational comple it , ut it depends on the 
eigenvalue spread of the input auto correlation matri  
Therefore, this algorithm e hi its a slow convergence rate 
and a high stead state error  

n this conte t, we will design the modified  
algorithm to update the weight vector kw  of the  
adaptivel  n the design procedure, we first define the 
following urtosis ased cost function unli e the other 
urtosis ased cost function in  

k k kJ E e E e      

where E <  is the e pectation operator  

Remark 1: s can e o served from , the first term to 
the right hand side of  is multiplied  the constant  
instead of the constant  This is a special case and the reason 
for using the constant  is to directl  ta e into account the 
sinusoidal wave instead of the aussian distri utions as 
presented in  

Then, similar to , kJ  given in  can e minimi ed as 
follows  

k kk
k k

k k k

E e E eJ
J E e

w w w
   

where the e pectation operators of the gradients should e 
changed with their instantaneous operators similar to the 
previous stud  Therefore, we can rewrite  as follows  

k k
k k

k k

e eJ e
w w

     

s a result of the solution of , we o tain the 
appro imation gradient kJ  as follows  

( )kk e k k kJ e e x     

where the error variance 
ke kE e  is calculated as 

follows  

k ke e ke ,     

where  is the forgetting factor  onse uentl , we 
o tain the final version of the modified  algorithm for 
the  as follows  

( )kk k e k k ke ew w x     

where  is the step si e of the modified  algorithm  
The modified  algorithm is summari ed in Ta le  

Remark 2: or faster convergence rate and smaller 
stead state error level, when the step si e  in  is 
chosen to e a small positive constant, the forgetting factor 

 in  is set to e close to  ,  

T    T     T    T  

Parameters: 
• The forgetting factor  is chosen to e close to  
• The step si e  is set to a small positive value  
Initialization: 
• The initial weight vector of the  is chosen to e w 0  
• The radial fre uenc   is chosen according to the desired signal  
• The num er of harmonic sinusoidal components M is chosen  
Update: 

( )sin ,
cos ,rk

r k r M
x

r M k M r M
 

, , , T
k k k Mkx x xx !  

T
k k ky w x  

k ke e ke  

k k ke s y  

( )kk k e k k ke ew w x  

 

w

Mw

Mw +

Mw

å å

ks

ksin( )w

M ksin( )w

kcos( )w

M kcos( )w

#

#

kx kw

keky

 

ig   loc  diagram of an adaptive  
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 T  
ere, we assess the performance of the  ased on the 

modified  algorithm over the noise canceling pro lems 
and compare with that of the other  ased on the 
conventional  algorithm  or this purpose, we handle 
two different noise canceling pro lems into two e periments 
as follows  t should e noted that these two algorithms for 
the  are called as the  and the  
algorithms in the following simulations  

A. Experiment 1 
The step si e parameter of the  algorithm is 

chosen to e  n the other hand, the step si e and 
forgetting factor of the  algorithm are chosen to e 

 and , respectivel  The other 
parameters of each algorithm are set to e f   and 
M  The primar  input signal for the first e periment 

 is used as follows  

sin cosks f t f t     

where f   and f   The estimation 
performances of the  and  algorithms 
are given in igs   and , respectivel  s can e seen from 
these figures, the  and  algorithms trac  
to the actual signal accuratel  n order to further assess the 
performances of the algorithms, the estimation error curves 
of the  and  algorithms are presented in 

ig   ere, the proposed  algorithm 
demonstrates faster transient and lower stead state 
estimation error responses than the conventional  
algorithm  This achievement of the proposed algorithm is to 
that it uses the higher order statistical information of the error 
signal as can e o served from  

B. Experiment 2 
or this e periment, the step si e parameter of the 
 algorithm is set to e  n the other hand, 

the step si e and forgetting factor of the  
algorithm are chosen to e  and , 
respectivel  The other parameters of each algorithm are set 
to e f   and M  The primar  simulated input 
signal for the second e periment is used as follows  

e p sin cosks t f t f t   

where f   and f   n this e periment, as the 
e ponential term in  represents the actual desired signal, 
the addition of the other two terms represents the sinusoidal 
noise signal  

The estimated actual signals  using the  and 
 algorithms are given in ig   s o served from 

ig  , the  algorithm ields higher accurac  
results than the  algorithm in terms of the transient 
and stead state responses of the estimation  n order to 
further assess the performances of the algorithms, the 
estimated noise signals  using the  and 

 algorithms are given in ig   ere, the  
algorithm has higher fluctuations in the initial stage of the 
adaptation when compared with the proposed  
algorithm  The proposed  algorithm prefers high
performance results li e the previous e periment  

ig   stimation performance of the  algorithm  

 

ig   stimation performance of the  algorithm  

ig   stimation error curves of the  and  
algorithms  

  
n this stud , we have proposed the adaptive ourier 

linear com iner ased on the modified least mean urtosis 
algorithm in order to remove the sinusoidal noise signals 
from the desired signals  The weight vector of the  has 
een updated  using the modified  algorithm 

successfull  The fundamental reasons for using the 
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proposed  algorithm in the  are that it provides a 
fast convergence rate, a lower stead state error and a ro ust 
ehavior against sinusoidal noise distri utions  The 

performance of the proposed  algorithm has een 
assessed over the noise canceling pro lems  comparing 
that of the conventional  ased on the  algorithm  
The simulation results have shown that the proposed  
ased the modified  algorithm outperforms its 

conventional  algorithm in terms of the convergence 
rate and the stead state error   

or future studies, we will consider to primaril  design 
the weighted  versions of the  algorithm, and then 
we will use these proposed algorithms in order to appl  to 
the processing of iomedical signals such ph siological and 
pathological tremors  

 
ig   stimated noisel signals  using  the  and  

algorithms  
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Abstract— The pumping of liquid metals by 
magnetohydrodynamic (MHD) converters, without any moving 
parts are competing with conventional hydraulic pumps. Thus, 
the movement of the fluid is a consequence of the interaction the 
magnetic and electric fields. This work relates to the application 
of an approach for optimal design of a DC magneto-
hydrodynamic pump. The optimization method is based on the 
solution of non-linear constrained problem by combination 
global and local optimization method. This paper applies the 
hybrid algorithm by combination of genetic algorithm and 
Fmincon for optimal design of DC MHD pump. The comparative 
study of the obtained results shows that the performance of the 
hybrid method is effectively improved.  

Keywords— Hybrid algorithm; Genetic algorithm (GA); 
Fmincon; Design; Optimization; MHD Magnetohydrodynamic; 
Conduction pump; Finite Volume Method. 

I. INTRODUCTION

The principle of operation of the MHD pump is similar to 
that of the a DC  motor. The alimentation of the inductor 
creates a magnetic field, where electric currents are induced in 
the fluid by means of a magnetic field, producing an 
electromagnetic force guaranteeing the movements of the fluid 
[1, 2, 3]. 

Generally, design is determining every characteristic 
defining an object or a system which meets physical as well 
geometrical requirements. Electrical engineering system 
design becomes more difficult because of many reasons such 
as several natural elements and different features in interaction 
within the system to be conceived. 

The MHD converter ensures directly the transformation of 
the fluid movement into electricity without using turbines as in 
the case of the conventional power stations. Also, the energy 
conversion can be done in the opposite direction, where it is 
possible to use electrical energy to move fluids. Thus we 
achieves magnetohydrodynamic pumps, [4] 

The Poor local search capability is a defect of deterministic 
method, which makes the Fmincon easily trapped in a local 
extremum during the later evolution steps. However, as a 
global optimization method, the AG method has strong global 

optimizing ability, which could overcome this shortcoming of 
Fmincon [5]. 

Genetic algorithm as robust global method is also usually 
used in engineering optimization. It has been widely used in 
the various optimal problems, Genetic algorithms 
(GA) are artificial intelligence techniques based on the theory 
of evolution that through the process of natural selection, 
crossover and mutation evolve formulae to solve the difficult 
problems  [6, 7]. 

Fmincon tries to find the minimum of a problem with 
nonlinear constraints from an initial estimate. To initialize the 
algorithm, it is necessary to have an initial approximation 
(starting point). The choice of a good initial 
approximation condition the convergence of the solution. 

In this paper, the hybrid algorithm (GA-Fmincon) which 
combines the GA with the Fmincon method is used to 
optimize the mass of the MHD pump. The developed method 
in matlab incorporates penalty methods for constraint handling 
which shows more reliable in the worst performance case. 

II. MODEL OF THE ELECTROMAGNETIC PUMP

A schematic view of the pump is shown in figure 1. The 
liquid metal flows along a cylindrical channel. 

Fig. 1. Electromagnetic force in MHD pump 
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III. MATHEMATICAL ANALYSIS OF ELECTROMAGNETICS 
MODEL 

The Maxwell’s equations applied to a pump and the 
magnetic vector potential A in the φ direction are 
characterized by:  

)Vσ(aJexJ)AotR
μ

1
ot(R B

GKGGGGG
���  (1) 

From the basic definition for the interactions of electric 
charge under magnetostatic filed, the Lorentz forces can be 
interpreted as follows vector notation: 

 B∧aJindJF
GGGG

)( �  (2)  

The electric current density using the axisymmetric 
analysis possesses only the φ component, so the resulting 
magnetic vector potential A  has only the φ component. Using 
2D cylindrical coordinates; equation (1) is developed as: 
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If we introduce the transformation 

MrAA   (4) 

Equation (3) becomes: 

aex JJ
z
A

rr
A

rrz
A

rz
�� 

w
w

�
w
w

w
w

�
w
w

w
w -V

PP
)()(

1111  (5) 

In the finite volume method, each principal node P is 
surrounded by four nodes located respectively at North, South, 
East and West (figure 2). 

 

Fig. 2. Discretization in finite volume method 

Finally the algebraic equation (6) is obtained by integral of the 

electromagnetic equation in the finite volume method delimited 

by the surfaces E, W, N and S. (7) 
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After solving the equation (6), we obtain the matrix in the 

form: 

> @^ ` ^ `FA  � LM Q  (7) 

> @LM Q� : Coefficients matrix, (8) 

^ `A : Vector potential Matrix,  (9) 

^ `F : Vector source matrix.  (10) 

With the Dirichlet boundary conditions, the resolution is 
done according to an iterative process. Table 1 presents 
parameters for numerical simulation.  

TABLE I.  PARAMETERS FOR NUMERICAL SIMULATION  

Parameter Mercury solution 
Density ρ 13.6*103 (Ω.m) 

Electric conductivity σ 1.06*106 (Ω.m)-1 
Relative permeability 1 

Electrical current density injected by 
electrodes Ja 

0.25.107 (m2/s) 

Electrical current source density coils  
Jex 

0.2.107 (A/m2) 

 

The figure 3 represents the flowchart for the resolution of 
the electromagnetic equation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Organigramme of the calculation code  
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IV. OPTIMIZATION PROBLEM FORMULATION 
It is necessary to define the objective function and the 

constraint conditions in the formulation of the optimization 
problems. In this case, we have considered the mass of the 
MHD pump as the objective function to be optimized where as 
geometrical, electrical and electromagnetic conditions are 
inequalities constraints. 

The resolution of the design problem will be equivalent to 
the resolution of the optimization problem (P) defined as 
follows:  

To determine the unknown vector X: which minimizes: 
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V. GENETIC ALGORITHM METHOD 
Genetic algorithms (GA) are stochastic optimization 

algorithms based on the mechanisms of natural selection and 
genetics. Follow principle of the survival of the fittest, and use 
techniques inspired by evolutionary biology such as 
inheritance, mutation, selection, and crossover [8].  

Genetic algorithm (GA) is one of the random search 
methods and the initial solutions are selected at random.  
Solving of the Genetic Algorithm is the minimum of fitness 
value function. The parameters for genetic algorithms that we 
have used in our application are illustrated in table 2. The 
obtained solution is a global optimal solution.  

The algorithm of GA is presented in figure 4. 

TABLE II.  GENETIC ALGORITHM PARAMETERS  

GA Parameters 
 

Max iteration 51 

Max generation 100 

Population size 20 

Crossover probability 0.8 

Mutation probability 0.2 

 

In order to find the best method to solve the constrained 
optimization problems, we propose an hybrid algorithm which 
combines genetic algorithm with local search method. The 
algorithm first uses genetic algorithm to get the global 

optimum, then it uses as the initial point for (Fmincon) to get 
the final results (local optimum) [8, 9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Flowchart of Genetic Algorithm  

VI. RESULTS AND DISCUSSION 
Table 3 and table 4 show the performance and pump’s 

dimensions obtained by GA and GA-Fmincon.  

 

TABLE III.  PUMP’S PERFORMANCE GENETIC  

 

 

Performance GA GA - Fmincon 

Iron Mass (Kg) 21.0503 21.2001 

Coil’s Mass (Kg) 0.7424 0.714 

Electrode’s Masse (Kg) 0.2579 0.4195 

Mercury Masse  (Kg) 4.273 4.2488 

Best function 26.3244 26.2596 

Number of iteration 100 51 

 End 

Yes 

No 

   Initialization of  population 

Calculate of the fitness value 

   Select 

Crossover 

 Mutation 

Terminating 
condition 
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TABLE IV.  PUMP’S DIMENSION OBTAINED BY GENETIC ALGORITHM AND 
GENETIC ALGORITHM -FMINCON 

 

Figure 5 and figure 6 show the results of the optimum design 
obtained by Genetic Algorithm and Genetic Algorithm - 
Fmincon. 
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Fig. 5. Genetic Algorithm Result 
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Fig. 6. Genetic algorithm –Fmincon  result 

The hybrid algorithm utilizes the solution of genetic 
algorithm to be as the initial information of Fmincon  
algorithm, can converge faster to optimal solution by using the 
global searching of genetic algorithm and the information 
feedback of Fmincon algorithm. The result shows that genetic 
algorithm -Fmincon are a good approach for solving difficult 
combinatorial optimization problems, like the famous TSP 
(traveling salesman problem), especially in the discrete 
optimization problem [10]. The hybrid algorithm can converge 
faster to optimal solution by using the global searching of 
genetic algorithm 

The last phase before the realization of the pump, it is 
necessary to do a numerical simulation. In our work, we have 
applied finite volume method. The response results of 
simulations are presented: 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The plane geometry of the MHD pump 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Distribution of the magnetic vector potential 

 

 

Parameter GA GA -Fmincon 

Channel’s length (m) 0.2 0.199 

Channel’s radius (m) 0.029 0.029 

Electrode’s length (m) 0.0998 0.0998 

Electrode’s width (m) 0.0081 0.008 

Inductor’s length (m) 0.0999    0.0998 

Inductor’s radius (m) 0.0703 0.070 

Coil’s length (m) 0.0199 0.020 

Coil’s radius (m) 0.0301 0.030 
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Fig. 9. Magnetic induction in MHD pump 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Electromagnetic force in MHD pump 

 

Figures 7 and 8 show the plane geometry of the MHD 
pump and  the distribution of the magnetic vector potential and 
its contours in the channel and on the level of each coil•  

Figure 9 and 10 present the magnetic induction in MHD 
pump and the magnetic force in the channel. 

It can be seen in figure 8 and 9 that the value of the 
magnetic potential vector  and magnetic induction are less 
significant at the inlet than on the outlet side of the electrode 
and too weak along the electrode, this is explained by the 
equipotential which are very concentrated near the outlet of 
the electrode. 

Therefore, as shown in figure 10, the electromagnetic force 
becomes much greater increases in the outlet of the electrode 
leading to push the mercury. We observed the improvement of 
the value of the force in the channel after optimization. 

VII. CONCLUSION 
Hybrid algorithm combining stochastic and determinist 

method for an optimal design of a dc pump is presented. It is 
showing that: 

Genetic algorithm as strong global search capability is also 
widely used in engineering optimization. It has been usually 
applied in the various optimal problems. When using the 
genetic algorithm to carry out the optimization, fitness 
evaluation should be done for each population. Then, the 
efficiency and head of each individual should be acquired. 

The results of the probabilistic method are then reinserted 
into the determinist method Fmincon to increase speed and 
reduce the processing requirements if only Genetic 
algorithms were used. 

The results indicate that the hybrid algorithm have higher 
searching efficiency and better speed performance. The 
algorithm (GA -Fmincon) absorbs the superiority of GA. 

The optimization results show that the new hybrid 
algorithm is very suitable for the solving of the optimal design 
of the new structure of MHD pump. 
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Abstract—This paper proposes a tuning technique of 
proportional-integral (PI) parameters using genetic algorithm (GA) 
to improve the performance of the speed control system of 
permanent magnet synchronous motor (PMSM). PI controller is 
the most common control method used in both industrial and 
special applications. The adjustment of the optimal values of PI 
controller is an important issue for the performance of PMSM. GA 
based PI controller and the effects of tuning a closed loop control 
system are discussed in this paper. The aim of this study is to 
compare the conventional PI parameter tuning method with GA 
optimization tuning method in terms of time to determine the 
optimal value. The simulation results show that GA based PI (GA-
PI) method provides better performance than conventional 
methods. 

Keywords—genetic algorithm; motor controller; permanent 
magnet drive; permanent magnet synchronous motor; PI controller 

I. INTRODUCTION 

Permanent magnet synchronous motors (PMSMs) are used 
in a wide range of applications such as military, automobiles, 
industry, robotics, aerospace medical etc. PMSMs are 
becoming more attractive replacing brushed DC and AC 
induction motors (ACIM) in many applications since these 
motors provide higher torque-to-weight ratios and power 
densities than that of other type of motors [1-3]. In addition, 
permanent magnet (PM) motors offer better reliability and 
efficiency compared to the other motors because the rotor flux 
is generated by the magnets. Motor control can be classified by 
means of speed, current and position control.  

The design of the PMSM drive includes a complex process 
such as modeling, selecting the control scheme, simulation and 
tuning of the controller parameters, etc. Several control 
methods are used and improved to carry out the control of 
PMSM [4]. The vector control method is a well-known way in 
order to obtain effective solutions for PMSM drive system. 
Proportional-integral (PI) controller is also very common 
technique to acquire the optimum solution for parameter 
tuning. PI controller has a simple design and low cost. 
However, the difficulty in implementing the PI controller is to 
set the optimal parameters. There are various methods in the 
literature that used to tune the parameters such as classic 
methods, Ziegler Nichols, Cohen-Coon, etc. In recent years, 
evolutionary algorithms have been preferred for tuning 
parameters.  

This paper proposes tuning of PI controller using genetic 
algorithm (GA) to improve the performance of the speed 
control system of PMSM. GA has been frequently used in 
many industrial applications [5]. It is based on the process of 
natural selection that belongs to evolutionary algorithms (EA) 
[6]. In [7] it is used as a control method to improve the overall 
system performance. In this paper, conventional method and 
GA based PI (GA-PI) are compared for optimizing the 
parameters of PI controller. Moreover, the simulation and 
experimental results of the PMSM drive are presented in this 
study. 

II. MODEL OF PMSM

A. Modeling of PMSM
The mathematical model of the PMSMs is similar to other

synchronous motor. The model of the PMSM is directly 
obtained using the rotor reference frame. There is no external 
magnetic source for connecting the rotor side. The equivalent 
mathematical model of a PMSM is described in the d-q-axis 
coordinate, as in (1) an (2). 
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In this study, the mathematical model of the system consists 
of space vector PWM voltage source inverter, permanent 
magnet motor, and the speed control. Fig. 1 shows the power 
circuit of the 3-phase permanent magnet synchronous motor. 
The PMSM model uses vector-control algorithms also referred 
to as field-oriented control (FOC). The aim of the vector 
control is to perform the controller have high performance like 
controlling the DC machines. This control method measures 
the motor phases current transformed from three phase 
coordinate to the d-q two axis coordinate using Clarke and Park 
transformation method [8]. Fig. 2 illustrates the transformation 
of the α-β frame axis. Equations (3) and (4) show the voltage 
and magnetic flux transformations in the motor [9]. 
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Fig. 1.  PMSM control structure 
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where id and iq are d- and q-axis currents, Vd and Vq are d- and q 
axis voltages, Ld and Lq d- and q-axis inductances, d and q 
are d-q axis flux linkages. R and r, are the winding resistance 
and electrical speed, respectively. The obtained 
electromagnetic torque Te can be calculated by 

 [ ]dqqdqme iiLLipT )(
2
3 −+Ψ=          (5) 

where p is the motor pole number. 
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Fig. 2.  Park and Clark Transformation in α-β frame 
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Fig. 3.  Six switch transistors structure of three phase inverter 

B. Space Vector Pulse Width Modulation of the PMSMs 
The space vector pulse width modulation (SVPWM) is 

based on eight switch combinations for three-phase inverter. 
These combinations consist of the six switch transistors of the 
inverter as shown in Fig. 3. The space vector is transformed 
from the d- and q-axis coordinate by inverse Park 
transformation. In this way, the space vector modulation 
generates three-phase output voltage for the PMSM [9]-[11]. 

III. IMPLEMENTATION OF GA-PI CONTROLLER SETTING 
OPTIMAL PARAMETERS 

A. Genetic Algorithm 
GA is a search optimization technique based on the 

inherent selection [12]. It is frequently used to solve an 
optimization problem that begins with an initial population. 
The procedure selects parents from this current population; 
applies mutation and crossover operators on these parents. The 
current population generates new individuals. These new 
individuals have better performance than their parents. GA 
repeats these steps for many generations, until reaching the 
optimum solution to the problem. It is used to improve overall 
system performance and other specifications, such as 
overshoot, rise time and settling time [13]. 

This most critical step is to select the objective (fitness) 
function. In this study, the fitness function is calculated from 
the integral of the square error (ISE) in order to optimize the 
parameters of PI controller [14]. Mathematical formula of ISE 
can be expressed by  

dtteJ )(
0

2³
∞

∆=                            (6) 

where e is the parameter which is used to improve the 
performance of the speed controller. In first step, kp and ki 
parameters are randomly produced during initialization. 
Following, the minimum J is produced by PI parameters to 
acquire the minimum error for the best values. The PI tuning 
performance is determined for choosing the best solution to 
minimize the error. 
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Fig. 4.  Block Diagram of GA-PI Control System of PMSM 

B. PMSM Controller using Genetic Algorithm 
In this study, PMSM controller has three PI controller 

blocks designed speed control and current control. In addition 
to conventional PMSM control method, GA is used to 
determine optimal parameters for PI controller blocks. In (7), u 
is the control signal and e is the control error. In (8), r is the 
desired reference value and y indicates the output of the control 
system. The aim of the use of PI controller design is to adjust 
kp and ki,. Thereby, the system will acquire more optimal rise 
time, settling time, steady state error and maximum peak 
overshoot [15]-[18]. 

))(1)(()( 0³+= t dtte
T

tektu
i

p           (7) 

)()()( tytyte r −=                         (8) 

Simultaneously, the PMSM controller using GA-PI obtains 
optimal kp and ki values for three GA-PI blocks. The flow chart 
given in Fig. 5 illustrates the system process for tuning the GA-
PI block parameters. The maximum generation for GA is 100 
and many population variations are tried to find the optimized 
result in this study. GA method has three important operators 
that are selection, crossover and mutation. Selection is used to 
specify parents for the next generation. There are many 
selection methods accessible. Five common selection methods 
used by the researchers in the literature are:  

• Roulette Wheel selection  

• Stochastic Universal sampling  

• Linear Rank Selection 

• Normalized geometric selection  

• Tournament selection 

Crossover determines the combination for two individuals 
or two parents, to implement a crossover child for the next 
generation [19].  

Mutation determines random changes for the individuals in 
the population to generate mutation children. Mutation options 
procure genetic variety [20], [21]. 

GA continues the process until the maximum generation 
number is achieved or optimal kp and ki values are obtained 
[21]. 

Begin

Meet Stop 
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New population

Yes

No

Initialization

End
Selection

Crossover and 
Mutation

 

Fig. 5. The flow chart of tuning PI parameters of PMSM using GA 

Fig. 6.  Conventional PMSM controller block diagram  
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Fig. 6 shows the conventional PMSM controller block 
diagram. As seen from the figure, three PI blocks exist in the 
block diagram. The proposed method used in this paper is to 
change these parameters using genetic algorithm automatically 
according to the output of the system.   

The structure of the GA-PI controller block used in this 
study is shown in Fig. 7. It consists of conventional PI 
controller block with auto-tuning based on the GA. This block 
optimizes kp and ki parameters of PI controller blocks to 
improve the overall performances of the controller.  

GA-PI controller optimized kp and ki parameter values of 
the PI block of speed controller as shown in Fig. 8. These 
parameters are obtained as a result of the optimization to find 
an optimum and effective solution for the speed controller. 

 
Genetic 

Algorithm

Kp
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+

-
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Fig. 7. The flow chart of tuning PI parameters of PMSM using GA 

 

Fig. 8.  kp and ki gain values of GA-PI speed block 

IV. DYNAMIC SIMULATION OF PMSM USING GENETIC 
ALGORITHM 

In this paper, conventional method and the GA-PI are 
compared to attain the optimized parameters for PI controller. 
The conventional method, which is Ziegler Nichols approach, 
is used to calculate the kp and ki parameters of the motor. The 
optimal kp and ki parameters acquired by GA-PI method 
improves the performance of the speed control system. The 
speed control characteristics of the system based on the GA-PI 
method are determined by population size and variants.  

Stator currents and speed variations of the PMSM for the 
conventional and the proposed methods are shown in Fig. 9 and 
Fig. 10, respectively. These results show that speed response of 
the system is fast and robust for the proposed method based on 
GA-PI. Moreover, stator phase currents have an almost 
sinusoidal waveform with a reasonable harmonic level. 
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Fig. 9.  Simulation results of PMSM speed controller for the conventional method 
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Fig. 10.  Simulation results of PMSM speed controller for the proposed method based on GA-PI 

V. EXPERIMENTAL VERIFICATION 
In order to verify the simulation results, kp and ki 

parameters obtained by GA-PI method has been used in an AC 
servo driver and servo motor developed in Akim Metal A.S. 
The motor specifications are given in Table I. The 
experimental set-up system is implemented as shown in Fig. 
11. A digital signal processor (DSP) is used to set the 
parameters and as a control unit for the system. The motor 
speed, position and stator phase currents are calculated using 
by the test set-up. 

TABLE I.  MOTOR PARAMETERS USED IN THE TEST 

 Parameters Value Unit 

1 Bus Voltage 310 V 

2 Rated Speed 3000 rpm 

3 Rated Torque 2.4 Nm 

4 Rated Current 5.1 A 

GA-PI PARAMETERS USED IN THE EXPERIMENTAL SYSTEM 

 Parameters Value Unit 

1 Crossover rate 310  

2 Population 3000  

3 Generations 2.4  

4 Mutation rate 5.1  

5 Reference speed of the motor 1000 rpm 

Power Card

Control Card

PMSM

 

Fig. 11.  The structure of PMSM speed control system based on GA-PI 

Table II shows the GA-PI parameters used in the 
experimental system. The motor under test is loaded at 
nominal torque at 1000 rpm. The stator phase currents of the 
motor obtained by the test system are shown in Fig. 12. The 
real-time control algorithms are performed with the high 
performance and control software is generated in DSP. 

 

Fig. 12.  Stator current waveform variations of the PMSM obtained by the test 
set-up 
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VI. CONCLUSION 
In this work, GA-PI method efficiently optimized the 

parameters of PI controller blocks simultaneously. The 
simulation and experimental results demonstrate that GA-PI 
method has better performance and eases the optimization of 
kp and ki, parameters when compared with the conventional 
method. In addition, the design process is more effective and 
practical than the other methods. Furthermore, this approach 
offers easier implementation to optimize the PI parameters. In 
addition, it is an appropriate method for the complex control 
systems.  
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Abstract—This paper presents Genetic Algorithm (GA) and 
Particle Swarm Optimization (PSO) technique to solve dynamic 
economic dispatch (DED) problem. The main purpose of DED is 
to minimize total cost of generation power to take care of the 
various load demand in each hour. DED problem solution also 
must provide individual inequality and equality constraints at the 
same time.  The algorithms have been applied to two test system, 
taking into account transmission losses. The first of the selected 
systems is 3 unit test system and the second is 10 unit system 
considering the valve point effect. Simulation results applied on 
the test systems show that the two algorithms obtained optimal 
and reliable results compared to the other methods used in the 
literature. 

Index Terms—Dynamic economic dispatch, genetic algorithm, 
particle swarm optimization, valve point effect. 

I. INTRODUCTION

Because of the increase in energy demand and the decline 
in the resources, economic dispatch (ED) has become more 
important [1]. ED problem is defined as the reduction of the 
cost of fuel under various constraints for a specified load 
demand. ED has not provided a solution for changing load 
demand [2-3]. Since the 1980s, ED has been formulated as a 
problem of minimizing total cost during distribution under 
certain constraints and it is known as the dynamic economic 
dispatch (DED) problem [4]. In power systems, classical 
optimization methods are used first; but heuristic optimization 
methods have been developed for problem solving in which 
these methods are insufficient. Classical and heuristic methods 
have different advantages and disadvantages. For proper 
optimization, the power system must be handled correctly and 
a method must be selected in accordance with the desired 
criteria [5]. 

Li et al. used a genetic algorithm (GA) to solve the DED 
problem with transmission losses [6]. The differential 
evolution (DE) algorithm was developed by Balamurugan and 
Subramanian to solve the DED problem considering the valve-
point effects [7]. Particle swarm optimization (PSO) has been 
used to solve an ED problem that considers transmission losses 
and valve-point effect [8]. Abdelaziz et al. initiated a hybrid 

approach consisting of a combination of hopfield artificial 
neural network and quadratic programming (HNN-QP) to 
solve the DED problem with transmission losses [9]. Itus and 
Jeyakumar presented a hybrid method combining evolutionary 
programming and PSO with sequential quadratic programming 
(SQP) [10]. 

In this paper, DED was studied to emphasize the importance 
of generating energy at low cost. For this purpose GA and PSO 
algorithms have been developed and simulated in MATLAB. 
The remaining parts of the paper are organized as follows. 
Section II briefly gives description of economic dispatch, 
section III describes GA and PSO algorithms. Section IV 
discussed the steps of implementation GA&PSO on DED 
problems. Presentation of the result done by simulation is 
given in section V.  Section VI presents the conclusion of this 
paper. 

II. OVERVIEW OF DYNAMIC ECONOMIC DISPATCH 
PROBLEMS 

A. Fuel Cost Functions
The goal of ED is to minimize the total cost. The cost can

be expressed by a quadratic function depending on the active 
power output of the generators. It is indicated by (1) [11]: 

F(P𝑔) =  ∑(aiPi
2 + biPi + ci)

n

i=1

 (1)�

Where, ai, bi, ci are the fuel cost  coefficients of ith unit; F(Pg) 
is total generation cost [$/h]; Pi is the active power output of 
the generator i [MW]; n is number of generators in the system. 
B. Constraints

1) Equality constraints
If a consumer is fed from more than one production plant,

transmission losses will occur depending on the distance of the 
production facility from the consumer and the power it 
generates. In this case, the total power generated by the 
generators must meet both the demanded power and the 
transmission losses. The power balance for the ED including 
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losses is as shown in (2) [11]: 

                                        ∑ Pi = Pd

n

i=1

+ PL                                     (2)�

Where Pd is the power demand [MW] and PL is the 
transmission losses [MW]. The transmission losses can be 
calculated by George’s formula (3) using B-coefficients 
methods or Kron’s formula (4) using power flow solution [12]: 

                                    PL =  ∑ Pi
T. Bij ∑ Pj

n

j=1

n

i=1

                             (3)�

Where Bij are constant coefficients called B-coefficients. 

               PL =  ∑ Pi
T. Bij. ∑ Pj

n

j=1

n

i=1

+ ∑ Pi

n

i=1

. Bi0 +  B00            (4)�

If transmission losses are unconcerned, PL=0. 
2) Inequality constraints 
There is an output power range as upper and lower output 

power value that each generator can produce. Generating 
capacity constraint is classified as inequality constraints and it 
can be expressed as (5) [12]: 

����������������������𝑃𝑖
𝑚𝑖𝑛 ≤ 𝑃𝑖 ≤ 𝑃𝑖

𝑚𝑎𝑥  (𝑖 = 1, … , 𝑛)                    (5)�

Where, Pi
min is the minimum power and Pi

max is the 
maximum power generated by ith unit [MW]. 
C. Valve Point Effect  

By including the valve point effect on the fuel cost of the 
generation unit, the display of fuel cost is more appropriate. 
Valve point effect is modelled by (6) [13]: 

      𝐹(𝑃𝑔) = ∑{𝑎𝑖𝑃𝑖
2 + 𝑏𝑖𝑃𝑖 + 𝑐𝑖 + |𝑒𝑖sin (𝑓𝑖(𝑃𝑖

𝑚𝑖𝑛 − 𝑃𝑖))|}
𝑛

𝑖=1

     (6)�

Where, ei and fi are the coefficients of ith generator 
expressing valve point effect. 
D. Dynamic Economic Dispatch 

DED is a real-time problem of power system. Due to change 
in the amount of power demanded, ED was insufficient and 
DED problem has arisen. The objective of DED is to meet the 
demand power economically for certain periods of time. In 
order to solve DED problem, ED is applied separately for each 
demand power. In general, the formulation of DED problem is 
as (7) and (8) [14]: 

                                   F(P𝑔,t) = ∑ ∑ f(Pi,t)
n

İ=0

T

t=0

                           (7) �

  f(Pi,t) = {aiPi,t
2 + biPi,t + ci+|eisin (fi(Pi

min − Pi,t))|}      (8)�

Where, Pi,t is output power of ith generator in time t; f(Pi,t) is 
the cost of ith generator in time t and F(Pg,,t) is the total cost of 
all generators in all the time. 

III. OVERVIEW OF GENETIC ALGORITHM & PARTICLE 
SWARM OPTIMIZATION METHODS 

A. Genetic Algorithm 
Inspired by Darwin's theory of evolution, GA was 

developed in 1975 by John Holland. When the GA is created, 
the initial population is created and the fitness value of each 
individual is calculated. If the specified stopping criteria are 
provided, the investigation is stopped. If stopping criteria are 
not ensured, individuals with high fitness values are transferred 
to the new population through natural selection process and 
crossover is applied with random changes. The fitness value of 
the population is recalculated and these operations are 
continued until the stopping criteria are supplied [15]. In 
minimization problems, the fitness function is calculated as in 
equation (9): 

                                       𝐹(𝑥) = 1/(1 + 𝑓(𝑥)                             (9) 

Where, F(x) is fitness function that ranges from 0 to 1 and 
f(x) is cost function. As the fitness value approaches 1, the 
probability of the individual being transferred to the next 
generation increases [16]. Genetic operators used in GA; 
reproductive, crossover and mutation operators. Genetic 
parameters used in a simple GA are population size, crossover 
rate and mutation rate [17].  If the genetic parameters are 
selected large, the solution space expands and it takes a lot of 
time to reach the solution. If they are chosen small, diversity 
will decrease and a solution will be made in a short time but 
not very suitable. For this reason, these parameters should be 
selected as appropriate when creating the initial population. 
B. Particle Swarm Optimization 

PSO is a population (swarm) based technique developed by 
J. Kennedy and R.C. Eberhart in 1995. They are  
inspired by the behavior of birds and fish swarms [18]. The 
system (herd) is initiated with a population of random solutions 
(particles). The social factors are used to update the 
generations and the optimization is investigated. The particles 
are randomly directed towards the best performance of yours 
and your neighbors [19,20]. Compared with mathematical and 
other heuristic optimization methods, the PSO method is more 
advantageous in terms of its simple content, ease of 
implementation, and computational efficiency [6]. The PSO 
parameters are number of particles, number of iterations, 
number of intervals, acceleration constants (c1 and c2), initial 
and final inertia weight (wmin and wmax). The number of 
particles is between 20 and 40 but 100-200 particles may be 
needed to solve more difficult or specific problems. Typically, 
c1 is equal to c2 and is selected in the range [0, 4]. c1 and c2 
can be selected differently; but are usually chosen equal to 2 
and 2 [22]. 
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IV. IMPLEMENTATION OF GA & PSO METHODS ON 
DYNAMIC ECONOMIC DISPATCH PROBLEM  

A. The Steps For GA on DED Problem: 
Step 1: Using (10) random initial values are generated: 

                 PGi = PGi
min + rand ∗ (PGi

max − PGi
min)                  (10)�

Step 2: The desired number of chromosomes are produced 
which provide system constraints. Then the fitness value is 
calculated and the individuals with the best fitness are kept. 

Step 3: Crossing and mutation processing are applied to 
individuals with low fitness. 

Step 4: The fitness value of all populations is calculated and 
these operations are repeated until stopping criteria are 
provided. When the stopping criteria are supplied, the 
algorithm terminates. 
B. The Steps for PSO Algorithms on DED problem: 

Step 1: Using (10) random initial values are generated. 
When the particles providing the system constraints reach the 
desired number, the next step is passed. 

Step 2: The PSO parameters for each particle are 
determined (in this study; c1=c2=2 and wmin=0.1, wmax=0.9).  

Step 3: The fitness value for each particle is calculated. 
Then the most optimal value among the particles having 
individual best values is recorded as the global best. 

Step 4: Using (11), the velocity of the particle is updated for 
each iteration step and new search positions are obtained: 

Vi
(k+1) = ωVi

k + c1 rand1x(Pbesti
k − Xi

k) + c2 rand2x(Gbesti
k − Xi

k) �����

When the number of iterations reaches the maximum limit, 
the algorithm is stopped. 

V. SIMULATION RESULTS WITH DISCUSSIONS 
Case 1: System including three generators (3 unit system): 
Load demand of 3 hours, generation limits, cost coefficients 

and B-coefficients are taken by [23] for 3 unit system.  
The used algorithms, GA and PSO has been applied on 3 

unit system. Table I shows the solution of DED using GA and 
PSO compared with the other algorithms. The graphs between 
iteration number and total fuel cost in $/h using GA and PSO 
algorithm is shown fig1 and fig2 respectivelly. 

TABLE I.  SIMULATION RESULTS OF CHOSEN METHODS FOR 3 UNIT 
SYSTEM AND COMPARISON WITH OTHER METHODS IN THE LITERATURE 

Method Pd 
[MW] 

P1 
[MW] 

P2 
[MW] 

P3 
[MW] 

PL 
[MW] Cost [$/h] 

GA 

340 

167,2378 124,7973 50,0128 2,5409 3737,6849 

PSO  166,6967 125,3546 50,0000 2,5479 3737,6551 

CM[23] 152,18 140,57 50 2,762 3742,9 

SHN[23] 170,35 104,18 68,211 2,754 3748,5 

AHN[23] 159,64 133,02 50,092 2,762 3743,1 

IHN[23] 152,52 139,85 50,381 2,762 3742,9 

PHN[23] 152,23 140,54 50 2,77 3743 

GA 

850 

435,5258 304,4312 125,4768 15,9209 8339,7890 

PSO  437,4322 298,3701 129,4650 15,7640 8339,5027 

CM[23] 401,22 341,08 124,84 17,14 8351,4 

SHN[23] 373,73 310,27 183,12 17,12 8370,6 

AHN[23] 383,79 331,98 151,362 17,14 8355,4 

IHN[23] 401,67 340,66 124,81 17,14 8351,4 

PHN[23] 401,66 340,66 124,82 17,14 8351,4 

GA 

1150 

599,2447 399,8680 179,4164 29,0262 11289,4705 

PSO  598,3985 400,0000 180,1387 29,0364 11289,4361 

CM[23] 592,33 400 186,77 29,1 11295 

SHN[23] 583,55 397,93 197,58 29,07 11297 

AHN[23] 582,96 398,77 197,36 29,1 11297 

IHN[23] 592,52 399,57 187,01 29,1 11296 

PHN[23] 591,33 400 187,79 29,12 11296 

 
Figure 1.  Simulation graphs of GA for 3 unit system. 
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Figure 2.  Simulation graphs of PSO for 3 unit system. 

For 3 unit test system, these two methods yield almost the 
same results. 

Case 2: System including ten generators (10 unit system): 
Load demand of 24 hours, generation limits, cost 

coefficients and B-coefficients are taken by [24] for 10 unit 
system. 

The used algorithms GA and PSO has been applied on 10 
unit system. Table II and Table III show the solution of DED 
using GA and PSO respectively. Comparison with other 
algorithms for 10 unit system is given at table IV. 

For 10 unit system, PSO yielded better results than GA. The 
cost of PSO is 0,25% lower than GA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE II.  RESULTS  OF SIMULATION WITH GA FOR 10 UNIT SYSTEM 

Hour Pd 
[MW] 

P1  
[MW] 

P2  
[MW] 

P3 
[MW] 

P4 
[MW] 

P5 
[MW] 

P6 
[MW] 

P7 
[MW] 

P8 
[MW] 

P9 
[MW] 

P10 
[MW] 

PL 
[MW] Cost [$/h] 

1 1036 165,3913 147,8868 109,5421 71,6677 134,6203 157,9539 124,7855 54,0899 27,7279 55,0000 12,7031 28569,9333 

2 1110 176,7628 183,4036 223,6442 72,4104 86,0514 137,9263 112,7927 55,2651 21,3450 55,0000 14,1507 30231,6154 

3 1258 196,4177 184,4679 257,5723 79,7342 159,4916 142,0101 127,3709 50,8059 23,1158 55,0000 18,3516 33473,8256 

4 1406 267,1883 257,9658 285,0888 60,3452 88,7360 159,9977 127,5325 97,3754 29,2763 55,0000 22,3993 36810,3178 

5 1480 356,2102 193,2239 328,5371 62,8197 116,3798 157,9963 121,2481 84,8858 26,4956 55,0000 22,6949 38445,5614 

6 1628 398,2434 275,3937 333,8326 110,4399 146,3708 141,2074 125,4451 51,0211 22,4950 55,0000 31,0215 41936,0521 

7 1702 364,7388 301,8543 323,3255 75,0282 229,7705 156,4154 123,7348 77,0831 30,1786 55,0000 34,8346 43618,9567 

8 1776 420,0042 309,3504 338,7248 65,3461 229,9021 149,0454 120,4787 102,6984 21,4954 55,0000 36,4009 45322,3324 

9 1924 450,8957 446,5502 339,2384 183,9984 138,9710 153,8069 128,9405 51,3814 24,6596 55,0000 49,2382 48707,3889 

10 2072 445,6175 447,5756 334,3011 190,7815 228,4167 159,1897 128,7630 111,4744 23,5954 55,0000 52,5162 52200,6038 

11 2146 456,1872 453,2592 339,0314 259,0338 239,6729 159,4765 126,9127 91,1048 22,1261 55,0000 56,2974 54014,8108 

12 2220 464,4321 450,7498 339,1737 297,6056 241,0020 159,1010 128,7258 115,1586 26,5102 55,0000 57,9036 55852,4607 

13 2072 452,6935 448,1083 338,5741 225,0920 234,1898 158,9537 129,7519 64,7794 20,0276 55,0000 54,7294 52205,2495 

14 1924 442,6677 442,4499 333,1375 181,5710 156,4283 158,4044 128,9116 52,9892 21,4646 55,0000 48,9709 48674,3119 

15 1776 417,5191 335,2721 339,0530 79,7520 205,7085 155,4480 124,7801 71,0888 30,9254 55,0000 38,9457 45309,4644 

16 1554 283,3568 297,2980 284,0370 79,0331 196,5179 159,5189 126,2115 77,1315 24,9797 55,0000 29,4424 40202,7606 

17 1480 331,2383 239,1196 310,5333 99,2166 73,4503 157,9115 123,8849 87,6868 24,7879 55,0000 23,2424 38509,0666 

18 1628 416,9807 254,2174 295,4739 95,0835 156,7260 159,9007 124,4024 72,0587 28,0296 55,0000 30,3357 41912,1710 
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19 1776 442,7830 360,2172 334,7306 74,3785 133,9261 159,0490 124,0701 103,7175 25,9120 55,0000 38,0075 45325,7706 

20 2072 460,8746 437,4680 328,2195 196,3304 232,6295 157,3701 128,4796 100,5551 28,0973 55,0000 52,9447 52226,3271 

21 1924 428,9542 448,2660 325,5799 184,9899 147,1854 159,6355 128,9187 71,3054 22,6423 55,0000 48,2473 48711,7981 

22 1628 379,3289 248,5566 311,6420 95,9398 193,0638 156,9855 118,2071 72,7173 25,9753 55,0000 29,6088 41922,5769 

23 1332 293,0161 211,6685 292,2977 69,5400 86,1608 145,8846 125,6728 48,7085 24,2597 55,0000 20,6324 35086,7720 

24 1184 226,9603 174,7467 231,5797 90,5409 80,7921 142,5349 122,9092 47,1203 27,6617 55,0000 15,6453 31868,7668 

TABLE III.  RESULTS OF SIMULATION WITH PSO FOR 10 UNIT SYSTEM 

Hour Pd 
[MW] 

P1 
[MW] 

P2 
[MW] 

P3 
[MW] 

P4 
[MW] 

P5 
[MW] 

P6 
[MW] 

P7 
[MW] 

P8 
[MW] 

P9 
[MW] 

P10 
[MW] 

PL 
[MW] Cost [$/h] 

1 1036 150,0000 144,2769 205,2579 60,0000 76,5741 160,0000 130,0000 47,0000 20,0000 55,0000 12,5861 28367,7585 

2 1110 205,0287 135,0000 234,4470 60,0000 78,1780 158,8241 130,0000 47,0000 20,2055 55,0000 13,6489 30017,9275 

3 1258 150,0000 177,2644 340,0000 83,5914 126,8506 148,2230 130,0000 47,0000 20,0000 55,0000 20,3523 33401,6298 

4 1406 214,0745 234,5624 340,0000 60,0000 131,6580 154,0915 125,1980 93,6626 20,0000 55,0000 22,5646 36755,0315 

5 1480 348,1958 190,1292 301,2135 60,0000 166,3669 151,4543 130,0000 80,5892 20,0000 55,0000 23,1652 38424,6415 

6 1628 354,6730 275,8457 340,0000 60,0000 143,3449 160,0000 130,0000 105,9091 31,9662 55,0000 29,0622 41829,9639 

7 1702 345,5183 333,7622 340,0000 74,5725 215,3459 160,0000 130,0000 61,3450 22,7759 55,0000 36,7874 43510,0938 

8 1776 460,6523 360,1664 340,0000 62,0759 166,5160 160,0000 126,0021 66,0267 20,0000 55,0000 40,9310 45237,7908 

9 1924 412,3890 400,0000 340,0000 180,0000 208,9002 160,0000 130,0000 63,1500 20,0000 55,0000 45,9366 48599,2244 

10 2072 470,0000 430,9517 340,0000 180,0000 243,0000 160,0000 130,0000 95,5186 20,0000 55,0000 52,9598 52115,4953 

11 2146 470,0000 460,0000 340,0000 208,8237 243,0000 160,0000 130,0000 114,9358 20,0000 55,0000 56,2557 53937,8365 

12 2220 470,0000 460,0000 340,0000 279,8529 243,0000 160,0000 130,0000 120,0000 20,0000 55,0000 58,3524 55802,2659 

13 2072 470,0000 420,5791 340,0000 180,0000 243,0000 160,0000 130,0000 104,7212 20,0000 55,0000 51,7999 52114,7636 

14 1924 423,4020 406,8729 340,0000 180,0000 208,5680 160,0000 130,0000 47,0000 20,0000 55,0000 47,3423 48596,4136 

15 1776 469,7724 259,4372 340,0000 66,3076 224,3078 160,0000 130,0000 86,8982 20,0000 55,0000 36,2224 45211,5883 

16 1554 301,9754 337,4174 338,8404 60,0000 136,3257 160,0000 130,0000 47,0000 20,0000 55,0000 32,5716 40074,8774 

17 1480 285,2106 225,0462 331,6069 60,0000 159,9272 160,0000 130,0000 77,3052 20,0000 55,0000 24,4720 38362,0467 

18 1628 357,8740 321,3773 340,0000 60,4363 147,5230 156,5040 130,0000 67,9572 24,2170 55,0000 33,0138 41798,3633 

19 1776 457,9204 314,3932 340,0000 72,8823 190,9002 160,0000 130,0000 69,7174 23,3971 55,0000 38,6530 45224,1608 

20 2072 470,0000 435,4686 340,0000 180,0000 243,0000 160,0000 130,0000 91,5014 20,0000 55,0000 53,4692 52115,8661 

21 1924 404,0957 412,4518 339,5371 180,0000 210,1631 160,0000 130,0000 59,0806 20,0000 55,0000 46,8236 48607,0632 

22 1628 337,4720 306,5581 340,0000 60,0000 147,2112 160,0000 130,0000 101,7192 20,0000 55,0000 30,3617 41791,5778 

23 1332 244,9796 209,0561 322,7598 60,0000 102,0765 160,0000 130,0000 49,0948 20,0000 55,0000 21,3721 34969,6046 

24 1184 227,8688 154,4272 263,3128 60,0000 81,7386 160,0000 130,0000 47,0000 20,0000 55,0000 15,8401 31648,5147 

TABLE IV.   COMPARISON CHART FOR 10 UNIT SYSTEM 

Methods GA PSO EP-SQP 
[25] 

MHEP-
SQP [25] 

DGPSO 
[26] 

IPSO 
[18] CE [27] ECE 

[27] 
ABC 
[28] 

LDISS-1 
[24] 

LDISS-2 
[24] 

Cost 
[$/day] 1031139 1028514 1052668 1050054 1049167 1046275 1044051 1043989 1043381 1039474 1039083 

 
VI. CONCLUSION 

In this study, dynamic economic dispatch problem was 
solved using GA and PSO. The minimum fuel costs and 
transmission losses found by doing simulation are compared 
with the other studies. It shows that chosen methods in this 
paper have most optimal results in the literature and the 
algorithms are correct and applicable to the power systems. 
When compared to the methods used in this study, it is seen 
that the PSO algorithm gives the most optimal result. 
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Abstract— This paper focuses on the study of a new 
approach for the solution of the unit commitment problem 
(UCP) in electric power system. A proposed hybrid algorithm 
(PSO-ACO) based on Particle Swarm Optimization (PSO) and 
Ant Colony Optimization (ACO) is introduced for solving the 
mixed-integer nonlinear programming problem of UCP.  PSO 
can reliably and accurately solve this complex constrained 
optimization problem easily and quickly. In the proposed 
solution model, ACO is a powerful optimization method which 
has the capability of fleeing from local minimums they applied 
to optimize on/off states of power generating units easily. To 
verify the performance of the proposed algorithm it is applied 
to power systems which are composed of up to 10-units with 
24-h demand horizon. The simulation results demonstrate the
feasibility and effectiveness of the proposed algorithm in
solving UCP.

Keywords— Unit Commitment Problem, Particle Swarm 
Optimization, Ant Colony Optimization, meta-heuristic search 
algorithm. 

I. INTRODUCTION 

The UCP in power industry is a hard optimization 
problem which has enough potential for economy of 
millions dollars in each year. The main purpose of UCP is to 
determine the on/off state of each generating unit for a given 
horizon, under various operating constraints, including 
minimum up and down time limits, ramp rate limits, 
generator power output limits and proper spinning reserves. 
Since the optimal commitment scheduling can save huge 
amount of costs and improve reliability of power system. 

Several solution strategies and many methods have been 
proposed to present quality solutions to the UCP and 
increase the potential savings of the power system operator, 
such as Lagrangian relaxation (LR)[1–2], priority list 
methods [3], branch-and-bound methods [4], integer 
programming [5], dynamic programming (DP) [6–7], 
mixed-integer programming [8]. Although these methods 
are simple and fast, they suffer from numerical convergence 
and solution quality problems. The most common intelligent 
methods applied for solving this issue are genetic algorithms 
(GA) [9-10], evolutionary programming (EP) [11], particle 
swarm optimization PSO [12-13-14], simulated annealing 
[15], fuzzy logic [16], tabu search [17] and ant colony 
optimization ACO [18] are able to overcome the 
shortcomings of traditional optimization techniques. These 
methods can handle complex nonlinear constraints and 
provide high quality solutions. 

Based on the analogy of swarm of bird and school of 
fish [19], particle swarm optimization PSO searches not 
only local optimal solution but also global optimal solution 
and it can easily deal with various difficult nonlinear 

constraints, with less experienced parameters than other 
methods, the PSO algorithm has attracted much attention 
because of powerful performances so it can gives out a 
relatively optimal solution quickly. In recent years, it has 
been used to solve many complex power systems 
optimization such as UCP [14-20] for its flexibility and 
efficiency. 

In this paper, we propose a new approach for solving UC 
problems using a hybrid PSO algorithm with ant colony 
optimization ACO algorithm. ACO was proposed by Dorigo 
et al to solve difficult combinatorial optimization problems, 
it is a random stochastic population based algorithm that 
simulates the behavior of ants for cooperation and learning 
in finding shortest paths between food sources and their nest 
[21]. In ACO, the ants behavior is simulated to solve the 
combinatorial problems such as traveling salesman problem 
[22], in [23] economic dispatch of power systems was 
solved by generalized ant colony optimization. The ACO is 
applied to solve the UCP in [24-25-26]. 
The idea is to use the structure of the problem to solve the 
problem with a discrete ant colony algorithm computes the 
binary variables to determine the on/off state of each 
generating unit for a given horizon. Simultaneously, a PSO 
algorithm performs the computation of produced powers 
(real variables). 

     This paper is organized as follows. Section II provides 
the mathematical formulation of the UC problem with the 
constraints, section III and IV gives a brief overview about 
the PSO and ACO methods, the proposed algorithm is 
described in section V, section VI propose the  constraints 
handling techniques, section VII shows simulation and 
results and finally conclusions are stated in Section VIII. 

II. PROBLEM FORMULATION

The objective of unit commitment problem UCP is to 
minimize the production cost over the scheduled time 
horizon (24 h) under the generator operational and spinning 
reserve constraints. The formulation of the problem is 
described below. 

Nomenclature 

itp Power output of unit i at hour t, in MW 

itu On/off status of unit i at hour t (on = 1, off = 0)

tD   Load demand at hour t, in MW 

N    Number of units 
max
ip

     
Maximum capacity of unit i, in MW 

min
ip       Minimum capacity of unit i, in MW 

1021

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



tR                                Spinning reserve at hour t, in MW 

ie                                  Cold startup cost of unit i, in $ 

id                                 Hot startup cost of unit i, in $ 

if                    
Cold start hours of unit i, in h (hour) 

itSD                Shut down cost of unit i at hour t, in $ 

( )itit pC
         

Fuel cost of unit i ay hour t, in $ 

itST                          Startup cost of unit i at hour t, in $ 

T
                   

Number of hours, 24 hour 
down

iΓ Minimum down time of unit i, in h (hour) 
up
iΓ

                
Minimum up time of unit i, in hour

off
itτ

               
Continuously off time of unit i up to time t 

on
itτ

                
Continuously on time of unit i up to time t 

N                  Population size 

iσ
                 

The initial status of the unit i 
 

1. Objective functions  
The total production cost F to minimize is the sum of the 

fuel cost and start-up cost for all units during a time horizon. 
Thus, the objective function of the (UCP) is : 

( ) ( )[ ] ( )¦¦
= =

−− −+−+=
T

t

N

i
tiititittiititit uSDuuuSTpCF

1 1
1,1, 11  (1) 

1) Fuel Cost: The fuel costs of thermal units are 
generally given in a quadratic form, as follows. 

 

                      
( ) 2

itiitiiitit pcpbapC ++=                         (2) 

 
Where:                                                                                                         

iii cba ,,
  

: are the fuel cost coefficients of unit  i.
 

 
2) Startu-up Cost: The start-up cost occurs when a unit 

is turned on; it depends on how long the unit has been off. 
The start-up cost function is given by two-step function as: 
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On the other hand, the shut-down cost (SDit) is constant and 
the typical value is zero in standard systems [64]. 

2. System and Unit Constraints  
The optimization of the objective function is subject is 

subject to a number of system and unit constraints as follows. 

1) Syslem power balance: The  total power generated by 
all on units must supply the load demand in the hour t.  

  
¦

=

==
N

i
titit TtDpu

1

,...,2,1;                    (4) 

2) Spining reserve constraint: The maximum power 
generated by all on units must at least meet the demand plus 
the spinning reserve in hour t. 
 

¦
=

=+≥
N

i
ttiit TtRDpu

1

max ,...,2,1;                      (5) 

3) Unit Maximum/Minimum MW limit:Each unit has a 
generation range wihich is represented as: 

 

                        
maxmin
iit pppi ≤≤                                   (6) 

 
4) Unit Minimumt Up and Down Times:Minimum/down 

time limits indicate that a unit must be on/off for a certain 
number of hours before it can be shut off or brought online. 

 

           
( ) ( ) 01,1, ≥−Γ− −− itti
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i
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ti uuτ

                           (7)
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III. PARTICLE SWARM OPTIMISATON 

Particle PSO is a stochastic optimization algorithm; 
James Kennedy and Russell Eberhert developed it in 
1995[19], is based on the analogy of swarm of bird and 
school of fish. It has very few tunable parameters and the 
evolutionary process is very simple.PSO is initialized by a 
population of potential solutions called particles. Each 
particle flies in the search space with a certain velocity. The 
PSO model consists of a swarm of particles moving in the 
D-dimensional space of possible problem solutions. The 
current position of a particle in space at time t is given by a 
vector x(t) for D components. So, its current speed is v(t). 
The best position found till now by this particle is given by 
a vector p(t). Finally, the best of those found by informants 
of the particle is indicated by a vector g(t). The velocity and 
position of each particle is updated as follows: 
 
                                                                                

 
( ) ( ) ( ) ( )( )

( ) ( )( )txtprc
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ii
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( ) ( ) ( )11 ++=+ tvtxtx
iii

                                        (9) 

 
With: 
w  : Coefficient of inertia. 

1c , 2c : are the acceleration coefficients. 

 1r , 2r : are random numbers uniformly distributed in [0,1]. 

gp
 
: The best position reached by all particles. 
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IV. ANT COLONY OPTIMISATON 

The ant colony optimization algorithm ACO is a 
probabilistic technique and is one of the swarm intelligence 
technique [28] which was initially proposed by Marco 
Dorigo in 1992. ACO has been inspired by the foraging 
behaviour of real ant colonies; the first algorithm was 
aiming to search for an optimal path in a graph, based on the 
behavior of ants seeking a path between their colony and a 
source of food [21]. 

The optimum paths followed by artificial ants are 
determined by their movements in a discrete time domain, 
while walking, they deposit pheromone on the ground, and 
they have a probabilistic preference for paths with larger 
amount of pheromone. The evolving ant colony mechanism 
can be mainly divided into initialization, pseudo-random 
probabilistic transition rule, and pheromone update rule. 

The transition strategy used as given in [29] which 

depends on pheromone trails iτ .The transition probability 

for the N ant from one state i to next state j is given by: 
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Where q is a random variable in the interval [0, 1], 
0

q and 

1
q  (

0
q  < 

1
q ) are two tunable parameters in the interval 

[0,1],  belongs to the candidate list, 
1
j  is selected based on 

the above probabilistic rule (11) and , 
2

j  is selected based 

on a uniform probabilistic rule over candidate list. 
The ant that performed the best tour since the beginning of 
the trail is allowed to globally update the concentrations of 
pheromone on corresponding edges. In ACO the global trail 
updating rule is: 

 

                         
( ) ( )

L
t

ij
t

ij
1

)1(1 ρτρτ +−=+                (12) 

Where: 
 
ρ  : Pheromone decay parameter (0 < ρ < l), 
L : The length of the globally best tour from the beginning of 
the trial. 

V. THE PROPOSED ALGORITHME 

In this paper, a new approach is introduced to solve the 
UC problem. Initialization The UCP involves a binary 
variables to represent the on/off status of units and real 
variables to represent the amounts of power to be generated 

by committed units. The ACO is considered to generate 

(N*T) binary matrix, where itu  represents the on/off  status 

of unit i at time t, and the PSO is considered to generate  

(N*T) real matrix, where
 itp

 
is the amount of power 

generated by the unit at that time instant, N is the number of 
units, and T is the time horizon. The population is initialized 

randomly, where itu is assigned the value of 0 or 1with 

equal probability and itp assigned a random real value in the 

range of [ min
ip  , max

ip ]. 

VI. HANDLING CONSTRAINTS 

It is very important to create a population satisfying the 
constraints when solving UC problems. Constraint handling 
techniques can be roughly classified as follows: rejecting 
methods, repairing methods and penalty methods. A 
rejecting method discards all infeasible chromosomes, 
which is simplest but least effective way. A repairing 
method involves taking an infeasible chromosome and 
generating a feasible one through a repair scheme. The 
penalty technique is perhaps the most common one. In 
essence, this technique transforms a constrained 
optimization problem into an unconstrained one by 
penalizing infeasible solutions. This paper proposes a 
repairing technique to handle with infeasible solution in the 
evolutionary process for solving UC problems. 

1. Spinning reserve constraint repairing: 
A heuristic algorithm is applied for satisfying spinning 

reserve constraint in which uncommitted units are 
committed [30], in ascending order of their average full load 
cost, until spinning reserve requirement is met. The average 
full-load cost of unit i can be expressed as: 
 

            

( ) max

maxmax iii
i

i

i

itit
i pcb

p

a

p

pC
++==α                    (13) 

 

2. Minmum up and down time constraints repairing : 
The unit cannot be turned on or turned off 

instantaneously once it is committed or de-committed. The 
minimum uptime/downtime constraints impose a minimum 
number of time periods that must elapse before the unit can 
change its status. If there are violation in minimum up or 
down time constraint at a given time t, the state (on/off) of 
the unit at that hour is reversed and updated. The process 
continues until the last hour. The general heuristic procedure 
for handling the minimum up-time and down-time 
constraints is summarized according to this Algorithm [31]. 

3. Unit de-commitment for excessive spinning reserve : 
An excessive spinning reserve is not desirable due to the 

high operation cost. Therefore, a heuristic algorithm is used 
to de-commit some units one by one [30], in descending 
order of their average full load costs, until the spinning 
reserve constraint is just satisfied at any time instant. The 
algorithm determines units that can be de-committed 
without violating the minimum up and down time and 
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spinning reserve constraints until no unit can be de-
committed. 

4. Power balance constraint repairing: : 
For adjusting the system power balance at time instant, 

an exhaustive search is made here for satisfying the power 
balance constraint at that time instant. For doing so, the 
amount of deviation ingenerated power from the forecasted 
demand at time t is obtained as: 

 

                      
¦

=

−=
N

tititT
i

DpuE
1

                               (14) 

 
The repairing algorithm is applied to the following two 

cases [30]. 

• If  TE > 0,taking the committed units in 
descending order of their average full load costs 
given by Equation (10) and then reducing the 
amount of power generated by the units up to their 

lower limits ( min
ip ) until TE  becomes zero ( TE  = 

0). 
• If TE  < 0, taking the committed units in ascending 

order of their average full load costs given by 
Equation (10) and then increasing the amount of 
power generated by the units up to their maximum 

limits. ( max
ip ) until TE  becomes zero ( TE  = 0). 

 

VII. SIMULATION AND RESULTS 

This article suggests a new UCP solution technique 
based on hybrid Particle Swarm Optimization PSO and Ant 
Colony Optimization ACO algorithm. To verify the 
performance of the proposed method, the algorithm is 
applied to test power systems of up to 10 units along with a 
24-hour time horizon taken from literature [32]. The 
spinning reserve requirement is considered to be 10% of the 
load demand. The demand and generating unit data of the 
test system are given in literature [30] in details. All 
simulations have been run on MATLAB environment. 
In implementing the proposed algorithms, some parameters 
must be determined in advance. In this paper the parameters 

are: the Population Size: 25, 2,2 21 == cc , 2.0=w , 
5.0=ρ  and the maximum number of Iterations: 2000. 

Several runs are executed to compare the solution quality 
and convergence characteristics. Table II present the 
different results obtained for all test system. The 
convergence process of the best solution for the UC system 
is shown in Figure 1.The best solutions obtained by the 
proposed method are compared with those produced by 
some other meta-heuristic-based recent approaches, GA 
[10], (EP) [11], (IPSO) [33], GA and k-mean clustering 
[35], (IQEA) [31], (MRCGA) [34].Table I shows that the 
proposed method is obviously superior to the existing 
methods. 
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Fig. 1. Convergence characteristics of best solution for 10-unit system by 

(PSO-ACO) 

TABLE I.  THE COMPARISON BETWEEN THE  (PSO-ACO) AND OTHER 
ALGORITHMS 

 
 
 
 
 
 
 
 
 
 
 
 
 

VIII. CONCLUSION 

In this paper, we proposed hybrid algorithm PSO-ACO 
based on Particle Swarm Optimization PSO and Ant Colony 
Optimization ACO to solve unit commitment problem. The 
feasibility of the proposed method was demonstrated with 
10 unit test system. The simulated results obtained after 
several run show that the proposed algorithm is efficiently 
and effectively implemented for UCP. The total production 
costs over the scheduled time horizon are less expensive 
than any other optimization methods reported in the 
literature and it is in good situation in terms of convergence 
speed. 
 
 
 
 
 
 
 
 
 

Method Total cost ($) 

GA [10] 565,825 

EP [11] 564,551 

IQEA [31] 563,977 

IPSO [33] 563,954 

MRCGA [34] 564,244 

GA and k-mean clustering 
[35]   

564,230 

proposed method hybrid 
(PSO-ACO) 

563,497 
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TABLE II.  THE BEST SOLUTION OF THE 10-UNIT POWER SYSTEM 
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Abstract— In this paper, a fractional order fuzzy PID 
(FOFPID) tuned with PSO is developed to realize high precision 
tracking control of a 6 DOF Stewart Platform (SP) in joint space. 
In design of FOFPID controller, the parameters of membership 
functions and input-output scaling factors along with the 
fractional order rate of error and fractional order integral of 
control signal are optimized off-line with particle swarm 
optimization (PSO) algorithm. Using the dynamic model of the SP, 
responses of the PID, fractional order PID (FOPID) and fuzzy PID 
controllers tuned with PSO are obtained for given different 
trajectories in simulation environment. To verify simulation 
performance of the controllers, the real time trajectory tracking 
experiments are conducted by applying the optimum parameters 
of the controllers. The experimental results indicate that the 
FOFPID controller can improve the control performance and 
reduce tracking errors of SP.    

Keywords— Fractional Order Controller; Fuzzy Logic 
Controller; PID; PSO; Stewart Platform. 

I. INTRODUCTION

The Stewart Platform (SP) manipulator is useful to study 
since it is a widely accepted design for a motion control device, 
mainly by reason of its wide range of motion and accurate 
positioning capability as compared with serial manipulators. 
Because of the fact that, practical usage of SP manipulators can 
be found in the area of low speed and large payload conditions 
such as aircraft simulators, high precision machining centers, 
mining machines, medical instruments, spatial devices and 
pointing devices. However, the control of SP manipulators is 
challenging as they have more complex dynamic structures. As 
a matter of fact, among the challenges which include the various 
forms of environmental disturbances, uncertainties, and 
structural changes, a robust control scheme coping with these 
challenges is pivotal in guaranteeing high precision tracking of 
a general 6 DOF SP. Considering the controller design of SP, a 
traditional PID control has been mostly employed in industry. 
However, it does not always ensure the expected high 
performance for trajectory tracking. Accurate trajectory tracking 
control for SP is achieved using both linear and non-linear 
control laws. Thus, the high-level control strategies can improve 
the trajectory tracking performance.  

There are relatively limited available resources concerning 
the trajectory tracking control for SP manipulators in the 
literature.  A number of studies on a robust tracking control 
design based on joint space for a 6 DOF parallel manipulator has 
been published in [1-5]. The main aim of the control law in SP 

is to maximize the dynamic performance of the manipulator 
while reducing the effect due to the structural complexity of the 
robot. For this reason, in complex, robust and precise tasks, the 
different control schemes such as the sliding mode control [6-9] 
and fuzzy logic control [10-16] techniques have been used to 
realize the trajectory tracking control for SP. 

The fractional order PID (FOPID) controller has been 
gaining attention in recent years from an academic and industrial 
point of view. FOPID controllers are described by fractional 
order differential equations. Expanding derivatives and integrals 
to fractional orders can adjust the frequency response of the 
control system directly and continuously. On the other hand, the 
fuzzy logic controller (FLC) has also been successfully applied 
in the control of many systems that are especially difficult in 
modeling. Recently, fuzzy logic based PID controllers which are 
PID types of FLC have become more common to conduct 
complex dynamic systems. The design of the fuzzy PID 
controller can be constructed by combining PD and PI type 
fuzzy controllers for different applications. As the other 
alternative to this construction, the effect of combining the 
characteristics of fuzzy logic control (FLC) and FOPID control 
schemes, designated here as FOFPID controller, is explored in 
this paper. Thus, it is considered that the fractional rate of error 
as an input, and the fractional order integration as an output in 
the design of fuzzy logic based PID controllers may provide 
extra flexibility. 

Sharma et al. [17] investigated the Fractional Order Fuzzy 
Proportional-Integral-Derivative (FOFPID) controller for a two-
link planar rigid robotic manipulator for trajectory tracking 
problem. The performance of the proposed controller was 
compared with the fuzzy PID, FOPID and PID controllers. In 
that paper, parameters of all the controllers were tuned by 
Cuckoo Search Algorithm (CSA) optimization technique. 
Numerical simulation results pointed out the superiority of 
FOFPID controller over the other controllers for trajectory 
tracking. Das et al. [18] proposed a novel fractional order fuzzy 
Proportional-Integral-Derivative controller which works based 
on the closed loop error and its fractional derivative as the inputs 
and has a fractional integrator in its output. The design variables 
including the fractional order differ-integrations and the input–
output scaling factors in the proposed fractional order fuzzy PID 
controller were optimized with Genetic Algorithm (GA). Also, 
some simulations were performed for controlling a delayed 
nonlinear process and an open loop unstable process with time 
delay. Moreover, the closed loop performances and controller 
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efforts in each case were compared with traditional PID, fuzzy 
PID and FOPID controllers. Simulation results illustrated that 
the proposed fractional order fuzzy PID controller exhibits 
better performance than the others in most cases. Xu at al. [19] 
designed an adaptively fast fuzzy fractional order PID 
(AFFFOPID) control method by combining fuzzy logic 
controller and fractional order PI for a pumped storage hydro 
unit (PSHU). Meantime, a novel bacterial-foraging chemotaxis 
gravitational search algorithm (BCGSA) was used for 
optimizing the parameters of the proposed controller method. In 
that paper, simulation tests under different running conditions 
were used to illustrate the feasibility and robustness of the 
proposed controller. Das at al. [20] proposed fuzzy logic based 
PID controllers considering several combinations of hybrid 
controllers by grouping the proportional, integral and derivative 
actions with fuzzy inferencing in different forms. GA was used 
to tune the input and output scaling factors along with the 
integro-differential operators to produce optimum closed loop 
performance. Moreover, performance comparison for the 
proposed hybrid controllers was done in terms of optimal set-
point tracking, load disturbance rejection and minimal variation 
of manipulated variable. Consequently, this comparison showed 
how well a particular controller is capable of executing a specific 
task or two conflicting tasks which are generally incorporated in 
terms of various integral performance indices. Richa et al. [21] 
presented two-layered fractional order fuzzy logic controller 
structure for a two-link planar rigid robotic manipulator with 
payload for trajectory tracking task. CSA was employed for 
obtaining the optimal parameters of the proposed controller. 
Also, the robustness testing such as parameter uncertainties and 
external disturbances was performed to explore the effectiveness 
of the proposed approach. Finally, the simulation results showed 
that the proposed controller structure is more robust and 
effective compared to its integer order design controller 
structure, single layered controller approach and conventional 
PID controller for the trajectory tracking. Mohammad et al. [22] 
suggested an optimal multi-objective fuzzy fractional-order PID 
controller for the speed control of EV systems with time-delay. 
For achieving a fast and accurate tracking of the set-point as well 
as a smooth control signal, a new multi-objective stochastic 
optimization was used for the online adjustment of the 
parameters of the proposed controllers. Moreover, in that paper, 
the experimental results were implemented on a DC motor to 
verify the effectiveness of the proposed controller and to 
compare with some of the most recent studies on the same topic. 
Zhang and Pi [23] proposed a robust fractional order proportion-
plus-differential (FOPD) controller for the control of permanent 
magnet synchronous motor. Finally, some simulation and 
experimental results demonstrated that the proposed controller 
provides favorable tracking performance as well as is robust 
with respect to external load disturbance and parameter 
variation. 

Taking into consideration of the related works mentioned 
above, the aim of this paper is to provide the followings: better 
tracking capability and better system response than methods 
using traditional integer order operators and especially fuzzy 
logic control based on fractional order control, and attempt the 
tuning of the fuzzy controller integrated the fractional order 
controller with PSO algorithm. Parameter tuning in the control 
systems is an important part of the total mechanism for reducing 

the difficulties concerning variation in system parameters and 
uncertainties that affect the closed-loop performance. Therefore, 
in this study, the parameters of the proposed fractional order 
fuzzy logic controller are optimally tuned with PSO for the 
precise trajectory tracking of SP. Also, comparison of the 
proposed FOFPID controller with the PID, FOPID and fuzzy 
PID controllers is experimentally examined in this study.    

II. KINEMATICS AND DYNAMICS OF STEWART PLATFORM 

A. Kinematics Model 

The Stewart Platform manipulator (Fig. 1) considered in this 
work is a six degree of freedom parallel robot that composes of 
a moving plate platform, a base plate platform and six 
independent extensible legs connecting the moving platform to 
the base platform. The moveable upper and the fixed lower 
platform by universal joints are coupled by six identical legs of 
the manipulator. Each leg is constructed as a precision ball-
screw assembly, actuated by a DC- motor. In Fig. 1.a, there are 
two frames describing the motion of the moving platform: an 
inertial frame (B-XYZ) fixed to the center of the base platform 
and a body frame (T-xyz) fixed to the center of the moving 
platform. Points 𝐵𝑖 and 𝑇𝑖  are the connecting points on the 
moving and base platforms, respectively. As shown in Fig. 1.b, 
their connection points are placed. Moreover, the separation 
angles between points 𝑇1 and 𝑇6 , 𝑇2 and 𝑇3 , 𝑇4 and 𝑇5 are 
represented by 𝜃𝑝depicted in Fig. 1.b. Likewise, the separation 
angles between points 𝐵5  and 𝐵6 , 𝐵3  and 𝐵4 , 𝐵1  and 𝐵2  are 
represented by 𝜃𝑏.  

 
Fig. 1. The Stewart Platform manipulator (a) and joints’ positions on the 
moving platform (b) [24].  

Referring back to Fig. 1.b, the location of the ith attachment 
point 𝑇𝑖  on the moving platform is given in (1). 𝑟𝑝 is the radius 
of the points to its center. In the same manner, the location of 
the ith attachment point 𝐵𝑖 on the fixed platform can be also 
gotten as given in (2). 

𝐺𝑇𝑖 = [
𝐺𝑇𝑥𝑖
𝐺𝑇𝑦𝑖
𝐺𝑇𝑧𝑖

] = [
𝑟𝑝 cos(𝜆𝑖)
𝑟𝑝 sin(𝜆𝑖)

0
] , 𝜆𝑖 =

𝑖𝜋
3

−
𝜃𝑝

2
,

    𝜆𝑖 = 𝜆𝑖−1 + 𝜃𝑝 ,
   

𝑖 = 1,3,5

𝑖 = 2,4,6
 (1) 
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𝐵𝑖 = [
𝐵𝑥𝑖
𝐵𝑦𝑖
𝐵𝑧𝑖

] = [
𝑟𝑏𝑎𝑠𝑒 cos(𝜐𝑖)
𝑟𝑏𝑎𝑠𝑒 sin(𝜐𝑖)

0
] , 𝜐𝑖 =

𝑖𝜋
3

−
𝜃𝑏

2
,

    𝜐𝑖 = 𝜐𝑖−1 + 𝜃𝑏 ,
  
𝑖 = 1,3,5

𝑖 = 2,4,6
 (2) 

The generalized position of frame {T} with respect to frame 
{B} is represented by 

𝑋𝑝−𝑜 = [𝑃𝑥 𝑃𝑦 𝑃𝑧 𝛼 𝛽 𝛾]𝑇 (3) 

The position vector 𝑋𝑝−𝑜 denotes the pose of the origin of 
the moving platform in accordance with the base platform. The 
rotation matrix of the moving platform in accordance with the 
base platform coordinate system can be described as the 
following. 

B𝑅𝑇  = 𝑅𝑍(𝛾)𝑅𝑌(𝛽)𝑅𝑋(𝛼) =
𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

= 

[
cos 𝛾 cos 𝛽 cos 𝛾 sin 𝛼 sin 𝛽 − cos 𝛼 sin 𝛾 cos 𝛼 cos 𝛾 sin 𝛽 + sin 𝛼 sin 𝛾
sin 𝛾 cos 𝛽 sin 𝛼 sin 𝛽 sin 𝛾 + cos 𝛼 cos 𝛾 cos 𝛼 sin 𝛽 sin 𝛾 − cos 𝛾 sin 𝛼

− sin 𝛽 sin 𝛼 cos 𝛽 cos 𝛽 cos 𝛼
] 

(4) 

As indicated in Fig. 1, the above vectors 𝐺𝑇𝑖  and 𝐵𝑖  are 
selected as the position vector, and the vector 𝐿𝑖 of the link i 
can be expressed as follows:   

𝐿𝑖 = 𝑅𝑋𝑌𝑍𝐺𝑇𝑖 + 𝑃 − 𝐵𝑖      i=1, 2, . . ., 6. (5) 

As the orientation and position of the moving platform are 
given, the length of each leg is calculated from (6) since the 
actuator length is 𝑙𝑖 = ‖𝐿𝑖‖. 

𝑙𝑖
2 = (𝑃𝑥 − 𝐵𝑥𝑖 + 𝐺𝑇𝑥𝑖𝑟11 + 𝐺𝑇𝑦𝑖𝑟12)

2

+ (𝑃𝑦 − 𝐵𝑦𝑖 + 𝐺𝑇𝑥𝑖𝑟21 + 𝐺𝑇𝑦𝑖𝑟22)
2

+ (𝑃𝑧 + 𝐺𝑇𝑥𝑖𝑟31 + 𝐺𝑇𝑦𝑖𝑟32)
2 

(6) 

B. Dynamic Equations of SP 

The dynamic analysis of the SP is complicated because of 
multiple closed-loop structures and coupling dynamics. The 
method used to derive the dynamic modeling of the SP 
manipulator is the Lagrange formulation. The dynamic 
equation of SP can be defined as 

)() ,() () ( opopopopmopopop
T

XGXXXVXXMFXJ −−−−−−− ++= ����  (7) 

where 𝐹 = [𝑓1 𝑓2 𝑓3 𝑓4 𝑓5 𝑓6 ]𝑇  that 𝑓𝑖  is the force 
applied by the actuator of leg i and J is the Jacobian matrix 
which relates the platform velocity (translational and angular) 
as a function of the leg velocities. 

For obtaining the dynamic equations of the SP, the overall 
system is divided into two parts, the legs and the moving 
platform. Therefore, the matrix elements in (7) are comprised 
as the following 

,   )( Legsupop MMXM +=−  

, ),( mLegsmupopopm VVXXV +=−−
�

 

Legsupop GGXG +=− )(  

(8) 

The kinetic energy and the potential energy of SP can be 
divided into two parts for legs and moving platform. 

),(),(),( opopLegsopopupopop XXKXXKXXK −−−−−− += ���  (10) 

)()()( opLegsopupop XPXPXP −−− +=  (11) 

Where 𝐾𝑢𝑝  and 𝐾𝐿𝑒𝑔𝑠  denote the kinetic energy of the 
moving platform and the six legs, respectively. 𝑃𝑢𝑝 and 𝑃𝐿𝑒𝑔𝑠 
are the potential energy of the moving platform and the six legs, 
respectively. Moreover, a dynamical nonlinear model of the 
Stewart Platform manipulator is given as extensively studied 
and described by [24].  

III. STRUCTURE OF FRACTIONAL ORDER FUZZY PID 
CONTROLLER 

FOPID controller is a generalization of the PID controller. 
As compared to the traditional PID controller, FOPID 
controller is characterized by two additional control parameters 
in which the orders of the derivative μ and the integral λ are not 
integer. This characteristic provides more flexibility to the 
design of controller and also can lead to a better dynamic 
performance. Accordingly, in FOPID controller, the fractional 
calculus is brought into PID controller to increase its 
performance. 

In this part, the proposed control scheme shown in Fig. 2 is 
based upon the structure of fuzzy PID controller that is a 
combination of fuzzy PI and fuzzy PD controllers with Ge and 
Gce as input scaling factors and Gu and Gi as output scaling 
factors as in [25-26].  

 
Fig. 2. The A block diagram of FOFPID controller for the Stewart Platform 
manipulator.  

In this fuzzy PID controller, the inputs are the error and its 
derivative scaling with Ge and Gce and the FLC output is 
multiplied by Gu and its integral multiplied with Gi. However, 
as seen in Fig. 2, the integer order derivative of the error is 
replaced by its fractional order counterpart (µ). Moreover, the 
integer order integration is replaced with an integration of 
fractional order (λ). Thus, the values of these orders are also 
considered for optimization variables. For comparing and 
enhancing the system control performance of conventional 

e e�
+
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controllers like integer order fuzzy PID and PID controllers, 
these controller structures are considered in the simulation and 
real time trajectory tracking experiments. Accordingly, use of 
fractional order derivative and integral could improve the 
performance and robustness of the fuzzy PID controller. In 
view of the fact, in this study, both input–output scaling factors, 
fractional orders and the parameters of the input output MFs of 
the minimum rule FLC are tuned to find out the optimal 
parameters of FOFPID controllers to achieve high performance 
in trajectory tracking control. 

Fig. 3 shows the initial MFs of the fuzzy sets for the errors 
of the length of the leg, fractional rate of the errors and FLC 
output, and their fuzzy control surface. The Gaussian MFs are 
used for both input and output of FLC. The FLC input variables 
are composed of the five linguistic terms NB (Negative Big), 

NO (Negative Medium), SS (Zero), PO (Positive Medium) and 

PB (Positive Big). Also, the FLC output variable (voltage) is 
partitioned into the same five fuzzy set. This set of linguistic 
terms forms a fuzzy partition of input and output spaces. Here, 
input and output spaces of the FLC are normalized to [-1, 1] 
interval as shown in Fig 3. Also, the same FLC scheme was 
used for all controllers.  

 
(a) 

 
(b) 

Fig. 3. Gaussian fuzzy membership functions (a) for inputs e, 𝑑𝜇𝑒 𝑑𝑡𝜇⁄ and 
output 𝑢𝐹𝐿𝐶  and surface map (b). 

The fuzzy if-then rules for trajectory tracking control of the 
legs are given in the Table 1. The total number of the rule set is 
twenty-five to account for every possible combination of input 
fuzzy sets as give in the table. 

TABLE I.   FUZZY LOGIC RULE BASE 

 Fractional order derivative of error  (𝒅𝝁𝒆
𝒅𝒕𝝁) 

 NB NO SS PO PB 

er
ro

r  
(e

) NB NB NB NO NO SS 
NO NB NO NO SS PO 
SS NO NO SS PO PO 
PO NO SS PO PO PB 
PB SS PO PO PB PB 

IV. PSO FOR CONTROLLER TUNING 
The tuning parameters including input output scaling 

factors, fractional orders and parameters of the MFs of the 
FOFPID controllers has been accomplished by a population-
based swarm intelligence algorithm, namely PSO which is 
described briefly in the following subsection. 

A. Particle Swarm Optimization 

Particle swarm optimization (PSO) was introduced by 
Kennedy and Eberhart by simulating social behaviour of bird 
flocking in 1995 [27]. Evolutionary computing approaches are 

inspired by the behaviours of swarms based on the movement 
and intelligence, which are seeking the most fertile feeding 
location. A swarm uses a collection of particles that are part of 
a swarm moving around in the search space for finding the best 
solution to an optimization problem [28]. Each particle in the 
swarm keeps track of the best position in the problem space 
which it has reached so far. This value is called pbest. Another 
best value called gbest is achieved so far by any particle 
associated with the best value found among all the particles. 

In the PSO algorithm, each particle moves around in the n-
dimensional space with a velocity (or accelerating) that is 
updated by pbest and the gbest position of the particle at each 
time step. The current position and the velocity of each particle 
are modified by the distance between its current position and 
pbest, and the distance between its current position and gbest as 
given the following. At each step n, by using the individual best 
position, pbest, and global best position, gbest, a new velocity 
for the ith particle can be modeled according to the following 
equation [29-30].  

𝑉𝑖(𝑛) = 𝜒(𝑉𝑖(𝑛 − 1) + 𝜑1𝑟1(𝑝𝑏𝑒𝑠𝑡𝑖 − 𝑃𝑖(𝑛 − 1))
+ 𝜑2𝑟2(𝑔𝑏𝑒𝑠𝑡 − 𝑃𝑖(𝑛 − 1))) 

(12) 

Where a potential solution is represented by each particle 
and it has a position in the search space represented by a 
position vector 𝑃𝑖 . 𝑟𝐼  and 𝑟2 are random numbers between 0 and 
1; 𝜑1 and 𝜑2 are positive constant learning rates;𝜒 is called the 
constriction factor and is defined by (13). 

𝜒 =
2

|2 − 𝜑 − √𝜑2 − 4𝜑|
, 𝜑 = 𝜑1 + 𝜑2, 𝜑 > 4 (13) 

The velocity of each particle is restricted within the range 
of [−𝜈𝑚𝑎𝑥, +𝜈𝑚𝑎𝑥]. These boundaries prevent the particle from 
moving with great speed in the search space from one point to 
another. Thus, the ith particle can search around its local best 
position, pbest, and global best position, gbest. Consequently, 
each particle moves from the current position to subsequent one 
by the updated velocity using the following equation: 

𝑃𝑖(𝑛) = 𝑃𝑖(𝑛 − 1) + 𝑉𝑖(𝑛) (14) 

B. PSO Tuning of FOFPID 

Here, PSO tuning process is employed to find the optimal 
parameters (𝐺𝑒, 𝐺𝑐𝑒, 𝐺𝑖, 𝐺𝑢, 𝜇, 𝜆, 𝜎, 𝑐) that constitute the search 
space for the FOFPID controller. Fig. 4 shows the FOFPID 
controllers for trajectory tracking of SP in joint space. The 
inverse kinematics block shown in the figure is used to calculate 
the desired lengths of the legs (𝐿1, 𝐿2, … , 𝐿6) from the given 
trajectory of the moving platform (𝑃𝑥, 𝑃𝑦, 𝑃𝑧, 𝛼, 𝛽, 𝛾). 

Since each FOFPID controller as shown in Fig. 4 has 4 
scaling factors, 2 fractional parameters in the derivative and 
integral terms and 15x2 parameters (𝜎, 𝑐) concerning Gaussian 
MFs, there are total 216 parameters to be optimized in this 
study. Search space of the controller parameters is 216 
dimensional. 
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Fig. 4. FOFPID based trajectory tracking control for SP.  

The cost function for optimization has been considered as 
given as follows for the ith particle. 

𝐸(𝑘) =
1
𝑁

∑ √(𝑒1
2(𝑖) + 𝑒2

2(𝑖) + 𝑒3
2(𝑖) + 𝑒4

2(𝑖) + 𝑒5
2(𝑖) + 𝑒6

2(𝑖))
𝑁

𝑖=1

 (15) 

Where 𝑒1(𝑖) … 𝑒6(𝑖) are the errors between actual length 
and reference length of the leg actuators, N is the number of 
sample and k is the number of iteration. In the PSO algorithm, 
enhancing the number of particles can give better results; but, 
this increase results in excessive computational time and 
complexity. In this case, 10 particles give satisfactory results 
regarding the convergence criterion as well as the time taken. 
Hence, as each of particle 𝑃𝑖  has 216 elements, swarm size is 
10x216. 

In the tuning algorithm, the minimum and the maximum 
possible values are needed for each element in particle. 
Therefore, the bounds of jth element of the parameters' vector 
(𝑃𝑖) for the all FOFPID schemes are defined: The interval of the 
search space for the input-output scaling factors and the 
fractional parameters is {𝐺𝑒, 𝐺𝑐𝑒, 𝐺𝑖, 𝐺𝑢} ∈ [0,100]  and 
{𝜇, 𝜆} ∈ [0,2] and 𝑐𝑚𝑖𝑛  and 𝑐𝑚𝑎𝑥  are -1 and + 1 for the MFs of 
error and fractional order derivative of error inputs, and 
voltage output. 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥  are 0.05 and 0.3 for the MFs of 
error and fractional order derivative of error inputs, and 
voltage output. The initial values of particles are randomly 
generated based on the maximum values in the first generation. 
On the other hand, the scaling factors 𝐺𝑒𝑚𝐺𝑐𝑒𝑚𝐺𝑖𝑚𝐺𝑢𝑚 ∈
𝑅+. 𝑅+ denotes set of positive real values. 

 
Fig. 5. Schematic diagram of the proposed PSO based FOFPID tuning 
method.  

The closed loop control structure of the PSO based FOFPID 
tuning method is shown in Fig. 5. As can be observed in the 
figure, the cost function values of each particle are computed, 

and pbest and gbest are calculated for every final time (𝑡𝑓).  
Finally, the velocity of the particle is changed according to (12) 
and a new position of each particle is computed using (14). This 
algorithm is repeated until convergence or maximum iteration 
limit is reached. In PSO algorithm, the parameters 𝜒, 𝜑1 and 𝜑2 
are set to 0.76, 2.05 and 2.05, respectively [28-30].  

C. Optimal Controller Parameters 

In order to get a fair comparison in terms of the performance 
of the proposed controller, PID, FOPID (𝑃𝐼𝜆𝐷𝜇) and fuzzy PID 
controllers are also tuned with PSO algorithm for the trajectory 
tracking control. The tuning results are reported in Table 2 and 
3. In case of no disturbance, as seen in the tables, the FOFPID 
controller tuned with PSO is better than others in terms of the 
minimum cost values. 

TABLE II.  OPTIMAL PARAMETERS FOR FOFPID AND FUZZY PID 
CONTROLLERS 

Controller 
Type 

𝑬𝒎𝒊𝒏 
Controller Parameters 

𝑮𝒆 𝑮𝒄𝒆 𝑮𝒊 𝑮𝒖 𝝁 𝝀  
FOFPID 0.0018 5.2108 0.0119 33.3909 1.6690 0.98 0.808 

Fuzzy PID 0.0027 5.1075 0.0118 30.3900 1.5369 1 1 

TABLE III.   OPTIMAL PARAMETERS FOR FOPID AND PID CONTROLLERS 

Controller 
Type 

𝑬𝒎𝒊𝒏 
Controller Parameters 

𝑲𝒑 𝑲𝒊 𝑲𝒅 𝝁 𝝀 
FOPID 0.0035 31.5841 0.02528 0.03280 1.21171 0.18487 

PID 0.0035 31 0.41460 0.04990 - - 

 

 
(a) 

 
(c) 

 
(b) 

 
(d) 

Fig. 6. Optimal membership functions and final fuzzy control surfaces for the 
FOFPID (a and b) and the fuzzy PID (c and d).  

The tuned membership functions of FLC and the final 
control surface for both fuzzy PID and FOFPID are shown in 
Fig. 6. As can be observed in the figure, the deviation of all MFs 
for the input and output variables except for linguistic term SS 
is increasingly adjusted by PSO algorithm compared to that of 
initial MFs. On the contrary, the MF of error input and voltage 
output for linguistic term SS has a smaller deviation than that 
of initial MF. This fact implies a low sensitivity towards 
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changes in error near the reference. Moreover, the final control 
surface has the flat plateaus in several places, and has a steeper 
slope in the two corners compared to the initial surface. As a 
result, from the control surfaces it could be observed that the 
fuzzy PID and FOFPID produce almost the same control 
surface.  

V. EXPERIMENTAL RESULTS 
Experiment based control performance such as dynamic 

trajectory tracking and robustness of the proposed FOFPID, 
fuzzy PID, FOPID and PID controllers is evaluated on a 6-DOF 
SP shown in Fig. 7. In the experiments, dSPACE DS1103 is 
used as a controller board.  This board has real-time interface 
implementation software to write and then download the real 
time code and it is completely programmable from 
MATLAB/Simulink environment. During the experiments, the 
sampling time for the control board is set to 1 ms. 

 
Fig. 7. 6-DOF SP used in the experiments [24].  

The kinematic parameters and the motor parameters of the 
6-DOF SP are given in [24]. For comparing the dynamic control 
performance of the FOFPID, fuzzy PID, FOPID and the PID 
controllers tuned with PSO, the given trajectory is conducted in 
this study. This trajectory is chosen based on movement 
difficulty.   

𝑥(𝑡) = 7sin (2𝜋𝑡) 𝛼(𝑡) = 5cos (2𝜋𝑡)
𝑦(𝑡) = 7cos (2𝜋𝑡) 𝛽(𝑡) = 3sin (2𝜋𝑡)
𝑧(𝑡) = 0.25 + 3sin (2𝜋𝑡) 𝛾(𝑡) = 3cos (2𝜋𝑡)

 
 

(16) 

Fig. 8 shows leg trajectory tracking responses of the 
controllers tuned with PSO algorithm for this reference 
trajectory. These responses are illustrated in close-up view. It is 
clear that the FOFPID controller achieves sinusoidal trajectory 
with excellent performance in all of the legs and it is better than 
other ones. On the contrary, the PID controller has the worst 
trajectory tracking performance amongst the rest. Fig. 9 shows 
the tracking errors between the actual and desired leg positions 
in two seconds for the tuned controllers. From Fig. 9, the 
FOFPID controller can produce smaller error signals with good 
control performance. In order to evaluate the results related 
with tracking performance of the controllers, the values of the 
mean of absolute error (MAE) and the root-mean-square (RMS) 
values of control signals for each leg are given in Table 4. 

 
Fig. 8. Leg responses of the controllers tuned with PSO in the range of very 
small time for the operational space trajectory. 

 

 
Fig. 9. Dynamic tracking leg errors for four different controllers in the 
operational space trajectory. 

TABLE IV.  PERFORMANCE COMPARISON OF THE CONTROLLERS FOR THE 
EXPERIMENT 

Legs 
PID FOPID Fuzzy PID FOFPID 

MAE 
RMS 
(V) 

MAE 
RMS 
(V) 

MAE 
RMS 
(V) 

MAE 
RMS 
(V) 

Leg1 0.0128 0.4141 0.0118 0.4098 0.0078 0.4041 0.0049 0.4187 
Leg2 0.0883 0.2273 0.0065 0.2288 0.0041 0.2203 0.0026 0.2140 
Leg3 0.0371 0.4164 0.0119 0.4145 0.0079 0.4117 0.0049 0.4095 
Leg4 0.0945 0.4030 0.0116 0.4146 0.0076 0.3948 0.0048 0.4006 
Leg5 0.0125 0.2444 0.0070 0.2460 0.0044 0.2369 0.0028 0.2368 
Leg6 0.0436 0.3970 0.0114 0.3976 0.0075 0.3873 0.0049 0.4013 

From the table, with almost same control signal energy, the 
FOFPID controller tuned with PSO produces less tracking 
errors compared to other controllers tuned with PSO for each 
leg. 
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VI. CONCLUSION 
In this study, fractional order fuzzy PID controller has been 

proposed to realize trajectory tracking of SP in leg space. In 
order to produce better tracking results for the given trajectory 
of the moving platform, PSO algorithm has been applied for 
optimizing the tuning parameters of the FOFPID controller. 
Also, the proposed controller has been compared with fuzzy 
PID, FOPID and PID controllers to evaluate the tracking 
performances of these tuned controllers which verified by real 
time experiments in the leg space of SP. From the experimental 
results obtained here, the current work demonstrated that the 
PSO based FOFPID controller could weaken the effects of 
coupling occurred as a result of the nonlinear dynamics of the 
SP and exhibit good tracking performance. Finally, the 
proposed method in precise position control of leg space is 
practical and effective for the specified trajectory of the moving 
platform.   
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Abstract—In this work, the trajectory tracking control of an

Unmanned Aerial Vehicle (UAV) has been realised using fuzzy

logic and neural network based controllers. Parrot AR.Drone 2.0

has been selected as the test platform. For simulated and real-time

experimental studies, a square shaped reference trajectory has

been generated, and the discrepancies from this trajectory in x-

and y-directions along with their derivatives have been employed

as the input signals to the proposed controllers. The update rules

for the neural network have been derived based on the variable

structure systems theory to enable stable online tuning of the

parameters. The obtained results indicate that both fuzzy logic

and neural network controllers can be applied effectively to the

trajectory tracking of a drone, and particularly neural networks

with variable structure systems theory based learning algorithms

exhibit a highly robust behaviour against disturbances.

I. INTRODUCTION

In the past two decades, drones are widely used in many
diverge applications ranging from surveillance to delivering,
from monitoring crops to mapping because of their agility, me-
chanical simplicity and maneuverability. Although the interest
in drones is ever-increasing, they still have some shortcomings
like limited load capacity and short flight times. Furthermore,
drones are inherently unstable and possess non-linear dynam-
ics. In the literature, there are numerous research activities
to address these shortcomings [1]–[4], and this work aims to
design soft computing based controllers that can cope with
both the unstable and nonlinear nature of the drones.

Earlier studies on the control of drones are mostly related
with the model based controllers. [4]–[6]. In [4], authors
designed a PID controller for vertical landing and take-
off using the mathematical model of the quadcopter. The
simulation results indicate satisfactory performance of the
developed controller. In a further study [6], authors compared
two model based controllers, namely PID and IMC controllers
and observed that the IMC controller is outperforming the
PID controller for image based path following application.
Although promising results for model based controllers have
been reported in a number of studies, the performance of these
controllers are susceptible in case of external disturbances. As
a remedy, model free approaches have been developed for the
trajectory tracking of the drones, among which Fuzzy Logic
Controllers and Neural Networks are the most widely used
ones [1], [3]. In [1], authors have used FLC for tracking
different trajectories and reported that the drone can follow
a given trajectory for various initial positions and orientations.
In [3], the author has used FLC algorithm along with Xbox

360 Kinect sensory equipment to ensure autonomous landing
of quadrotors. An important disadvantage of fuzzy logic con-
trollers is the uncertainty related with the determination of the
membership functions. Fuzzy logic controllers require expert
knowledge to construct the membership functions which will
yield the desired control output. If the expert knowledge is
unavailable or deficient, the use of neural networks might be
viable solution, as they do not require any apriori knowledge
on the system and can adapt the network parameters to
generate the desired outputs [7], [8].

In this study, AR.Drone 2.0 developed by Parrot has been
chosen as the research platform due to its low cost and easily
availability. Using the Simulink model of the drone devel-
oped in [9], two different control algorithms, namely fuzzy
logic controller and neural network with variable structure
systems(VSS)-based learning algorithms, have been developed
for the trajectory tracking control. In both controllers, the
deviations from the reference trajectory along with their deriva-
tives have been used as the input signals. Both simulated and
experimental studies have been carried out, and based on the
results of these studies it has been argued that the fuzzy logic
and neural network controllers can be applied effectively to the
trajectory tracking of a drone, and particularly neural networks
with VSS-based learning algorithms exhibit a highly robust
behaviour against disturbances.

This paper is organised as follows: The following section
describes the general structure of the AR.Drone. The details
on the employed controllers along with the simulated and
experimental results are presented in Section III. Section V
makes some concluding remarks.

II. OVERVIEW OF THE AR.DRONE PLATFORM

Like the vast majority of the quadrotors, the AR.Drone has
four propellers that are placed symmetrically around a central
hull. A carbon-fiber frame has been used to keep the parts
together. Adjacent propellers rotate in the opposite directions
to prevent spinning around the central-axis. Depending on the
type of motion desired, different levels of energy should be
applied to the motors driving the propellers.

Drones have relatively simple structure, yet they are ca-
pable of performing a wide variety of movement patterns and
exhibiting high maneuverability. They have six degrees of free-
dom, which consist of three translational and three rotational
components. As seen in Figure 1, pitch is corresponding to a
rotational movement along y-axis and generates a translational
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movement along the x-axis. Similarly, roll is corresponding
to a rotational movement along x-axis, which results in a
translational movement along the y-axis.

Fig. 1. Overall structure of AR.Drone

Initially, AR.Drone was designed as a hobbyist’s toy which
can be controlled by Android and iOS via Wi-Fi connection.
However, embedded two circuit boards enable the use of
AR.Drone for research related applications [10], [11]. The first
board, which can be referred to as the sensor board, interfaces
with a set of sensors that are located under the central hull of
the drone. These sensors include accelerometers, gyroscopes,
magnetometers, ultrasonic sensors, pressure sensor, and front
and bottom cameras. The second board, which can be referred
to as the mother board, process the data coming from the
sensor board to determine the required control action and
generate motion control commands. This board is running
a Linux-based real-time operating system, and a variety of
software programs including LabVIEW and MATLAB can be
used to design and implement different control algorithms [1-
3].

The sensor board delivers the following set of variables:

z : the altitude of the drone relative to the ground [m]
vx : the linear velocity of the drone in x-direction, [m/s]
vy : the linear velocity of the drone in y-direction, [m/s]
✓ : pitch angle of the drone, [rad]
' : roll angle of the drone, [rad]
 : yaw angle of the drone, [rad]

The AR.Drone comes with an internal flight controller, the
access to which is restricted. Only the following set of the
motion control commands, which are scaled to the interval
[�1, 1], can be applied to this controller:

uż : linear velocity command in the z-direction
u ̇ : yaw rate
u✓ : pitch command
u' : roll command

As mentioned earlier, pitch and roll are generating transla-
tional movements along the x- and y-directions, respectively.
Therefore, to regulate the velocities of the drone in these
directions, the command signals u✓ and u' can be utilised. The
command signal u ̇ is providing control over the orientation
of the drone.

Fig. 2. Inputs and outputs of AR.Drone

III. TRAJECTORY CONTROL OF THE DRONE

Drones possess a challenging task in terms of the control.
One of the reasons for this can be stated as that the perfor-
mance of a controller generally depends on the accuracy of
the mathematical model of the system. On the other hand,
obtaining a highly accurate model of a drone is rather difficult.
Most of the mathematical models widely used in literature
are neglecting the effect of the drag forces resulting from
the friction of the drone with the wind. Furthermore, the data
coming from the sensors are inevitably noisy and involve some
level of uncertainty, which can affect the performance of the
controller adversely even if a sufficiently accurate model of
the system is available. Under such circumstances, the use of
model free approaches can be considered as a viable solution,
as an approximate model of the system is generally sufficient
for these kind of controllers. Among the model-free design
approaches, artificial neural networks (ANNs) and fuzzy logic
control can be called as the most widely used and extensively
researched ones.

In this study, a square shaped trajectory reference has
been generated to examine the maneuverability of the plat-
form. Besides neural network and fuzzy logic controllers, PID
controllers for the roll and pitch of the drone have been also
designed and applied to the trajectory tracking task to provide
a mean of comparison. The deviations from the reference
trajectory in x- and y-directions and their derivatives have been
used as the input signals to be fed to the controllers. For the
simulations and real-time experiments, the sampling time is
set to 0.065s. The real time experiments have been carried
out indoors to enable to have control over the environmental
parameters.

A. PID Controller

In the first set of the simulations and experiments, two
concurrent PID controllers have been used to generate the mo-
tion control commands u✓ and u'. In the first PID controller,
the discrepancy between the actual position of the drone and
the reference trajectory in the x-direction has been utilized
to generate u✓, where the controller gains are selected as
KP = 0.29, KI = 0.01 and KD = 0.02 by trial-and-error
method. Similarly, the discrepancy of the actual position of
the drone from the reference value in the y-direction has been
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used as the input to the second controller, where the gains are
set to KP = 0.6, KI = 0.01 and KD = 0.18. The simulation
results are presented in Figure 3, from which it can be observed
that the drone can follow the trajectory closely.

−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 

Reference
Response

Fig. 3. Simulation results for the PID controllers

Next, two sets of experimental studies have been carried
out for the PID controllers, where the same reference trajectory
has been used. The first set of the experiments has been
conducted in a controlled environment, where no external
disturbance has been applied to the drone and the level of
light has been adjusted for the optimal performance. In the
next set, a hair dryer has been used to imitate the effect of
external disturbances on the drone. Regarding Figure 4 it can
be stated that the performance of the PID controller has been
substantially degraded. Compared to the simulation results, the
drone exhibits more deviations from the reference trajectory,
which become drastic in the presence of an external distur-
bance. The difference between the simulation and experimental
results may stem from the fact that the PID parameters have
been adjusted for the simulation model of the drone, and in
the experiments the drone has a different mathematical model
than the one used in the simulations. This difference arises
from the assumptions and simplifications that are held during
the derivation of the mathematical model.

−0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 
Reference
Response
Response (with disturbance)

Fig. 4. Experimental results for the PID controllers

B. Fuzzy Logic Controller

To alleviate the difficulties faced with PID controllers,
nonlinear control approaches including fuzzy logic and neural
networks have been adopted. The main advantage of these
type of controllers is that they do not require the mathematical
model of the system to be controlled. Two separate fuzzy logic
controllers have been designed to provide the control command
signals for roll, u', and pitch, u✓, whose membership functions
are shown in Figure 5. The same seven Gaussian membership
functions have been assigned to each of the control signals,
where NN stands for very large negative values, N stands for
negative values, NZ stands for negative values that are close
to zero, Z stands for neutral, ZP stands for positive values
that are close to zero, P stands for positive values and finally,
PP stands for very large positive values. Each fuzzy controller
has two inputs, which are the discrepancy form the reference
value in x- or y-direction, (ex, ey) , and the derivative of this
term, (ėx, ėy) . The corresponding membership functions are
presented in Figures 6 to 9.
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Fig. 5. Membership functions for roll and pitch command signals

Each fuzzy controller has two inputs, which are the discrep-
ancy form the reference value in x- or y-direction, (ex, ey) ,
and the derivative of this term, (ėx, ėy) . The corresponding
Gaussian membership functions are presented in Figures 6 to
9.

In fuzzy logic, rules are used to relate the given inputs to
the output. In this study, the same 25 rules given in Table I have
been employed for the roll and pitch command signals. The
center of gravity method has been used for the defuzzification
process.

ė
x,y

NN N Z P PP
e
x,y

NN PP P P ZP Z
N P P ZP Z NZ
Z P ZP Z NZ N
P ZP Z NZ N N

PP Z NZ N N NN
TABLE I. FUZZY RULES FOR u

'

AND u
✓

The simulation results obtained with fuzzy logic controller
are presented in Figure 10. As can be seen from this figure,
with the use of fuzzy logic controllers the drone is able to
track the reference closely. Next the same reference trajectory
is used in the experiments. Similar to the PID controller, the
experiments have been carried out under two different condi-
tions: without disturbance and with disturbance. The results
of these experiments presented in Figure 11 indicate that the
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x

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

M
e
m

b
e
rs

h
ip

 v
a
lu

e
s

PPPZNNN

Fig. 8. Membership functions for e
y

−3 −2 −1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

M
e
m

b
e
rs

h
ip

 v
a
lu

e
s

PPZN PNN

Fig. 9. Membership functions for ė
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fuzzy logic controllers can track the reference trajectory closer
than the PID controllers do. Yet significant deviations from the
reference trajectory can be observed in the presence of external

disturbances.
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Fig. 10. Simulation results for the fuzzy logic controllers
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Fig. 11. Experimental results for the fuzzy logic controllers

C. Neural Network Controller

In Artificial Neural Networks (ANNs), the learning is
realised by the adaptation of the network weights based on
the input data and the corresponding desired outputs. At each
iteration, the parameters are updated such that the output of
the network will match with the desired value.

Different algorithms for the adaptation of the weights have
been proposed in the literature. Among those, gradient descent
method is the most widely used one, in which the gradient of
a cost function utilizing the difference between the desired and
network outputs has been determined, and then the weights are
updated in the opposite direction of this gradient to minimize
the cost function [12]–[14]. The main drawback of this method
is that the network can stuck at a local minima, and as a result
the network output will not converge to the desired value.
To alleviate this problem, VSS-based learning algorithms can
be employed, in which a sliding surface defined by an error
term and its derivative has been generated for each layer of
the network. The main advantage of this method is that it
guarantees the robustness, stability and fast convergence of
the overall system [15], [16].
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Consider a fully connected, three layer neural network,
where there are p neurons in the input layer, n neurons in
the hidden layer and one neuron in the output layer. In this
network, the vector X(t) = [x1(t), . . . , xp(t)]T is correspond-
ing to the input signals (outputs of the input layer neurons), the
vector UH(t) = [uH1 , . . . , uH

n

]T is standing for the outputs
of the hidden layer neurons and u(t) is the scalar output of
the network. The matrix W1(t) (having a dimension of (nxp))
denotes the weights between the input layer and hidden layer,
where each entry w1i,j(t) is corresponding to the weight of
the connection between i

th neuron in the hidden layer and i

th

neuron in the input layer. Similarly, the n-dimensional vector
W2(t) represents the weights of the connections between the
hidden layer and output layer.

In this network structure, the outputs of the hidden layer
neurons and the output of the overall network can be computed
as follows:

uH
i

= f

0

@
pX

j=1

w1i,jxj

1

A (1)

u(t) =
nX

i=1

w2iuH
i

(2)

To be able to use VSS-theory in the learning of the network,
a sliding surface in the following form has been defined:

s = ė+ �e (3)

where e, ė and � are the discrepancy between the desired
and actual outputs of the network, the derivative of this
discrepancy, and a positive constant corresponding to the slope
of the sliding surface, respectively. For this sliding surface to
be attractive, it should satisfy the following two conditions:

• Once the sliding surface is reached, the system trajec-
tories should keep moving along this surface for all
subsequent times (s = 0 and ṡ = 0)

• If the system trajectories are not on the sliding sur-
face, they should approach it at least asymptotically
(lims!0+ ṡ < 0 and lims!0� ṡ > 0)

To be able to enforce the second condition, Lyapunov stability
method is used [17]. In this method, if a Lyapunov candidate
function that will satisfy the following two conditions can be
determined, then the convergence of the system states to the
sliding surface followed by sliding along it is guaranteed:

V (s) =
1

2
s

2 � 0 and V̇ (s) = s

@s

@t

 0 (4)

With the following weight update rules, these conditions
can be satisfied, and thus the convergence of the system states
will be guaranteed:

ẇ1i,j = �
✓
w2ixj

X

T
X

◆
↵sgn(e) (5)

ẇ2i = �
✓

uH
i

UH
T
UH

◆
↵sgn(e) (6)

In this study, a neural network structure with two input
neurons (one for the deviation from the reference trajectory in
x- or y-direction and one for the derivative of this deviation),
five hidden neurons and one output neuron has been employed
for each control command signal. Simulations and experiments
have been carried out for different number of hidden layer
neurons, however no significant effect of this parameter on
the overall system response has been observed. The learning
rate is specified as ↵ = 15 for both controllers using trial-and-
error method and the slope of the sliding surface has been
set to � = 10 The weights are initially set in a random
manner to show that a priori knowledge about the system
is not required in ANNs. Simulations and experiments have
been carried out for different number of hidden layer neurons,
however no significant effect of this parameter on the overall
system response has been observed.

The results of the simulation and real time experiments
are presented in Figures 12 and 13, respectively. For the
simulations, the obtained results are similar to the ones of the
other two controllers.

In the experiments, deviations from the reference trajectory
become especially salient at the corners. These are points
where there is a sudden change in either x- or y-direction,
and because of this change the network needs to readjust the
weight values. The time required for the adaptation and delays
associated with the communication give rise to these circular
patterns at the corners.
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Fig. 12. Simulation results for the neural network controllers

The advantage of the ANN with VSS-based learning algo-
rithms becomes prominent in Figure 13. As can be observed
the discrepancy between the reference and the system output
is rather smaller compared to PID and fuzzy logic controllers.

IV. CONCLUSION

In this study, fuzzy logic and neural network controllers
have been designed and applied to the trajectory tracking
problem of a drone. To provide a mean of comparison, PID
controllers have been also used. Using these controllers, both
simulated and experimental studies have been carried out. In
the neural network, the update rules are derived based on the
Lyapunov stability method to achieve stable online adaptation
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Fig. 13. Experimental results for the neural network controllers

of the network weights. Using these controllers, both simulated
and experimental studies have been carried out. The results
indicate that model free approaches can be successfully applied
to the control of the drones and amplifying a VSS-based
approach for the learning of ANNs provides robustness and
stability to the system.
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Abstract— In this work, a low-cost quadrotor system was 
designed that can navigate itself indoors using artificial neural 
networks (ANN) without any human interaction. This quadrotor, 
with help of ground station, can detect an abnormal event (fire, 
accident, etc.) and report it. In this system, every two seconds, a 
camera placed on the quadrotor takes a photo of the region 
beneath it and sends the photograph to the ground station over 
WLAN. The ground station downloads the submitted photo and 
feeds it as input to the ANN after finishing the 28x28 pixel 
conversion process. The output of the ANN is sent over WLAN to 
the quadrotor as a flight command (turn right, forward, etc.). 
Then, the flight controller adjusts motor speeds according to the 
sent command. Furthermore, to provide flight stabilization of the 
quadrotor, a 2 degree-of-freedom (DOF) controller was designed 
that regulates the roll and pitch angles of the quadrotor system. 
This controller was embedded in Wemos D1 Mini microcontroller. 
The designed controller was firstly developed and tested on a 
single DOF test system and then applied to the quadrotor system. 

Keywords— Quadrotor, ANN, PID Control, Microcontroller  

I. INTRODUCTION 

In recent years, with the advance of technology, research 
interest for Unmanned Air Vehicle (UAV) has been widely 
increasing. Improvements in communication devices, computer 
and control systems are one the most important factors in 
increasing this interest. This study focuses on a quadrotor 
system, which is a subclass of multicopters. 

In this study, a low-cost, ANN-powered and 
microcontroller-based quadrotor system was designed that is 
capable of autonomous flying indoors. The frame and motors of 
the Syma X5-C model are used as the frame and motors of the 
quadrotor system. Wemos D1 Mini micro-controller was 
programmed to performed motor control, and the motor drive 
circuit was designed with MOSFETs. The MPU-6050 inertial 
measurement unit (IMU) has been used in the system to obtain 
the Euler angles (yaw, pitch, and rotation angles) of the 
quadrotor system and also to apply the necessary control 
algorithm according to these angles. Two degree-of-freedom 
(DOF) controllers were designed to control system's roll and 
pitch angles. 

Some previous research projects related to custom-made or 
ANN-powered quadcopters along with PID controller are 
mentioned below. Leong, Low and Ooi investigated a low-cost 
control system for a configuration of aerial vehicles known as 
quadcopter [1]. With a low-cost microcontroller implemented 
for their configuration, the system was able to hold its position 
at a specific point, perform rapid maneuvers and provide camera 
image. Khavnekar, Gondalia and Shah proposed a solution to 
simplify control algorithms while keeping the same output 
performance [2]. Simple low-cost and robust control model was 

obtained as a result, and simulation of a mathematical model was 
performed with PD and PID control techniques. 

The work by Somasiri, Gamagedara, Maithripala and Bergt 
illustrates the stability performance of a solid PID controller 
with numerous test flight results. An Arduino-based controller 
works by estimating the inertial measurements of a system [3]. 
Provided results show that the desired state is quickly reached. 
Bodrumlu, Soylemez and Mutlu proposed PID and PID-based 
fuzzy controllers; then tested controllers on Qball X4 quadcopter 
and provided corresponding simulations [4]. Ciresan, Meier, 
Gambardella and Schmidhuber implemented a convolutional 
neural network on MNIST as well as on NIST databases and 
compared the results [5].  

The general concept of the project overview is given in Fig. 
1. Fig. 1 shows; area scanning, taking photographs and
informing in case of possible danger events. The area is
continuously scanned and taken images are transferred to the
ground station. Then, transferred image is processed at the
ground station and is used to determine the next movement of
the quadrotor system. For instance, while continuing to scan the
area under normal conditions; if an emergency is detected,
quadcopter is desired to remain in that position and continue
transmitting “live” image to the ground station.

First, this paper gives information about the system 
hardware. Then, it describes the design of the flight controller. 
Afterwards, a brief explanation of implementation of PID 
control is concluded with the results obtained from the test stand. 
System response to disturbance signals is given in graphs. Later 
on, communication and remote control over WLAN are 
explained. Right after, implementation of image transfer and 
processing using ANN is presented. Final sections shed light on 
matching ANN output with maneuver command. At the end, the 
obtained results are discussed and commented on for future 
research.  

Fig. 1. Project Concept. 
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II. SYSTEM HARDWARE AND FLIGHT CONTROLLER 
This section covers the designed flight controller and the 

hardware that constitutes the system. 

 As for the frame for the quadrotor, Syma X5-C quadrotor’s 
frame was used. The motors that provide thrust for flight, are 
coreless, brushed DC motors suitable with Syma X5-C’s frame. 
Wemos D1 Mini was used as a development board, which forms 
the core of the flight controller. PID controller was embedded 
on this board. The board supplies PWM signals and enables 
remote control by using its onboard ESP-8266EX processor. To 
provide quadrotor’s flight stabilization, MPU-6050 Inertial 
Measurement Unit (IMU) that feeds 3 axis gyroscope and 3 axis 
acceleration data back, was used. Fig. 2 shows connections and 
communication protocols between the components used in the 
system.  

 

Fig. 2. System hardware. 

The motor drivers which drive the motors via the PWM 
signals supplied by Wemos D1 mini, were created using 
IRLML-2502 MOSFETs. The designed motor driver circuit 
schematic is seen in Fig. 3. Though schematic qualitatively 
displays connections for one motor, other three motors are also 
driven the same way as shown in Fig. 3. 

 

Fig. 3. Designed motor driver’s circuit schematic. 

Fully-assembled quadrotor with propellers and close up look 
on the flight controller are seen in Fig. 4. 

 

Fig. 4. The quadrotor system (On the left), the flight controller with all 
components assembled. (On the right) 

III. PID CONTROL 
This section will mention the study on flight stability of the 

quadrotor system and the design of PID controllers for 
regulating roll and pitch angles. Angle data were obtained using 
the IMU (MPU-6050). The second method of Ziegler-Nichols 
was used to determine the gains of the PID controller [6]. The 
experiment setup, which is seen in Fig. 5 and 6, was designed 
for experimental tests. 

 

Fig. 5. Experiment Setup. (Top View) 

 

Fig. 6. Experiment Setup. (Side View) 

The objective of the test setup is to measure the system 
performance with the PID controller and to tune gains of the PID 
controller according to the test. 
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Fig. 7. Block diagram of single-axis-control system. 

Because of the design of the test stand, measurements can be 
done only for one angle and the related block diagram with the 
test stand can be seen in Fig. 7. On the other hand, to provide 
flight stability of quadrotor, at least 2 angles (roll and pitch 
angles) must be stabilized at the same time. Therefore, the block 
diagram for 2 angles stabilization will be as in Fig. 8. 

 

Fig. 8. Block diagram of dual-axis-control system. 

A. Experiment Result 
At first, to determine the PID controller gains according to 

Ziegler–Nichols’s second method, integral gain (Ki) and 
derivative gain (Kd) are assumed to be zero and proportional gain 
(Kp) is gradually increased until the system starts oscillating. The 
Kp value, at which system starts oscillating, is the critical 
proportional gain and is shown as Kcr. The oscillation period at 
critical gain is called critical period and is shown as Pcr. The 
graph of the system in the state of oscillation is shown in the Fig. 
9. 

 

Fig. 9. Angle between the horizontal axis and the system in the state of 
oscillation. 

Initial values of Kcr and Pcr parameters were obtained as the 
system started oscillating as in Fig. 9. By using these values as 
initial values, additional tuning was done on the PID controller, 
and eventual gains were obtained to perform an optimum task. 
The system’s response to disruptive effects is seen in the Fig. 10. 

In this regulator system, the PID controller has proportional gain 
of 3.6, integral gain of 9, and derivative gain of 0.36. 

 

 

Fig. 10. The graphic of the control input (on the top), The response of the 
regulated system to disturbances. (at the bottom) 

As seen from the Fig. 10, disturbed system shows a certain 
overshoot for a moment and then sits on the reference value 
quickly. 

IV. WIFI REMOTE CONTROL AND COMMUNICATION 
To be able to remotely send control commands, it was 

decided to use HTTP requests working on top of TCP/IP 
protocol. The basic reason was to allow sending commands from 
web browser of any mobile device with Wi-Fi connectivity. 
Thus, there is no longer need for RC transmitter/receiver 
modules because quadcopter can be remotely controlled using a 
smartphone, for example.  

 

Fig. 11. HTTP requests, operation and implementation. [7] 

To understand how wireless control works, one requires 
basic knowledge of the logic behind HTPP and TCP/IP protocol 
operation. Fig. 11 quickly provides necessary information. 
Client (shown as a smartphone in Fig. 11) sends a request using 
web browser. HTTP requests have a format shown as a piece of 
code. Though it is not visible to the end user, any web browser 
sends similar code upon requesting IP address or URL. Then, 
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server, in our case the quadcopter, receives a request from a 
client (smartphone) and performs a pre-configured operation 
based on the particular request. For example, it may update the 
control algorithm to move in a particular direction. To achieve 
above mentioned, code for handling HTTP requests and user 
interface was embedded to the flight controller. Fig. 12 provides 
an insight into the designed user interface of a "web joystick". 

 

Fig. 12. Web interface for manual control. 

V. ARTIFICIAL NEURAL NETWORK AND IMAGE 
RECOGNITION 

This section will explain how ANN and image recognition 
are used in present work. Artificial neural networks (ANN) can 
collect information about samples, make generalizations, and 
then decide on samples that they have never seen before. ANN 
is applied in many scientific fields, thanks to their constantly 
improving learning and generalization features. In addition to 
that, it successfully solves complex problems using these 
abilities.  

The quadrotor system transfers the photograph, taken by the 
onboard camera, to the ground control station over WLAN. The 
ground control station uses the ANN to obtain the result.Then, 
the result is sent as a flight command back to the quadrotor 
system. The aerial image was taken with the Orange Pi camera, 
which is mounted on Orange Pi control card. After the received 
image is commented at the ground control station, the 
corresponding command is transmitted to the Wemos control 
card. Its schematic structure is shown in Fig. 13. 

When started, since there is no external effect, the initial 
flight mode is also identical to the updated flight mode. The 
quadrotor starts flying and takes action with this flight scenario; 
for example, every 2 seconds it takes photos that are transferred 
to the ground control station over WLAN. 

Transferred image is processed at the ground control station 
and a decision is made according to the pre-trained model’s 
result. If a specific scenario is defined for the number seen on 
the ground, then corresponding action will be taken. For 
example, when that number is seen, certain reference values are 
adjusted, and the quadrotor continues to move according to the 
defined scenario. If the user issues a manual command, user’s 
command becomes valid regardless of automated commands. 

 

Fig. 13. Image Processing Flow Diagram. 

A. Artificial Neural Network Model 
Keras library was used when creating an artificial neural 

network model. Keras is a high-level Application Programming 
Interface written in Python that runs on Tensorflow or Theano 
libraries. After the network model, shown in Fig. 14, was 
created, it was trained by the MNIST [8] data set, which contains 
handwritten digits. After being trained, ANN was tested with a 
test data set and questioned whether it reached the expected 
predicted values or not. Since we do not have a ready data set to 
detect dangerous situations, the MNIST [8] data set was used as 
the training data set. In addition to the number recognition ANN 
model selected here, another ANN models such as color 
recognition, object recognition models can also be used. The 
purpose of this work is to show that the system can work 
properly when using a suitable ANN model and data set for the 
desired situation. 

After the first download, the data was prepared for the ANN 
and then processed. These operations are called pre-processing 
operations. The ANN model consists of sequential layers of the 
Keras library. 

 

Fig. 14. ANN Model Code. 

The structure of the model is shown in Fig. 15 
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Fig. 15. ANN Model Structure. 

The generated model has been tested with test data. The 
results can be seen in Fig. 16. 

 

Fig. 16. ANN Test Results. 

Results obtained from the test data show that our model can 
predict correctly with a high accuracy. As a result, a validation 
data is prepared and given to the model to see if the model 
predicts the data correctly. Validation results can be seen in Fig. 
17. 

 

Fig. 17. Validation result. 

B. Image and Command Transmission over WLAN  
During our research, three different methods were analyzed 

for the transfer of photos and commands over WLAN. These 
options were a low-level application, which works based on 
TCP/UDP protocols, socket programming and a web 
application, which uses HTTP protocol for data transfer. Every 
mentioned option was successfully implemented, and the 
optimal method was concluded to be a web application utilizing 
HTTP protocol. To begin, an aerial image is made available over 
web address. Then, it is downloaded to the ground station with 

the code written in Python. After downloading the photo, it is 
automatically pre-processed and given to the ANN. 

The runtime of Python code (including the image processing 
time) was observed to take less than 3 seconds. This is sufficient 
for present work, and it is also possible to improve the code in 
the future.  

According to the output of the ANN, the motion of quadrotor 
was controlled by sending a maneuver command to the flight 
controller. An example is shown in Fig. 18. 

 

Fig. 18. Example of sending maneuver command based on interpretation of 
camera image. 

VI. RESULTS 
The first main focus of the research was to implement the 2-

DOF PID controller to enable self-balancing in the air. After it 
starts flying, quadcopter adjusts its movements/maneuvers 
based on the interpretation of the camera image, and the system 
informs related services in case of abnormal conditions. Image 
captured by the onboard camera is sent to the ground station, 
where it is processed by ANN. Then, the ANN output is matched 
with maneuver command, which is sent back to the quadcopter. 
At the same time, the user can always manually control the 
quadcopter using the web interface, making it fly in any desired 
direction. 

 

Fig. 19. General control algorithm. 
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As shown by the general control algorithm given in Fig. 19, 
quadcopter starts in hover mode, defined as standard flight 
mode. The reason for starting in hover mode was to save battery 
energy and increase flight time, otherwise, some power would 
be used up while taking off. Instead, the quadcopter is released 
at a certain height in a standard flight mode. Then, the first 
decision mechanism checks if there is any command (either 
from the user or ANN-powered ground station) and adjusts the 
reference point (enables maneuvering left, right, forward or 
backward) and PID constants accordingly. PWM outputs are 
then calculated and used to drive motors, and quadcopter 
continues in an updated flight mode. Finally, in case of 
unexpected contingencies, the system returns to hover mode if 
there were no manual or automated commands within last four 
seconds. 

For example, consider that desired behavior is to fly 
backwards upon seeing number 7. When the system recognizes 
number 7 on the ground, it adjusts its pitch angle setpoint so that 
control mechanism tilts the system, and thus, it flies backwards. 
During tests, whole processing time, including the time required 
to get an image and send a command to the quadcopter, was 
observed to be less than four seconds. In other words, the system 
operated with a delay of four seconds. Delays during 
transmission over Wi-Fi were negligible, most of the time was 
spent processing image using the artificial neural network. 
Therefore, it is important that the ANN be optimized for speed. 
Another way of overcoming this issue is to reduce the system's 
flight speed or use it in applications where such delays do not 
have a big influence. 

VII. FURTHER RESEARCH 
First steps are to improve the flight performance and 

decrease the overall weight by designing custom frame and 

using a printed circuit board instead of bulky pertinax. Also, to 
minimize the time delay of sending automated flight command, 
ANN optimization is necessary and different ANN models will 
be tested. Alternatively, bare image processing techniques might 
have less processing time. Another interesting topic under 
research is the voice control of unmanned aerial vehicle systems. 

Additional information about the development of project can 
be found at https://uteklu.com/ceit2018 
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Abstract—The control of equipment such as camera gimbal, 
Vertical Take-Off and Landing (VTOL) and Load Transporting 
System (LTS) on Unmanned Aerial Vehicle (UAV) with its own 
flight control directly affects the performance of the mission in 
tasks such as tracking the target along the specified path and 
leaving payloads on the targets specified in the dangerous areas. 
In this study, neural network based real-time control of a 
hexarotor UAV is performed so that the payloads on the targets 
determined by path tracking can be left with minimum error. The 
Nonlinear AutoRegressive eXogenous (NARX) model of the UAV 
is obtained after the flight data are passed through the pre-
processing, feature extraction and feature selection stages. The 
obtained neural network model is embedded in the flight control 
card to realize real time path tracking of the UAV. The three 
payloads in the cubic structure are both transported by the 
originally designed LTS and left with the help of LTS to targets on 
the path. Environmental testing is conducted taking into account 
the limitations of the physical properties of the LTS and specified 
path tracking on the autonomously moving UAV, and the impact 
on proposed NARX control algorithm's mission performance is 
examined. 

Keywords— Unmanned Aerial Vehicles (UAV); Load 
Transporting Sytstem (LTS); Nonlinear AutoRegressive eXogenous 
(NARX); ReliefF method; path tracking. 

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs), which are often used in 
activities such as exploration-and-surveillance, search-and-
rescue, and mapping have nowadays been used for different 
missions in military and civilian such as transporting and 
releasing payload to designated locations by tracking a specified 
path [1-4]. UAVs are very useful in the tasks of transporting and 
releasing these utility loads for environments where dangerous 
and geographical conditions are unfavorable. Especially in 
military and civilian activities carried out in risky areas, the 
effective control of UAVs used in the tasks of transporting and 
releasing payload from the determined position to the target 
position by following the trajectory formed through the safe 

points passes out as an important engineering problem [5, 6]. In 
this study, UAV's real-time control based on the Nonlinear 
AutoRegressive eXogenous (NARX) neural network is 
performed, thus the three different payloads on the hexarotor 
UAV with Load Transporting System (LTS) can be left with the 
minimum error by tracking the predetermined path to the 
specified targets. 

UAVs, which can act autonomously for military and civilian 
missions, are designed with various equipments such as Global 
Positioning System (GPS), camera gimbal system, LTS, flight 
control, image transfer, telemetry and laser marking modules. 
These equipments on the UAV play an important role in 
releasing the payloads to the targets given the coordinates with 
minimum error by following a determined path [7-9]. In the 
mission of releasing payloads to the specified targets, the UAV 
must be able to either determine the path on its own or remain 
faithful to the predetermined path [10-12]. There are studies that 
determine the boundary conditions, control parameter constants 
and cost function criteria by taking into account the path 
planning to be followed by the UAV as the optimum control 
problem. The ability of UAVs to effectively carry out their 
payload-transporting and releasing missions in a short period of 
time by tracking the specified path depends on the effectiveness 
of the controls of the UAV systems. The control of the LTS with 
the UAV is of great importance when the loads leave the targets 
with minimum errors [13-15]. The control of the LTS, which is 
mounted on the UAV together with the UAV, is carried out on a 
classical or model-based [2, 16]. 

There are studies in the literature describing some control 
strategies to solve the problem of path tracking for hexarotor 
UAV [17-20]. In [21], it deals with the problem of path 
generation and tracking in 3-D for UAVs. A path generation 
algorithm is proposed for solving this problem. It is stated that 
the suggested path generation algorithm provides a path that 
satisfies the arbitrary initial and final conditions specified in 
terms of position and velocity. In [22], in order to solve the 
problem of path tracking a quadrotor UAV, a nonlinear robust 
control strategy for underactuated mechanical systems is 
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proposed. It is stated that an underactuated nonlinear  
controller based on the six-degree-of-freedom dynamic model is 
designed for control the helicopter's attitude and altitude in the 
inner-loop. The tracking of the reference trajectory is carried out 
using a model predictive controller. In [23], UAV path planning 
is done by using artificial potential field method updated with 
optimal control theory. Based on the artificial potential field 
method, the constrained optimization problem is transformed 
into an unconstrained optimization problem with the aid of loose 
variables, and the path planning problem is solved with the help 
of the optimal control method. 

In this study, neural network based real-time control of a 
hexarotor UAV is performed so that the payloads on the targets 
determined by path tracking can be left with minimum error. The 
NARX model of the UAV is obtained after the flight data are 
passed through the pre-processing, feature extraction and feature 
selection stages. The obtained neural network model is 
embedded in the flight control card to realize real time path 
tracking of the UAV. The three payloads in the cubic structure 
are both transported by the originally designed LTS and left with 
the help of LTS to targets on the path. 

This article is organized as follows: the design of LTS on 
UAV is described in Section II. The modelling and forecasting 
method are given in Section III for path tracking of hexarotor 
UAVs with LTS. Simulation and experimental results for path 
tracking of the real time Neural Network controller are shown in 
Section IV. Conclusions are finally discussed in Section V. 

II. LOAD TRANSPORTING SYSTEM DESIGN FOR UNMANNED 
AERIAL VEHICLE 

Load transportation and release to targets specified by UAV 
are used as an attractive application in many military and 
civilian projects. UAVs with LTS are used to provide logistical 
support, especially for search and rescue and civilian-military 
operations, with designated targets in the field of operations. 
This section of the study focuses on the original LTS design and 
the designed LTS model. In this study, hexarotor UAV is used 
and the design of the LTS is carried out in accordance with the 
hexarotor UAV. The LTS used in this study is designed to leave 
three payloads to real-time specified targets. Also, the UAV 
used in this study moves autonomously, and the LTS's payload 
transporting and leaving to real-time specified targets is also 
performed autonomously. The front and side view of the 
designed LTS in simulated environment are shown in Fig. 1, 
and the front view of the realized LTS on the hexarotor UAV is 
shown in Fig. 2. 

 

Fig. 1. Front and side view of designed LTS on hexarotor UAV. 

 

Fig. 2. Front view of realized LTS on UAV. 

The LTS, which has mechanical structure shown in Fig. 3, 
is mounted on the bottom surface of the hexarotor UAV body 
so that the swing of payloads is reduced during payload 
transferring and leaving. The two DC geared motors specified 
in Table I are used in LTS. The mathematical model of the DC 
geared motor given the parameters in Table I is used as the 
reference model in control algorithm which is embedded in 
flight control card. 

 

Fig. 3. Mechanical structure of LTS with two gear motors on hexarotor UAV. 

TABLE I.  GEAR MOTOR PARAMETERS 

Gear Motor Parameters Values 
Continuous Torque (Max)  N-m 
Peak Torque (Stall)  N-m 
Motor Constant  N-m/ W 
No-Load Speed 822 rad/s 
Friction Torque  N-m 
Rotor Inertia  kg.m2 

Electrical Time Constant 0.52 ms 
Mechanical Time Constant 15.6 ms 
Viscous Damping  N-m/rad/s 
Reference Voltage 12 V 
Torque Constant  N-m/A 
Back-EMF Constant  V/rad/s 

Resistance 3.10 Ω 
Inductance 1.57 mH 
No-Load Current 0.25 A 
Peak Current (Stall) 3.88 A 
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III. MODELLING AND FORECASTING METHOD  

In this study, the real-time control of the hexarotor UAV is 
performed by forecasting the next position for the path tracking 
using the flight data from the hexarotor UAV with LTS moving 
on a straight line, circular, ellipsoid and triangular path. In the 
study, the hexarotor UAV with LTS shown in Fig. 2 is used. The 
UAV used is formed by equipping each of the arms connected 
to each corner of the frame of the hexagonal structure with six 
brushless DC electric motors.  

The steps followed in the study are seen in the flow chart in 
Fig. 4. In the preliminary processing phase, longitude, latitude, 
altitude data from the hexarotor UAV with LTS are filtered with 
6-step average filter. The curve fitting coefficients are 
determined as a feature by applying curve fitting method in first 
and second order to the values obtained after filtering process. 
Then, the most suitable features are selected with ReliefF [24] 
method. The selected features are introduced directly to NARX 
neural network structure. The feature matrix obtained by weight 
coefficients and the model parameters for the forecasting of the 
next position in the path tracking of the NARX neural network 
structure are determined to minimize the Mean Squared Error 
(MSE) value. 

 

Fig. 4. Flow chart for path tracking with neural network model. 

In this study, variables such as longitude, latitude, altitude 
, ,  are used in addition to the angular velocities 
, , , , ,  for NARX artificial neural network 

entry. The nonlinear  function calculates the value of the one 
step next angular velocities which depend on the  step previous 
values of the input and output signals by (1). Using the 
parameters in Table II, NARX neural network model for the path 
tracking of hexarotor UAV with LTS is shown in Fig. 5. 

, , , , ,  (1) 

where . 

TABLE II.  MODEL PARAMETERS 

Features Values
Layer number 3 

Time delay number (d) from 3 to 15 
Hidden layer neuron number (N) from 3 to 15 

Weight (w) and biases (b) Random 
Activation functions Tan-Sigmoid, Pure linear 
Training algorithm Levenberg-Marquardt 

Epoch 1000 
 

 

Fig. 5. The NARX neural network model. 

 For the values of angular velocities, longitude, latitude, 
altitude values in the past  step, first and second order curve 
fitting are performed by using (2) and (3). The features are 
labelled as angular velocities ( - ), longitude ( ), latitude 
( ) and altitude ( ). 

 (2) 

(3) 
 
The coefficients of  and  in the first order linear function 

and the coefficients ,  and  in the second order quadratic 
function generated for each feature are determined as the feature 
vector extracted from each feature. The extracted features and 
their labels are given in Table III. 

TABLE III.  EXTRACTED FEATURES AND THEIR LABELS  

Parameters Features Feature Label 
Angular 
velocities [a1, b1, a2, b2, c2] 

- , - , - , 
- , -  

Longitude [a1, b1, a2, b2, c2] , , , ,  
Latitude [a1, b1, a2, b2, c2] , , , ,  
Altitude [a1, b1, a2, b2, c2] , , , ,  
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The path tracking data collected from the UAV with the LTS 
is normalized with the aid of (4) to obtain the best forecasting 
model. 

 (4) 

 
Relief method is used in the selection of features in 

classification and regression analysis applications in data mining 
[24]. This method has applications in different areas, such as 
estimation of unfamiliar person's height [25], estimation of 
fraudulent financial statements [26] and estimation of electricity 
price one day later [27]. In this study, those that minimize the 
forecasting error from the features in Table III are selected. 

The generated NARX neural network model is used 70% of 
the data set during the training phase, 15% of the data set during 
the validation phase and 15% of the data set during the test 
phase. The data numbers corresponding to these ratios are 12852 
for the training phase, 2754 for the validation phase and 2754 
for the test phase. In total of 18360 hexarotor UAV flight data 
are used. 

The model error is calculated by comparing the response of 
the obtained model with the actual data. The model error is 
expressed:  

 (5) 
 

where  is observed for a given time t and  is the estimated 
time series [28]. The performance of the generated NARX 
model is verified using the statistical error criteria given in Table 
IV. 

TABLE IV.  STATISTICAL ERROR CRITERIA  

Performance Metrics Error Criterion Formula 

Mean Absolute Error 
(MAE) 

 

Mean Squared Error 
(MSE) 

 

Root Mean Square 
Error 

 (RMSE) 
 

 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

The NARX neural network for different hidden layer neuron 
numbers and delay step numbers was created by selecting 
feature based on ReliefF method. The data were randomly 
divided into %70 training, %15 validation and %15 testing. The 
number of delay steps in the NARX network structure was 
varied from 3 to 15 and the number of hidden neurons was varied 
from 3 to 15 to obtain model parameters that give the least 
forecasting error. 

In this study, the NARX model obtained in Section III for 
path tracking was embedded in the TMS320F28335 eZdsp 
Digital Signal Processing (DSP) prototyping board on the 
hexarotor UAV with LTS shown in Fig. 6. The TMS320F28335 
eZdsp DSP prototyping board consists of a 32-bit CPU and a 
single-precision 32-bit floating-point [29]. The 150 MHz system 
clock is provided by an on-chip oscillator.  

 
Fig. 6. Used prototyping TMS320F28335 eZDSP DSP board. 

The application of TMS320F28335 DSP employed with 
digital fabricated board is shown in Fig. 7. It consists of PWM 
interfaces for AC drive system, I/O interfaces for DC drive 
system, digital to analog converter (DAC), analog to digital 
converters (ADC) and encoder for the rotor speed detection. 

 
Fig. 7. The architecture of  DSP card. 

 The MAE, MSE and RMSE values for the NARX neural 
network model created with selected features by ReliefF method 
are presented in Table V. 

TABLE V.  PERFORMANCE MEASURES FOR TRAINING EPOCH=36  

Performance Metrics Value
MAE  
MSE 

RMSE 
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The control of the UAV shown in Fig. 8 was performed with 
both the PID controller and the model based controller based on 
the NARX neural network model. The performance of both 
controllers was measured for the task of releasing the different 
three payloads to three specified targets by path tracking of the 
UAV in rectangular form. The payload release tests of the UAV 
with LTS were realized in the environment which had 5.8 m/s 
wind speed. The proposed NARX network model performance 
for real-time path tracking was compared with PID controller 
performance. 

 
Fig. 8. UAV's payload transporting mission flight and leaving the payloads 

to the specified target. 

When Fig. 9 and Fig. 10 are compared, it is seen that the 
performance of UAV which has model-based controller based 
on the NARX neural network model is very successful and 
robust according to the UAV which has PID controller for path 
tracking. 

 
Fig. 9. The performance of UAV with NARX for path tracking. 

 

 

Fig. 10. The performance of UAV with PID for path tracking. 

It is also very important that the UAV maintains its altitude 
while path tracking. For this reason, the altitude graph of the 

UAV is also presented in Fig.11 and Fig.12. When Fig. 11 and 
Fig. 12 are compared, it has been found that the performance of 
maintaining the altitude of the UAV with the model based 
control based on the NARX neural network model is very 
successful and robust compared to the UAV with the PID 
controller for path tracking. The three payloads on the UAV with 
LTS were left at each corner of the rectangular path. At the time 
of payloads release, it was observed that the UAV with model-
based control based on the NARX neural network model was 
able to maintain both high altitude and successfully track the 
path. 

 
Fig. 11. The altitude performance of UAV with NARX for path tracking. 

 

 
Fig. 12. The altitude performance of UAV with PID for path tracking. 

V. CONCLUSION 

The real-time control based on the NARX neural network of 
the hexarotor UAV with LTS is performed so that the payloads 
on the targets determined by path tracking can be left with 
minimum error. The three payloads in the cubic structure are 
carried by the LTS, which is designed for real-time targets, and 
left to the specified targets. The hexarotor UAV with LTS leaves 
the specified targets with the minimum error by path tracking. 
The proposed NARX network model performance for real-time 
path tracking is compared with PID controller performance. The 
proposed NARX neural network model is embedded on the DSP 
prototyping card and environmental tests are carried out for the 
task of releasing loads to the specified targets by path tracking. 
It is tested that the performance of the model based controller 
realized with the proposed NARX neural network model is very 
good and robust according to the PID controller. This study can 
be applied to real time path generation and tracking applications, 
and it can also be adapted to coordinated UAV path generation 
and tracking applications. 
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Abstract—Sensors are essential in powertrain engineering 
and exhaust aftertreatment systems due to the increasing need 
for high performance and fewer emissions. Mostly in diesel 
oxidation catalysts, the upstream and downstream temperature 
sensors are attached to the vehicle until their models get 
calibrated then removed in the end-user version. The modeling 
process is both extravagant and time-consuming as it requires 
engine and chassis dynamometers. In fact, these temperature 
models are used in the monitoring of CO emission level and as 
inputs to calculate the other exhaust aftertreatment system 
components' efficiencies. The purpose of this paper is to 
investigate the use of long short-term memory networks in the 
automotive sector by generating a model for the diesel oxidation 
catalyst upstream and downstream temperatures as an example. 
Measurements from engine sensors and actuators position 
feedback were recorded from a vehicle and used as training and 
validation data. After sufficient training, the model was utilized 
to evaluate and predict the modeled oxidation catalyst upstream 
and downstream temperatures. 

Keywords—powertrain engineering, exhaust aftertreatment 
systems, diesel oxidation catalyst, long short-term memory 

I. INTRODUCTION

The diesel oxidation catalyst (DOC) is an exhaust 
aftertreatment system (EAS) that promotes the oxidation of 
engine output exhaust gases using Oxygen [1]. Exhaust gases 
consist of a mixture of Carbon Monoxide (CO), Hydrocarbons 
(HC), Nitrogen Monoxide (NO), and other poisonous matters 
[2]. The DOC oxidizes CO and NO to generate less harmful 
Carbon Dioxide (CO2) and Nitrogen Dioxide (NO2) as 
described by the following chemical equations [3]: 

	 	 	 	 	 	     (1)	
	 	 	 	    (2)	
	 	 	 	    (3) 

 As shown in Fig. 1, a typical diesel EAS includes a 
selective catalytic reduction (SCR) [4] and a diesel particulate 
filter (DPF) [5] beside the DOC. Each one affects the other 
component models and monitoring strategies. For example, 
the SCR model is estimated from the DOC downstream 
temperature model, which its dynamics change in the phase of 
diesel regeneration. The DPF needs that regeneration to be 
cleaned regularly. Simply by injecting extra fuel into the 
engine allowing it to exhaust non-combusted mixture. The 
mixture increases the temperature of the EAS path including 
the DOC, DPF, and SCR. Inside the DPF, the accumulated 
soot gets burnt off at elevated temperatures (around 600°C) to 

leave only some ash, effectively refreshing the filter, ready to 
take on more polluted gases from the engine [6]. Through the 
regeneration, the efficiency of DOC is monitored because the 
difference between the upstream and downstream exhaust 
gases temperature becomes wider. 

Fig. 1. Typical layout of an exhaust aftertreatment system used for heavy-duty 
diesel vehicles [7]. 

 The process of mathematically modeling DOC is complex 
and includes many assumptions that make the application of 
those models limited [8]. Most of the currently existing 
commercial models are either empirical or black-box. In both 
types, an optimization is needed to ensure the highest 
efficiency [9]. In the traditional process of calibrating the DOC 
models, curves and maps with multiple breakpoints must be 
calibrated [10]. This should be done for each engine, which 
makes it neither cost-efficient nor accurate enough to monitor 
CO emission level. 

 A recurrent neural network (RNN) is an advanced artificial 
neural network (ANN) that involves directed cycles in 
memory. One aspect of RNN is the ability to build on earlier 
types of networks with fixed-size input and output vectors. 
Past research work on RNN had started in 1982 when Hopfield 
introduced a type of recurrent neural networks that defined by 
the values of the weights between nodes [11]. Then Jordan 
networks appeared in 1986 to lead the way as an early 
architecture for supervised learning on data sequences by 
using a single hidden layered feedforward network [12]. In 
1990, Elman networks simplified the structure used in the 
Jordan network by making each hidden node includes a single 
self-connected recurrent edge. [13]. 

 Later, RNN has been improved to become long short-term 
memory (LSTM) networks, which consist of memory units. 
Each memory cell is built around a central linear unit with a 
fixed self-connection. LSTM have proposed a solution to the 
gradient vanishing and exploding problem which included 
time series prediction and complex nonlinear modeling to the 
applications of recurrent neural networks [14]. 

This work was supported by AVL Research and Engineering Turkey.
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 The purpose of this paper is to investigate the application 
of LSTM networks in the automotive sector by generating a 
model for the diesel oxidation catalyst upstream and 
downstream temperatures as an example. 

 
Fig. 2. Single LSTM RNN memory unit composition and its input/output 
terminals. 

As illustrated in Fig. 2, the equations governing a single 
LSTM memory unit can be expressed as [15]: 

     (4) 

      (5) 

	 	       (6) 

     (7) 

	         (8) 

 For the current LSTM unit,  is the memory state vector, 
 is the hidden state vector (terminal output),  is the input 

vector,  is the forget gate (NN with a sigmoid function),  
is the candidate gate (NN with a hyperbolic tangent function), 

 is the input gate (NN with sigmoid function),  is the output 
gate (NN with a sigmoid function),  , , , and  are the 
bias vector components. The function  is the sigmoid 
function and subscript  refers to the previous LSTM unit 
vectors in the time axis. The inputs of the LSTM cell are , 

, and , whereas the outputs are  and . The eleven 
weights , , , , , , , , , , 
and  are the unique description of the output of this 
memory unit [16]. Considering multiple LSTM units as in Fig. 
3, the features used for modeling are time series values for the 
features (engine speed, torque …etc.). In the last unit, the 
output vectors  and  will be the predicted time series 
(DOC upstream and downstream exhaust gas temperatures) 
whereas the mid memory units’ output vectors are terminal 
memory states. Concretely, the proposed network structure 
was many-to-many. Therefore, the optimization considered 
both output signals. 

 
Fig. 3. Overview of the LSTM network used to model the DOC upstream and 
downstream temperatures. 

After each memory unit finishes a successful calculation 
using the input vectors (  and the previous unit's vectors, it 
delivers the hidden and memory vectors to the next unit [17]. 

This structure gives the weights a nonlinearity that expresses 
the dynamics of the DOC upstream and downstream 
temperatures. For instance, LSTM RNN is the future potential 
for systems identification and time series prediction because 
they are robust to noise and can model nonlinear systems [18], 
[19]. In addition, they can be configured for multivariate 
inputs, which allow involving multiple inputs and outputs 
[20]. Using the engine's other essential sensors and actuator 
feedback measurements were sufficient to model those 
temperature sensors.  

In Section II, the procedures followed to construct the 
model are presented from data gathering until the validation of 
the predicted time series. Then, the comparison between the 
model and measurement data is shown in section III. Finally, 
the obstacles faced in modeling and future goals are mentioned 
in section IV. 
 

II. METHOD 

During the modeling of the DOC temperatures using 
LSTM, the features used in modeling were determined, and 
then a suitable network structure was selected. The acquisition 
needed preprocessing to eliminate excessive sensor noise 
before being used for training the model. The vehicle records 
have been divided into training and validation dataset to test 
the final model as presented in Fig. 4. 

 
Fig. 4. The followed steps in modeling nonlinear systems using LSTM RNN. 

A. Data Gathering 

The amount of data collected played a fundamental role in 
the accuracy of the obtained model. A vehicle with a typical 
EAS (as shown in Fig. 1) and the same version of its 
calibration was driven around the city. Through the tests, 
measurements have been gathered real-time for all engine and 
EAS sensors in 10 Hz frequency. There was not an exact 
desired amount of data to be recorded but the number of full 
regeneration requests was set to be at least 6 to 10 times. 

 
Fig. 5. An example of DOC upstream and downstream exhaust temperature 
normalized measurements in the existence of a full regeneration request. 

B. Features Determination 

It is understood in Fig. 5 that the dynamics of the upstream 
and downstream DOC temperatures are correlated. They 
shared the same dynamics with an offset that changes through 
the phase of regeneration. Hence, to represent that 
characteristic, the regeneration request has been used as a 
feature to indicate the moments when the offset was wider. 
The regeneration was followed by a total closure of the 
exhaust gas recirculation (EGR) valve [21]. For that, the EGR 
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valve was included as a feature to emphasize the regeneration 
phase existence. On the other hand, engine-related 
characteristics were explained through the output power. 
Expressing the power was done by including the engine speed 
and torque as features to construct a mapping for the DOC 
temperatures. Unfortunately, the combustion parameters were 
not that easy to be measured, therefore, the estimated exhaust 
flow rate was used to represent the combustion parameters. 

Traditional dynamical modeling was more complicated 
with the delay in temperature changing (due to heat transfer). 
LSTM RNN was capable of overcoming delay as it did not 
consider the exact timestamp of the behavior rather than the 
probability of the effect of the features on the output. As 
illustrated in Fig. 6, this allowed the use of accelerator pedal 
position, engine coolant temperature, turbocharger upstream 
temperature, intake air pressure and temperature in modeling 
without the need to shift or delay any of them. 

 
Fig. 6. DOC upstream and downstream temperature measurements compared 
to compressor upstream air temperature, engine coolant temperature, and 
throttle downstream air temperature. All measurements were normalized. 
 

The process of selecting features was not relevant and did 
not have a straightforward procedure. Only after training, the 
importance of features was determined from the validation 
results. Therefore, the aforementioned ten features were used 
in a many-to-many single hidden layer LSTM network to 
model the DOC temperatures. 
 

C. Developed Network Architecture 

After several training trials, the number of LSTM units and 
optimizer type were determined. From the data gathered, the 
10 inputs in the first layer resembling the features were 
defined. One hidden layer with a length of 50 LSTM units and 
a dropout (ignoring some neutrals to avoid overfitting) of 20% 
were placed [22]. 

For training the model, an Adam optimizer was utilized to 
accelerate the training process. It calculated an exponential 
moving average of the gradient, the squared gradient, and two 
parameters (  and ) to control the decay rates of these 
moving averages [23]. The type of this structure was many-to-
many because multiple inputs and outputs were used as shown 
in Fig. 3. 
 

D. Acquisitions Preprocessing 

 The input and output data were sensor measurements. 
Therefore, the noise was a critical issue. LSTM networks were 
capable of absorbing low-frequency noise. However, for high-
frequency noise, a moving average filter with a window of 200 
samples was used to eliminate the noise in measurements. The 
data before and after the filter had 0.917 Pearson correlation 

coefficient ( ) [24]. Consistently, any randomly selected set of 
data from the measurements stayed around the same 
coefficient and the mean difference between the unfiltered and 
filtered downstream temperature of DOC was 0.053 Co as in 
Fig. 7. Larger filter windows were avoided to prevent 
characteristics loss. 

 
Fig.7. The unfiltered and filter DOC downstream temperature compared. 
 

E. Training and Validation 

The data files obtained from the vehicle have been 
concatenated. The total record period was around seven hours 
of driving under different conditions. Around 90% of the 
overall acquisitions were used for training, while the rest were 
utilized for the validation of the model. Diversely, the 
determination of the number of iteration, dropout percentage, 
and LSTM memory unit structure was done iteratively through 
experiments. The Pearson correlation factor ( ) of the LSTM 
model with the validation measurement was used to measure 
the accuracy of the results. 

TABLE I.  ITERATIVE TRIALS DONE TO FIND THE LSTM MODEL WITH THE 
HIGHEST PEARSON’S CORRELATION FACTOR FOR DOC DOWNSTREAM 

TEMPERATURE OUTPUT 

 

 Several iterations were done but only some were 
mentioned for simplicity. Table 1 illustrated the downstream 
temperature output only because the correlation factor for 
upstream and downstream temperatures were near in value for 
each experiment. From the results, it can be concluded that the 
percentage of dropout, LSTM units number, and the number 
of iterations were the most effective parameters. Dropout 
percentage high values dropped the correlation factor in trials 
8, 9, and 10 because the number of ignored neurons was 
increased. Also, it was noticed that the number of iterations 
negatively affected the model because huge numbers of 
iterations overfitted the output on trial 10. On the other hand, 
the number of LSTM units affected the length of the training 
period. Therefore, the main target was an optimal time-
effective and better correlation in training data. Concretely, the 
experiments were stopped after acquiring higher validation 
results.  

Trial LSTM # Dropout Iteration # Pearson's  
1 50 0.10 5 ~0.4 
2 100 0.15 7 ~0.3 

3 100 0.20 7 ~0.3 

4 100 0.20 20 ~0.2 

5 50 0.20 5 ~0.8 

6 150 0.15 7 ~0.4 

7 50 0.15 3 ~0.5 

8 150 0.30 5 ~0.1 

9 50 0.30 5 ~0.5 

10 50 0.30 40 ~0.0 
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III. RESULTS 

Both DOC temperatures were modeled in the same LSTM 
many-to-many network indicated in Table 1. The performance 
of the model was evaluated in training and validation data. 

A. Training Performance 

The training was done in five iterations with 90% of the 
recorded data. In Fig. 8 and Fig. 9, Pearson's correlation 
between the training measurement and the model output was 
0.97 and 0.96 for downstream and upstream temperatures 
respectively. 

 
Fig. 8. Actual and predicted DOC downstream temperature in training data. 

 
Fig. 9. Actual and predicted DOC upstream temperature in training data. 

B. Validation Performance 

The accuracy of the model was evaluated on the remaining 
10% of the overall data. In Fig. 10 and Fig. 11, the correlation 
between the test dataset and the model output was 0.95 and 
0.93 for DOC downstream and upstream temperatures 
respectively. 

 
Fig. 10. Actual and predicted DOC downstream temperature in the test data. 

 
Fig. 11. Actual and predicted DOC upstream temperature in the test data. 

IV. CONCLUSION 
 In this paper, an example of LSTM RNN implementation 
was discussed. To the best of the authors' knowledge, this was 
the first report applying RNN and LSTM to utilize a deep 
learning model to replace a currently existing automotive 
dynamic model. In addition, a methodology for determining 
the number of iterations, LSTM size, and dropout percentage 
have been proposed by iterative training as shown in Table 1. 
The first step of this study targeted cost-effectiveness of 
exhaust aftertreatment systems calibration as well as the proof 
of concept of using deep learning in vehicles. The challenge 
of data gathering, preprocessing, training, and validation of the 
generated model was a feasibility study to implement the 
model. The project's development can be concluded with the 
following aspects: 

• Black box modeling for exhaust aftertreatment systems 
was proved applicable and economical in practice. 

• An iterative experimental methodology was utilized to 
find the optimal number of iterations and network 
structure (Pearson's correlation). 

• A solid background or nonlinear system modeling was 
accomplished. 

Despite the high correlation between the model and actual 
measurements, there were deficiencies in modeling the 
regeneration phase successfully due to limitations in data. 
Therefore, in the upcoming steps of this research: 

• The performance in the regeneration phase will be 
improved. 

• The model will be simplified to be able to run on an 
embedded CPU in real-time. 

• Other automotive examples related to hybrid and 
electric vehicles using LSTM RNN. 
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Abstract—Deep learning approaches are machine learning 
methods used in many application fields today. Some core 
mathematical operations performed in deep learning are suitable 
to be parallelized. Parallel processing increases the operating 
speed. Graphical Processing Units (GPU) are used frequently for 
parallel processing. Parallelization capacities of GPUs are higher 
than CPUs, because GPUs have far more cores than Central 
Processing Units (CPUs). In this study, benchmarking tests were 
performed between CPU and GPU. Tesla k80 GPU and Intel Xeon 
Gold 6126 CPU was used during tests. A system for classifying 
Web pages with Recurrent Neural Network (RNN) architecture 
was used to compare performance during testing. CPUs and GPUs 
running on the cloud were used in the tests because the amount of 
hardware needed for the tests was high. During the tests, some 
hyperparameters were adjusted and the performance values were 
compared between CPU and GPU. It has been observed that the 
GPU runs faster than the CPU in all tests performed. In some 
cases, GPU is 4-5 times faster than CPU, according to the tests 
performed on GPU server and CPU server. These values can be 
further increased by using a GPU server with more features. 

Keywords—cloud computing; gpu; cpu; performance analysis; 
deep learning. 

I.  INTRODUCTION

Deep learning applications are used in many applications 
that we use in everyday life. Deep learning approaches provide 
very successful results for many machine learning problems. 

It is also important for the system to operate as fast as 
working with high accuracy. GPUs are widely used today for 
rapid training and testing with deep learning architectures. 
Mathematical operations that are computed for deep learning are 
parallelizable operations. Thanks to the large number of cores 
on the GPUs, computational operations can be distributed over 
many cores to accelerate operations. In this study, performance 
difference between CPU and GPU is analyzed on a specific 
problem. 

The multiplicity of the number of processing units (cores) 
that can operate independently of each other is very important in 
the amount of parallelization of a process. Parallelization 
operations on four or eight cores in PCs which have average 
hardware features and parallelization on GPUs with thousands 
of cores will not be at the same level. A large number of cores 
will have the effect of increasing the amount of parallelization. 

CPU cores have a higher processor frequency when GPUs have 
a large number of cores. 

Some hyper parameters are important for the parallelization 
of mathematical operations. If these parameters are not adjusted 
properly, the desired performance gains cannot be achieved with 
parallelization. In this study, it has been investigated how 
performance gains can be achieved by optimizing these 
parameters. 

For testing, a personal computer with Macbook Pro 2.3 GHz 
Intel Core i5, 8 GB DDR3 Ram, 128 GB SSD disk was used. 
However, these computer features are insufficient for the tests 
applied. For this reason, cloud-based services are used for CPU 
and GPU tests. 

 In the tests performed for comparison, a deep learning-based 
system for classifying web pages was used. The Web page is a 
set of documents for the World Wide Web that can be viewed 
using a web browser. Web pages are mostly encoded in HTML 
format, using CSS, script, visual and other auxiliary resources to 
get the final look and functionality. Web page classification is 
an Information Retrieval application that provides useful 
information that can be a basis for many different application 
domains. An example of application area is the creation of a 
user's internet usage profile for network anomaly detection. The 
web page classification project used during the tests is run using 
deep learning approaches based on natural language processing. 

 Detailed information on the definition of the web page 
classification problem in section II, the information on the deep 
learning architectures used during the tests and the experimental 
results are explained in Section III. The results and future work 
are explained in Section IV. 

II. WEB PAGE CLASSIFICATION

  The content-based classification system used will be 
designed only on the classification of web pages prepared in 
English language and it is aimed to increase the number of 
languages that can be classified in the following stages. 

There are many data sets published for use in the projects 
developed for classification of web page. One of the data sets 
that can be used to classify Web pages is Roksit's web 
classification database [1]. Millions of websites are categorized 
in this database. During the classification process, web page 
contents are used as well as some network-based features. The 

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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feature set used is large, allowing for the creation of a successful 
web page classifier. Roksit firm claims that the web page 
classification system that they have developed has a success rate 
of 99.9%.  

In this study, only the comparison of the working times 
between the CPU and the GPU has been examined, and the 
optimizations for success increase have not been explained. 

Detailed information on the data set is given in subsection A. 
A deep learning based RNN approach has been used to classify 
web pages in the developed project. Information on the deep 
learning architecture used in the web page classification project 
is given in subsection B. Information about word embedding is 
given in subsection C. 

In some of the tests performed, transfer learning was used. 
Transfer learning allows the use of some pre-learned parameters 
in the deep learning architecture. The parameters used are 
obtained as a result of long training periods on very large data 
sets carried out by the researchers. The use of these pre-learned 
parameters allows the training phase to be completed more 
quickly. Detailed information on transfer of learning is 
explained in subsection D. 

A. Dataset 
Textual information on the target page is used in web page 

classification. The datasets used to classify web pages should be 
considered in two stages. These are; 

• First Stage: Only web pages and categories are included. 

• Second Stage: The crawled data used to classify web 
pages. 

In the first stage, a system was developed to recognize the 23 
categories of English web pages. These categories are given in 
Table I. 

TABLE I.  CATEGORY LIST 

Business Food Game Alchocol 

Porn Sport News Dating 

Education Reales Goverment Abort 

Travel Animal Gambling Hate 

Techno Reference Adult Drug 

Health Finance Politic  

 

The system was developed using 1,210,967 domains. The 
distribution of the obtained data according to the categories is 
given in Fig. 1. 

In order to classify content-based web page, it is necessary 
to determine what kind of data to use first. The data to be used 
can be obtained from the content of the analyzed page as well as 
from the neighboring pages [2-3] In this study, the information 
obtained from pages analyzed for the classification of web pages 
is used. 

The web page content must be well-structured so that a web 
page can successfully reach the target audience. It is very 
important for web pages to be indexed by search engines and be 
visible in the top row from the search queries to the target users.  

 

Fig. 1. Distribution of Data According to Categories 

Meta tags are one of the methods used to index the content 
of a web page nicely and to make the web page appear high in 
search engines. A well-structured web page contains meta tags. 
These tags contain summary information entered by the web 
page administrator indicating the purpose / function of the web 
page. At the beginning of the most important Meta Tags are the 
following labels; 

• Title 

• Description 

• Keywords 

Meta tags are included in the source code of the web page, 
may not be displayed on the screen by the browser to be viewed 
by the user. 

B. RNN Architecture 
The RNN (Recurrent Neural Network) allows us to produce 

models with the ability to instantly use the information obtained 
in the past words. In this deep learning approach, the states 
before t are given as input for the state t for the evaluation of t. 
The RNN architecture consists of cells that are repeated one after 
the other. A cell information is given as input to the next cell. In 
some sources, the recursive representation is plotted over a 
single cell, while in others some, the cells are displayed 
separately. The structure of the RNN architects is given in Fig. 
2.  

In natural language processing problems, the amount of text 
contained in each data instance is not standardized. The 
sequence dimensions are reduced to a certain value so that all 
text can be processed. 

1060

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

Fig. 2. RNN Architecture [4] 

In the deeper learning architecture to be designed, in the deep 
learning architecture. The sequence is filled to the specified 
value if the instance has dimension with less than the specified 
value. If the sequence size is excessive, the excess is discarded.  

C. Word Embeddings 
Word embeddings are types of word representation that are 

made meaningful by the computer.  Word embeddings have 
features that can capture semantic relationships. Learning of 
word embedding is an unsupervised learning problem. 
Successful word embeddings can be extracted by processing 
textual data in very large quantities. The feature values of the 
given words are calculated by the learning process performed on 
the large texts. The learned properties represent the semantic 
relationships determined by the system. However, these features 
are not meaningful to humans alone, although they can be 
understood by the computer. 

Natural language processing problems are processed in a 
certain word space. The structure in which all the words in the 
word space take place is called a dictionary. The words in the 
dictionary are in the form of a list. A special token (Unknown- 
UNK) is added to the dictionary to represent words that are not 
in the dictionary. The words are represented by the order in 
which they appear in the dictionary. Only words in the dictionary 
can be analyzed in problem solving. Word vectors are used for 
each word in the operations to be performed in the algorithm. 
The structure in which all the word vectors contained in the 
dictionary are stored is called the Embedding Matrix. 

Each word vector is in a column. The Embedding Matrix 
dimension (d x m) is for a sample with a word vector dimension 
d and a dictionary word count m. 

The best-known methods for learning word embeddings are 
Word2Vec [5] and Glove [6]. Glove method has some 
performance improvements over Word2Vec method. 

D. Transfer Learning 
In some machine learning problem types, too much 

processor power and too many system resources are needed to 
train deep learning architects. If the problem complexity is high, 
the required processing power is also increasing. At the same 
time, the time required for the training phase is also increasing. 
For this reason, researchers who work on problems requiring 
high processing power and time benefit from transfer learning. 
Thus, they can build great deep learning architects with less 
hassle. 

Learning transfer is based on the use of parameters learned 
by someone else. For example, if you are working on a project 
that can detect object from a given image, the number of objects 

you can detect is a very important criterion for the system. 
However, data centers consisting of powerful computers may be 
needed to train systems that will recognize thousands of objects. 
In such a case, we can have a system that has the ability to 
recognize thousands of objects with read only models and 
parameters that have been trained and recorded by someone else. 
It is possible to include a new object that I have identified to the 
objects recognized. Transfer learning allows many researchers 
to save time and system resources in many fields of application. 

Transfer learning is also widely used in natural language 
processing problems. It is a very costly process to learn the word 
embeddings. In order to learn word embeddings successfully, it 
is necessary to do learning on very large texts. While collecting 
large amounts of data is a very difficult problem in itself, 
processing and understanding this data is also a difficult and 
time-consuming problem. Some leading technology firms, some 
universities and researchers in the field are able to share the 
parameters they have obtained by using these processes, which 
require a lot of time and effort, to be used by other researchers. 
In this regard, researchers who do not have sufficient hardware 
resources can work on well-learned models. 

The effect of the use of transfer learning on the processing 
time duration was also analyzed in this study. 

III. EXPERIMENTAL RESULTS 
In this study, only the comparison of the working times 

between the CPU and the GPU has been examined, and the 
optimizations for success increase have not been explained. 
Tests have been run on the web page classification project. 

CPU tests were performed on the servers provided by the 
Roksit Company [7]. For GPU testing, a cloud-based GPU 
server from Floydhub [8] has been leased. 

The CPU model used in Roksit's data center is Intel® Xeon® 
Gold 6126 [9]. There are a large number of these processors in 
the data center where the tests are performed. Designed for use 
in servers, each processor has 12 cores. Each of the cores has 2.6 
GHz (3.70 GHz with Turbo) processor frequency. The resources 
allocated for use in the tests can be arranged. For example, it is 
possible to perform tests on 12 cores as well as on 50 cores or 
even more. In addition, the operating frequencies of the cores are 
also one of the adjustable parameters. Tests can be done on cores 
with 1300 Mhz working frequency as well as with 2600 Mhz 
core working frequency. A limit can also be placed on the 
maximum operating frequency assigned to the tests so that the 
tests to be run on the company's server do not affect other 
running systems. 

A server from Floydhub [8] has been leased for GPU testing. 
The leased server has a Nvidia Tesla K80 [10] model GPU. 
Tesla K80 has 2 different processing units. Each processing unit 
can be considered as separate GPUs. So this means Tesla k80 
consists of two GPUs. Tesla K80 has 2x2496 cores and 2x12 GB 
VRAM. The operating frequency of each core is 562 Mhz, and 
the boost mode is 875 Mhz [12]. 

Only 1 GPU unit of the Tesla K80 can be allocated to us on 
floydhub leased servers. For this reason, 2496 cores and 12 GB 
vMemory were used during the tests. 
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The detailed hardware features of the personal computer 
used for the tests and the servers used on the cloud are given in 
Table II. CPU cases have been tested with different hardware 
features. The different hardware parameters tested on the CPU 
are; the number of cores and the operating frequency of a single 
core. 

TABLE II.  HARDWARE FEATURES OF DEVICES 

Features 
Devices 

PC CPU Server GPU Server 
The number of 

Cores 
2 16/24 2496 

Core Clock 2,3 GHz 1,3GHz/2,6 GHz 562 MHz 

Boost Clock -- 3,7 GHz 875 MHz 

Ram 8 GB 24 GB 61 GB 

vRam (GPU) 1,5 GB -- 12 GB 

Storage 128 GB 2 TB 110 GB 

PC: Personal Computer 

Since the tests performed were costly, they were only run for 
3 epochs and the average time was taken. Common 
hyperparameters used for all tests are as follows; 

• Epoch count: 3 

• Loss function: Categorical Cross Entropy 

• Maximum sequence size: 100 

• Parameter update function: ADAM, Learning rate: 0.01, 
Beta_1: 0.9, Beta_2: 0.999. 

• Validation set split ratio: 0.2 

• Unique word count in dictionary: 1,515,634 

• Overall sample count: 1,210,954 

• All layers were created with 128 neurons. 

Two different deep learning architectures were tested during 
the tests. One of the architects tested was a single layered 
structure and the other tested in a 5 layered structure.  

Some performance analysis cases were testing in following 
experiments. CPU and GPU comparisons have been made in 
addition to the performance analysis case tested in each 
experiment. Optimizations for success increase are out of scope 
for this study. The durations given in the experiments are the 
values obtained for the training phase of the tests. Time 
durations are given in minutes format. 

A. The Effect of Different CPU Specifications 
Various CPU specifications can be tried on the servers in the 

Roksit’s data center. The CPU specifications tested are as 
follows. 

• Spec 1: 16 core processor, each core has 1300 Mhz 

• Spec 2: 16 core processor, each core has 2600 Mhz 

• Spec 3: 24 core processor, each core has 2600 Mhz 

For the comparison of core frequency; 

• Transfer Learning was used 

• Word embedding dimension was 300 

• Single-layered deep learning architecture was tested. 

For the comparison of core count; 

• Transfer Learning was not used 

• 5-layered deep learning architecture was tested. 

• Core frequency was 2600 Mhz. 

Core frequency comparison results are given in Fig.3, core 
count comparison results are given in Fig. 4. 

 
Fig. 3. CPU Core Frequency Comparison 

 
ed: Embedding Dimension 

Fig. 4. Core Count Comparison 

There is a decrease in the running time as a result of the 
doubling of the core frequency according to Fig. 3. As a result 
of increasing the number of cores, it was observed that the 
working time decreased according to Fig. 4. 

B. The Effect of Batch Size 
The effect of the batch size on performance was examined in 

this experiment. For the comparison of batch sizes; 

• Transfer Learning was used 

• Word embedding dimension was 300 

• Single-layered deep learning architecture was tested. 

• 16 core 2600 Mhz CPU was tested. 

Increasing the batch size causes large matrix multiplications. 
Since the matrix multiplications are parallelizable operations, 
increasing the batch size has shortened the working time on the 
GPU. Increasing the batch size increased the parallelization rate 
of the process. Memory errors are detected when the batch size 
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is more than 1000 because the memory usage on the GPU is high 
in the tests performed. The obtained results are given in Fig. 5. 

 
Fig. 5. The Effect of Batch Size 

If the batch size is further increased in some machine 
learning problems where the memory usage is less, the working 
speed can be further increased.  

The maximum acceleration of the running time in the tests 
for web page classification on given hardware specification is 
obtained where batch size is 5000. 

C. The Effect of Transfer Learning 
Learning word embeddings is a process that requires high 

processing power. In this experiment, transfer learning was 
performed using Stanford University's word vectors [11], which 
were calculated using the Glove method. The word embeddings 
used in transfer learning were created by analyzing 6 billion 
words in corpus of Wikipedia 2014 + Gigaword 5. There are 
400,000 unique words in embedding matrix used. The word 
embedding used during the transfer learning tests is 100 [11]. 
Same test was also examined without using transfer learning, 
then the results obtained were evaluated. 

The effect of the transfer learning on performance was 
examined in this experiment. During the experiment; 

• Word embedding dimension was 100. 

• 24 core 2600 Mhz CPU was tested. 

• Batch Size was 1000, 5-layered architecture was tested. 

Tests without transfer learning took longer than tests using 
transfer learning. However, the difference in running time is not 
very high. The obtained results are given in Fig. 6. Validation 
accuracies for the two cases are given in the Fig. 7. 

Learning word embeddings is very important for the 
performance of the system. The test in which the transfer 
learning was not used took longer than the test in which the 
transfer learning was used. 

The disadvantage of using learning transfer is limited use of 
the word index. For example, there are 400 unique words in the 
matrix used, but the corpus used contains only 176,280 of these 
words. 

 
TL: Transfer Learning is used. - Non-TL: Transfer Learning was not used. 

Fig. 6. Running Times for the Comparion of TL and Non-TL 

 

Fig. 7. Validation Accuracies for the Comparion of TL and Non-TL 

While the total number of unique words in our corpus is 
1,515,634, only 176,280 words can be processed with deep 
learning architecture. The other words are not included in the 
embedding matrix which has 400,000 unique words in it. In this 
case, very few of the words in my dictionary can be processed. 
If the word embeddings are learned by the system itself, all 
words in the dictionary can be used in the algorithm. High 
success rates can be obtained by learning the word embeddings 
in the system. According to the Fig.7, although the initial success 
rate was lower, the test on which the word embeddings were 
learned by the system was more successful than the progressive 
epoch. If more extensive embedding matrix is used in transfer 
learning, more successful values can be obtained with transfer 
learning. The results obtained are specific to the word matrix 
used. 

D. The Effect of Hidden Layer Size 
The effect of the hidden layer size on running time was 

examined in this experiment. For the comparison of hidden layer 
sizes; 

• Transfer Learning was used 

• Word embedding dimension was 300. 

• 16 core 2600 Mhz CPU was tested. 

• Batch Size was 1000. 

• All layers were created with 128 neurons. 

In a deep learning application, the number of layers is a very 
important hyperparameter. While multi-layered deep learning 
architectures are needed to solve complex problems, high 
success rates can be achieved with low-layered architects for 
some problems. Increasing the number of layers increases 
running times. For this reason, it is important to determine the 
optimum number of layers at which high performance values 
can be obtained for performance improvement. 
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Fig. 8. The Effect of Hidden Layer Size on Running Time 

Fig. 8 shows the comparison of running times for 1 and 5-
layer architects. According to the obtained results, the increase 
in the number of layers causes an increase in the running time. 
It has been seen that the GPU runs faster in the tests performed. 

The results of the effect of the increase in the number of 
layers on the success rates are given in Fig 9. 

 

Fig. 9. Validation Accuracies for The Effect of Hidden Layer Size 

It is observed that the increase in the number of layers 
according to the result obtained in Fig. 9 does not have an effect 
for increasing the success rate for the problem we are working 
on. However, it is observed in Fig. 8 that the increase in the 
number of layers causes an increase in the running times. 

IV. CONCLUSION AND FUTURE WORK 
In this study, performance analysis tests were conducted 

through a deep learning application to classify web pages. Some 
hyperparameters affecting performance have been investigated. 
In addition, the tests were repeated on CPU and GPU servers 
running on the cloud. Thus, CPU and GPU comparison 
evaluations were carried out for deep learning applications. The 
test cases are; 

• The effect of different CPU specification 

• The effect of batch size 

• The effect of hidden layer size 

• The effect of transfer learning 

The test cases were examined separately with the results 
obtained on the CPU and GPU. The tests performed on the GPU 
in all tested cases were completed faster. In some tests the 
acceleration rate is up to 4-5 times. 

According to the results obtained, the increase in the number 
of cores seems to shorten the running time. Similarly, the 
increase in core operating frequency has also been seen to 
increase the operating speed of the system. Increasing the batch 
size increases the parallel ability of the process. It is seen that 
the system is accelerated by tests performed on the GPU with 
high batch size on this count. Increasing the number of hidden 
layers causes the parameters to be learned to increase. This leads 
to an increase in the duration of the training. Although the 
increase in the number of layers increases the training period for 
the web page classification problem, it does not increase the 
success rates. Transfer learning for natural language processing 
problems is the creation of a model by the ready use of word 
embeddings. Transfer learning can be used to obtain a model 
with high success rate even in low epochs. The success rates are 
increasing slowly in the tests in which the word vectors are 
learned in the system. For this reason, a large number of epoch 
training may be needed in order to achieve the desired success 
levels. It is planned to make optimizations in order to increase 
the success rates obtained in the following studies. 
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A Deep Learning-CNN Based System for Medical 
Diagnosis: An Application on Parkinson’s Disease 

Handwriting Drawings 

Abstract— Parkinson’s disease (PD) is a degenerative disease 
that affects the motor system, which may cause slowness of the 
speech and the movements, and the anomaly of writing abilities 
due to tremor. PD diagnosis by Deep Learning approach has 
become an important worldwide medical issue through the last 
years. It is obvious that these patients due to their physical 
conditions are not suitable for every kind of PD diagnosis test. One 
of the non-invasive PD identification methods is the handwriting 
test, which is utilized in hospitals since many years ago. In this 
work we propose Convolutional Neural Network (CNN) based 
Deep Learning system to learn features from Handwriting 
drawing spirals which are drawn by People with Parkinson; also, 
we evaluated the performance of our deep learning model by K-
Fold cross validation and Leave-one-out cross validation 
(LOOCV) techniques. Moreover, we introduce a dataset with a 
novel test which is called Dynamic Spiral Test (DST) along with 
traditional Static Spiral Test (SST) for PD recognition. We used 
both dynamic features and visual attributes of spirals. The 
proposed approach was reached to 88% accuracy value. The 
analysis of handwritten drawing tests proves that it is useful to 
combine SST and DST tests for automatic PD identification. 

Keywords—Parkinson’s disease, Convolutional Neural 
Networks, Deep Learning, Handwriting Test 

I. INTRODUCTION

Parkinson’s disease (PD) is a long-standing, 
neurodegenerative and continuous illness triggered by the 
reduction of a neurohormone (dopamine) that is released by the 
hypothalamus [1]. This sickness, causes fewer level of motor 
impulses than normal reflexes, slowness of articulation and 
physical movement, disorder staminal abilities and alter writing 
abilities due to tremors on hand movements [2]. 
Comprehensively, almost 10 million people are dealing with this 
hard medical situation, worldwide [3]. Generally, PD increases 
the abnormality of the movements of elderly people. As much, 
it affects staminal functions so on it causes negative 
consequences on the patients’ and their families’ life quality [4]. 
This disorder was announced as “shaking palsy” for the first 
time in 1817, by the English physician Doctor James Parkinson 
[5]. 

Most of the present-day techniques which are used for 
evaluating PD rely heavily on human expertise [6]. The 

proposed non-invasive approaches in the literature are more 
suitable for elderly people and do not require skilled persons. 
Many researchers from divergent fields focus on diagnosing PD 
with high accuracy by using non-invasive methods. Main non-
invasive methods for PD diagnosis are speech tests and 
handwritten dynamics. The researchers utilize different machine 
learning methods to deal with PD identification [7]. Cantürk et 
al. researched a practical and comprehensive machine learning 
system for the PD recognition by using speech signals [8]. 

Although, PD recognition works are held mostly on speech 
signals datasets; for instance, Hariharan et al. 2014 introduced a 
hybrid intelligent system which was a combination of feature 
pre-processing, feature reduction and selection methods to 
classification a PD speech dataset with 100% classification 
accuracy [9]. As a new approach, some author prepared 
handwritten test based datasets for PD recognition. Pereira & 
Papa et al. 2016 compared different CNN structures on 
handwritten dynamics for PD and control classification [10]. 
Moetesum et al. 2018 utilized the visual attributes instead of the 
dynamic features of handwriting drawings for identification PD 
[11]. In another work, Drotár et al. 2016 analyzed kinematic and 
pressure features of a PD handwriting dataset to classification 
samples and they reached high accuracy by SVM classifier [12]. 
These datasets usually contain handwriting drawing images 
made by PD patients and healthy individuals as the control 
patterns. 

Isenkul et al. [13] designed a handwriting dataset along with 
a new approach which is prepared by the Department of 
Neurology in Cerrahpasa Faculty of Medicine, Istanbul 
University, Turkey. 

Since affection of PD on writing ability is well known 
worldwide; basically, finding such exams in clinics and 
hospitals is very usual, but only a few and recent works are 
designed as the automatic diagnostic purposes. 

Utilized handwriting dataset in this work, was produced by 
Wacom Cintiq 12WX graphics [14]. It contains graphic tablet 
with LCD monitor as one device. It initiates exhibition of a PC's 
screen on its monitor and just sensitive to the digitized pen. 
Sensitive sketches can be made with this tablet which captures 
and collects information through handwriting tests. 
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We propose a Convolutional Neural Network (CNN) [15] 
Deep Learning system for PD diagnosis from handwritten 
dynamics. CNN is very common and useful for image 
processing and classification purposes. CNN structure is 
composed of different layers and input data are processed 
through them. 

 We have noticed several works in the literature which are 
dealing with Parkinson’s disease recognition by deep learning 
aided diagnostic approaches. Having high accuracy 
classification rations by using fewer features of spirals is one of 
the main purposes of this work. This work also investigates a 
newly developed medical test which is called Dynamic Spiral 
Test (DST). 

The basic information of CNN is introduced in section II. 
Section III contains the Dataset properties. Section IV presents 
the methodology which is used in this work. Section V presents 
the results, and Section VI states conclusions and future works. 

II. CONVOLUTIONAL NEURAL NETWORK & DEEP 
LEARNING  

A. Deep Learning 
Basically, Deep learning could be defined as a part of 

Machine learning methods. Deep learning is inspired by 
information processing patterns of biological human brain 
neurons, also, this structure is trying to mimic complex 
interactions between human neurons in an artificial way. It is 
obvious that the main aspect of biological neuron learning 
ability artificially implementation is the opportunity of applying 
it to any sort of data due to the unique and independent learning 
talent of neurons [16]. Because the human brain is the reference 
point to Deep Learning, this structure goes to deeper and deeper 
to deal with the real world clustering, classification problems. 

B. Convolutional Neural Network 
Convolutional neural networks like Artificial Neural 

Networks (ANNs) have neurons, weights, loss function and 
other parameters. They are very useful and common in image 
processing field, due to they don’t need any manually designed 
filter for feature extraction [17]. CNNs have three main layers 
which are called convolutional, pooling and fully-connected 
[18], Figure 1. Input image which is CNN input, first convolved 
by convolutional layer so feature maps are created; the size of 
these feature maps get smaller in pooling layer, eventually, 
fully-connected layer is responsible for image classification. 
Apparently, the size of image is reducing through the layers. 

The chief layers of CNN architecture:  

• Convolutional layer: This layer is a collection of 
feature extractor kernels (filters) which slide across 

handwriting drawing images in this work. Each kernel 
represents a specific matrix which performs 
convolution operation through the input image. Stride 
parameter determines the amount of kernel matrix slide 
over the input image, also, output of convolutional 
layer is called feature map. Equation (1) represents 
calculation of a feature map of convolutional layer. 

																																									 																																							  

 
 
 

 

 

 

Where  is k’th feature map,  Weight is filter,  is input 
and  is bias. Figure 2 represents this layer.  

• Pooling layer: Inserting pooling layers between 
Convolutional Layers is a common approach. Pooling 
layer prevents overfitting by reducing parameters and 
computation in network structure. Purpose of this layer 
is reducing size of feature maps in order to handle 
complexity of the image. Two max-pooling layers are 
used in our structure. 

• Fully connected layer: Indeed, this layer is equal to 
MLP (Multi-Layer Perceptron) classifier which uses 
Softmax activation function in the output layer. All 
neurons are connected to each other, in this layer. 

New values of weights and biases for each layer are 
computed by (2) and (3). 

																												 	 																								  

																																			 	 																																				  

 

Where W, B, l, , x, n, m, t, and C represent the weight, bias, 
layer number, regularization parameter, learning rate, total 
number of training samples, momentum, updating step, and cost 
function respectively [19]. 

Lambda (regularization) parameter prevents overfitting and 
equals to 0.7 in this work. Learning rate could be defined as 
speed of model through the training and we choose 0.01 for this 
parameter. Momentum is responsible for convergence of the 
data so selected value is 0.9. These parameters are tuned for our 

Fig. 1. A schematic of Convolutional Neural Network Architecture which is used in this work (with 2 Conv. 2 Maxpooling and 2 FC layers)

Fig. 2. A Schematic of convolution operation 
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model’s optimum functionality and selection of values is respect 
to our data and experimental tests [20]. 

We used ReLU and Softmax as activation function in this work: 

• Rectified linear activation unit: Actually, this 
activation function is designed for deep learning 
models, so it deals with interaction and non-linear 
effects of data very well. By definition, very usual to 
use ReLU as activation function of CNNs 
convolutional layers [18]. Although  function is 
very widely used as activation function of the models, 
training time is reducing several times by using ReLU 
[21]. Equation (4) shows the ReLU function.                           
f(x) = max(0,x) 

																																																				 							 	
			 	 																																								  
 

• Softmax: Softmax classifier is the generalization to 
multiple classes of the binary logistic regression 
classifier. The mathematical expression of the Softmax 
function is shown in (5), where p is a vector of the 
inputs to the output layer (in this work we have 2 output 
units due to we do binary classification so there are 2 
elements in p). Also, i is index of the output unit, so i = 
1, 2... K. 

																																																										 	 																																											  

 
Also, we used Stochastic Gradient Descent as our CNN model’s 
optimizer. 

• Stochastic Gradient Descent (SGD): This optimizer 
has stable convergence because it reduces variance of 
parameters’ update. SGD by evaluating just few 
training samples can overcome cost and gradient 
computing problems then still be at high level 
convergence. So, this feature of SGD convinces us to 
implement it into our model, however, SGD is very 
common in neural network and deep learning 
operations.    

 

III. HAND-WRITTEN DATASET 
The Hand-Written (HW) dataset was collected at the 

Department of Neurology in Cerrahpasa Faculty of Medicine, 
Istanbul University, Turkey. This dataset contains time-series 
information of handwriting spiral exams of individuals divided 
into two groups: (1) healthy people and (2) PD patients. The 
dataset includes 72 individuals, being 57 patients and 15 control 
(healthy) individuals. Exams are taken from each person in the 
same way (recommend to draw inward to outward). The main 
purpose of these tests is evaluating the motor activities of PD 
patients in comparison with healthy people. There are three 
types of handwriting tests Static Spiral Test (SST), Dynamic 
Spiral Test (DST) and Stability Test on Certain Point (STCP). 

The HW dataset was established by using a device which is 
called Wacom Cintiq 12WX graphics tablet [14], Figure 3. 
Primarily, this device was designed for non-medical purposes 
but adaptation of its sensitive recording ability to PD recognition 
system is very useful due to the results. Its LCD monitor is 

sensitive just for digitized pen which also it can display PC’s 
screen too. The software of this device which is developed in C# 
platform can detect and store drawings’ time-series information.  

First test of dataset is the SST which is very common in 
clinical diagnostic operations. In this kind of test, three wounds 
Archimedean spiral appears on the screen then patients are asked 
to retrace it by digital pen; the aforementioned software able to 
collect time-series coordinates of handwriting drawings and 
more specific information. Also, this test used for evaluating 
motor functionality [22], computing tremor level [23] and PD 
recognition [24], in the clinical literature. 

One of the most unique aspects of this dataset is the second 
test which is the DST. In another word, DST is more complex 
than SST due to in this test spiral hasn’t fix position on the screen 
and it disappears for exact time intervals. This feature of DST 
makes harder for PD patient to remember the spiral sample. 
Observations reveal that most patients couldn’t retrace spirals 
exactly. This test aims at evaluating motor performance of 
patients when they recall patterns from their minds and trying to 
draw spirals. 

The last test is STCP. There is a red spot on the screen in this 
test and patients are asked just to hold pen on red point for a 
certain time. This test is a good measurement of patient’s hand 
tremor level. 

 

 

 

 

 

 

 

 

 

 In this work, we used SST and DST tests for identifying PD 
from healthy people (control) because the third test was not 
performed on every subject. Dataset consists of information 
from two type groups: (1) People with Parkinson and (2) healthy 
people. In this work, we used both dynamic features and visual 
attributes of spirals. The time series signals of the dataset are 
shown in Figure 4. These signals are X coordinates, Y 
coordinates, Z coordinates, pressure, grip angle, and time stamp. 

Isenkul et al. propose practical parameter computation to 
depict SST and DST differences [13]. Velocity ( ) has been 
calculated at time=t in (6). Also acceleration ( ) at time t is 
computed by (7). 

																				 																						        

																																							 																																									  

As result of analysis, acceleration can be defined as a 
discriminative parameter for PD identification in this dataset, 
because SST’s acceleration is mostly similar to DST’s in healthy 
group in comparison with PD patients. 

Fig. 3. Digitized Graphics Tablet [13] 
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Fig. 4. A healthy individual’s and PD patient’s time series signals records 

IV. METHODOLOGY 
In this work, we classified HW dataset by a CNN-based deep 

learning approach. We divided the dataset into two parts (1) the 
spirals and (2) the extracted signal-based images from the 
spirals. We sketched spiral drawings just by using x and y (2-D 
axis) features of dataset. Moreover, we extracted new feature 
images by inspiration of [10]; each exam’s data contains n rows 
(exam time) and 5 columns, which stand for 5 signals in Figure 
4. We did standard rescaling and normalizing operation on 
signals (columns), to prepare data for square transforming. Then 
we converted each exam’s data to square matrix for feeding to 
our CNN model (number of n rows may differ from each test, 
because a person may draw spiral in longer time than another). 
Eventually, we have sketched these normalized square matrices. 
Sketched spirals and feature images are shown in Figure 5 and 
Figure 6. 

   
(1) (2) (3) (4) 

   
(5) (6) (7) (8) 

 
Fig. 5. SST test’s Spiral samples: (1) & (2) belong to the control patients, (3) & 
(4) belong to the PD patients, and their respective extracted signal-based 
normalized square images in (5) & (6) & (7) and (8). 

 
(1) (2) (3) (4) 

 
(5) (6) (7) (8) 

 
Fig. 6. DST test’s Spiral samples: (1) & (2) belong to the control patients, (3) & 
(4) belong to the PD patients, and their respective extracted signal-based 
normalized square images in (5) & (6) & (7) and (8). 

       

Both SST and DST datasets are composed of 72 images, 
being 57 PD patients and 15 control group samples. In addition, 
we evaluated the performance of CNNs by 128*128 pixels 
image resolution. Also, we evaluated model’s performance by 
three different training and test size. We choose 90%, 75% and 
50% of data for training and 10%, 25% and 50% of data for 
testing respectively. We initiated our python script with early 
stopping condition which basically means stopping the training 
once the loss value starts to increase (or in other words 
validation accuracy starts to decrease) and with min 100 epoch 
condition. 

Table 1 presents the proposed CNN structure’s details. This 
proposed CNN architecture includes two convolutional, two 
maxpooling, and two fully connected layers; which the final 
fully-connected (FC) layer has 2 neurons due to we are doing 
binary classification (PD or control). We also initiate 50% 
Dropout between two FC layers. 

 Table 1. Structure of proposed CNN model 

 

 

 

 

 

 

We also tested the model by applying K-Fold cross 
validation and Leave-one-out cross validation (LOOCV) to the 
dataset. These validation techniques are known very useful for 
the model generalization measurements. 

V. RESULTS 
This section represents experimental results of our CNN-

based model for PD identification. Practical comparison 
between different evaluation tendencies and parameters 
combinations are presented in this section. It has been observed 
that alternations on the variety of optimizers with the same 
learning rate almost doesn’t change the classification accuracy 
in general, which is shown in Table 2. However, we choose SGD 
optimizer for our model. 

Layer type Kernel size Stride 
Convolution 3 1 

Max-pooling 2 2 

Convolution 3 1 

Max-pooling 2 2 

Fully-connected 128 neuron - 

Fully-connected 2 neuron - 
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Table 2. Optimizers’ accuracy levels  

Optimizer 

DST (128 * 128) 

80% / 20% (Train / Test) 

Learning rate Accuracy 
SGD 0.01 86% 
Adam 0.01 73% 

Adadelta 0.01 86% 

RMSprop 0.01 86% 

 

Table 3 and Table 4 gives the classification accuracies by 
using spirals and extracted images. Also, training and test groups 
were separated with different ratios and effect of it on accuracy 
is demonstrated in the tables. It is clear that we reached the 
acceptable accuracy percentage just by feeding visual attributes 
of our dataset (X and Y) which is shown in spiral row, to our 
model. Likewise, we used extracted 5 features based images of 
dataset to compare results. Basically, we aimed at obtaining high 
classification accuracy by using fewer features. 

Table 3. CNN model’s results for SST Spiral and Signal-based image    

 

 

 

 

 

Table 4. CNN model’s results for DST Spiral and Signal-based image 

 

 

 

 

 

 We found out that DST test’s discriminative power is better 
than SST’s, because almost all DST’s accuracy levels are more 
than SST’s. As aforementioned, it is very useful to combine 
classic SST test with DST test for PD identification. One of the 
core purposes of this work is proving the usefulness of the novel 
DST test. Furthermore, we can reach high accuracy (88%), like 
PD recognition literature works do, just by using visual features 
of spirals. We only used 128 pixel image resolution and we got 
over 88% accuracy in (75%train & 25%test) range. 
Additionally, extracted signal-based images’ accuracy levels are 
similar to spiral accuracies so, it proves that our extracted signal-
based images can reflect discriminative attributes of drawings.   

 Besides, we realized third attribute (Z direction) of the 
dataset has less effect than others on classification accuracy, by 
experimental results.   

 Furthermore, we evaluated our model by 2 type of validation 
methods, which are shown in Table 5. We combined both SST 
and DST as an input of the model performance estimate method; 
if we want to compare the k-fold and LOOCV, we have to 

mention bias-variance correlation in each method. LOOCV’s 
estimates have low bias and high variance because the overlap 
between training sets is very high. LOOCV presents very 
different estimates owing to this unbiased test error. The mean 
value of these different estimated results which is called 
LOOCV’s accuracy level is lower than 10-fold’s. Also, k-fold 
has lower variance because training sets in each fold have fewer 
overlap than LOOCV. Moreover, large training sets improve the 
model performance estimate method; due to k-fold has training 
subsets instead of whole dataset, aforementioned result in Table 
4 (88%) is lightly better than 10-fold’s result Table 5 (79%). 

Table 5. Proposed model’s evaluation results 

 

   
 
  

VI. CONCLUSION 
In this paper, we proposed a CNN architecture to PD 

recognition problem from handwritten drawings. Basically, one 
of the basic aims of this work is extracting feature images from 
the HW dataset and proving the feature learning ability of CNN 
from them. Actually, our CNN model effectively responds to 
extracted feature images classification because accuracy 
percentages are close to each other however it is not for all 
cases. Another aspect of this work is achieving high accuracy 
by using fewer features of the PD dataset. Also, classification 
results of our CNN model show that we succeeded to get high 
accuracy in DST (dynamic spiral test) analysis section, which 
this value is close to range of the literature works' results so this 
shows our work’s practicality. In conclusion, this work could 
be a significant trigger by its respective results to use DST and 
SST combination for PD recognition medical tests in hospitals. 
In regard to future works, we aim at implementing different 
Deep Learning CNN architecture like LeNet or ImageNet over 
the dataset. Additionally, we aim at utilizing 1D CNN with 
different sort of classifiers for analyzing the dataset signals 
instead of images. 
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Abstract—The function approximation capability of a regressor
model in generalized predictive control (GPC) directly affects
the tracking performance of unknown nonlinear systems. In this
paper, a novel deep recurrent support vector regressor (DRSVR)
is proposed as a function approximator to be adopted in the GPC
scheme. This study is an extension of the authors’ work [1] to
the control task. The DRSVR model has a recurrent state-space
structure based on the least-squares support vector regressor (LS-
SVR), infinite-impulse response filter (IIR) and adaptive kernel
function. The model parameters, including the Gaussian kernel
width parameter �, are updated simultaneously, providing the
model to capture the time-varying system dynamics quickly.
Parameters are tuned online using error-square minimization
via conventional Gauss-Newton optimization while keeping the
poles of the IIR filter constrained in the unit circle to maintain
stability. The proposed DRSVR based GPC is applied to control
nonlinear HIV dynamics. The numerical applications indicate
that the proposed regressor model provides high closed loop
identification performance in the GPC scheme. Hence, it provides
the controller with a significant tracking capability.

Index Terms—Deep SVM, Recurrent SVM, Adaptive kernel
function, Stability, HIV infection stabilization, GPC

I. INTRODUCTION

Generalized predictive control is a subclass of model pre-
dictive control. In this control scheme, unkown dynamics of
the system to be controlled should first be approximated in the
regression framework. The regressor model is utilized to both
predict future behavior of the system and to provide necessary
gradient information to update the control input signal vector.
At each time instant, first one of the produced control signals
is applied to the system [2], [3]. A regressor model with
high adaptability to the changing dynamics improves the GPC
performance. SVM based GPC studies have a dense majority
in the literature, e.g., [4].

The conventional SVM model is constructed based on the
quadratic programming (QP) [5] that minimizes a convex cost
function with inequality constraints. As an alternative to the
conventional QP-based SVM, Least Squares SVM which is
based on a set of linear equations with equality constraints
is proposed in [6]. Researchers improved the performance
of SVM and particular variants are derived in the literature.

Recurrent types of SVMs with internal states [7] and deep
models containing SVM in the output layer cascaded with a
preprocessor network [8] can be reviewed in the literature.

In this paper, a novel deep recurrent support vector regressor
model proposed by the authors in [1] is adopted as the function
approximater in the GPC scheme. Hence, the authors have
extended tehir work on online system identification so as to
include an adaptive control performance. Model can be briefly
expressed as a recursive state update equation followed by
an output construction. Internal states are utilized to capture
the dependencies in sequences of data. The DRSVR model
possesses LS-SVR at the inner layer. Also an IIR filter exists
in the model where the filter poles are projected into the
stable region if needed for the internal stability. Recursive
state update is performed at the intermediate layer which is
constituted together by LS-SVR and the IIR filter while output
is produced at the outer layer as a linear combination of the
states. All the model parameters, including the Gaussian kernel
width parameter �, are tuned simultaneously, leading to a
high regression performance. Simultaneous adaptation of all
the model parameters is performed in the studies [9] which
were recently published by the authors.

The rest of the paper is organized as follows. The dynamics
of the HIV infection is explained in Section I-A. Sect. II briefly
explains the conventional batch LS-SVR. Sect. III introduces
the structure of the DRSVR model, stability conditions and
training by Gauss-Newton optimization. GPC and DRSVR
based GPC are detailed in IV. The application of DRSVR
based GPC on the HIV infection stabilization is simulated in
V. Finally, Sect. VI concludes the paper.

A. Mathematical Model of HIV Infection

In order to investigate and control the HIV virus, a mathe-
matical model was introduced by Wodarz and Nowak [10]. It
includes target cells with their corresponding infected states,
free virus and immune effector cells (CTL). According to
the infection model, cytotoxic T lymphocyte (CTL) has a
memory that controls the virus. CTL memory, which can
be activated by antiviral drug therapy, is defined as the
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long-term persistence of CTL precursors in the absence of
antigen. For chronically infected patients, CTL memory can
be reestablished with the antigenic or drug treatment for
the strengthening of the immune system [10]. It should be
observed whether such treatment regimens lead to long-term
immunological controls. In [11], with the addition of �̄ state
representing the viral load to the HIV infected model, the
original model has been updated as follows.

˙̄x(t) =�� dx̄(t)� �[1� fu(t)]x̄(t)�̄(t)

˙̄y(t) =�[1� fu(t)]x̄(t)�̄(t)� aȳ(t)� pȳ(t)z̄(t),

˙̄!(t) =cx̄(t)ȳ(t)!̄(t)� cqȳ(t)!̄(t)� b!̄(t),

˙̄z(t) =cqȳ(t)!̄(t)� hz̄(t),

˙̄�(t) =kȳ(t)� µ�̄(t),

(1)

where x̄(t) indicates the uninfected T helper cells, ȳ infected T
helper cell, !̄(t) immune precursors CTL, z̄(t) immune infec-
tor CTL and �̄(t) free virus, respectively. The virus is assumed
to approximate T-cells without any time delay for the diffusion
in model dynamics. �̄(t) represents the virion that can infect
uninfected cells. Immune precursors (!̄(t)) are stimulated by
the infected cells, but not by the viruses. The u(t) representing
the treatment in HIV infection model is between 0 and 1. 0
represents no treatment and 1 represents full treatment [11].
The definitions and values of the HIV parameters are given
in Fig. 1. Using a controller, the uninfected T helper cells

Fig. 1. The parameter definitions and values of HIV.

can be improved and other viral dynamics are stabilized. In
this paper, we assume that the mathematical model of the HIV
dynamics is unknown or uncertain, then a deep recurrent SVM
identifies the input-output of HIV dynamics iteratively and a
GPC controller controls the infected cells.

II. LEAST-SQUARES SUPPORT VECTOR REGRESSION

Conventional batch LS-SVM for regression [6] will be
briefly given in this section. Consider that N data pairs
{x

n

, y
n

}N
n=1 where x

n

2 <d and y
n

2 < exist. Equality
constraint based quadratic programming (QP) problem is given
by

min L =
w,b,e

1

2
wT w + �

1

2

NX

n=1

e2
n

Const. : y
n

= wT'(x
n

) + b+ e
n

, n = 1, . . . , N.

(2)

where e
n

is the error variable and � is the regularization
parameter which penalizes the error. '(.) is a nonlinear
mapping from the input space to a higher dimensional feature
space. w is the weighting vector in the dimension of feature
space and b is bias term. Lagrangian equation is obtained as
follows.

£(w, b, e,↵) = L(w, b, e)�
NX

n=1

↵
n

{wT'(x
n
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}

(3)
where ↵

n

’s are the Lagrange multipliers. The Karush-Kuhn-
Tucker (KKT) conditions for optimality are as follows.
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Combining (3) and (4), a set of linear equations is obtained
as 

0 1T

1 ⌦+ ��1I

� 
b
↵

�
=


0
y

�
(5)

where y = [y1 y2 . . . y
N

]T , 1 = [1 1 . . . 1]T 2
<N⇥1 and

⌦
ij

= K(x
i

, x
j

), i = 1, . . . , N, j = 1, . . . , N (6)

K(x
i

, x
j

) = '(x
i

)T'(x
j

) (7)

K(.,.) is a kernel function which is an alternative to the inner
product of mapping function '(.). Several kernel functions
exist, e.g. Gauss, polynomial. They must satisfy Mercer con-
ditions and must be positive semidefinite. Performance of a
kernel function depends on the data processed. There is not
a priori way of choosing a kernel function globally succesfull
on any application domain. ↵ and b are the LS solution to (5)
and LS-SVR output is obtained as follows.

y(x) =
NX

n=1

↵
n

K(x
n

, x) + b (8)

III. DEEP RECURRENT SUPPORT VECTOR MACHINE

The proposed model is fundamentally based on the LS-SVR
model. However, its dynamics are much more enhanced. Main
motivation to obtain a deep recurrent SVM is to improve the
regression performance (compared to the shallow LS-SVR)
while capturing the long term dependencies in the data of
the underlying system (due to the recurrency of the internal
states). Following the LS-SVR, an advanced DRSVR model
is introduced in the following subsections.

A. DRSVR Model

First, the DRSVR model possesses LS-SVR at the inner
layer which performs nonlinear regression. In order to get a
high generalization capability for the model, its inner layer
is augmented with a linear IIR filter. Linear and nonlinear
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parts together constitute an intermediate layer which actually
computes the state vector given in (9).

x =

2

64
x1
...
x
s

3

75

s⇥1

(9)

Let us show the linear and nonlinear components of the state
vector as x̄ and x̃, respectively. Therefore, state vector is
computed as x = x̄+ x̃ and it will be updated recursively. Let
x
n

denote the state vector at the n
th

time instant. The details
related to the recursive update to obtain x

n+1 are given in the
following paragraphs.

First, let us explain how x̃
n+1 is obtained at the inner layer.

Each element in the state vector x
n

will be a support vector
in the LS-SVR at the n

th

time instant. Weighted output of
the support vector regression yields x̃

n+1, where A is the
weighting matrix.
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Note that top element x
kkt

above the dashed lines in (10)
corresponds to the KKT condition derived in (4) involved in
LS-SVR formulation,

P
s

i=1 ↵i

, which should be qual to zero
as an equality constraint on the ↵ parameters. Gaussian kernel
function is used due to its strong generalization capability.

K(x
i,n

, x
j,n

) = exp

✓
� (x

i,n

� x
j,n

)2

2�2

◆
,

i = 1, . . . , s, j = 1, . . . , s

(11)

where � is the Gaussian width parameter.
Secondly, let us write how x̄

n+1 is obtained, which is
actually an IIR filter. It is obvious that, linear part has no
effect on the KKT conditions.


0

x̄
n+1

�
= D


x
kkt

x
n

�
+ Bz

n

(12)

D 2 <(s+1)⇥(s+1) is the weighting matrix of the states while
B 2 <(s+1)⇥m is the weighting matrix of the ARX data z

n

2
<m constructed using the previously observed input-output
pairs.

D =

2

6664

0 0 . . . 0
0 d1 . . . 0
...

...
. . .

...
0 0 . . . d

s

3

7775
,B =

2

6664

0 0 . . . 0
b11 b12 . . . b1m
...

...
. . .

...
b
s1 b

s2 . . . b
sm

3

7775

(13)

Combining the linear and nonlinear parts and holding the KKT
conditions in LS-SVM, state vector is recursively updated
implicitly as follows.


x
kkt

x
n+1

�
=


0

x̄
n+1

�
+


x
kkt

x̃
n+1

�
(14)

Finally at the outer layer of the proposed DRSVR model,
output ŷ

n

is produced as the weighted sum of the states for
simplicity (alternative output layer choices may be done as
well). 

ŷ
kkt

ŷ
n

�
= C


x
kkt

x
n

�

C =


1 0 . . . 0
0 c1 . . . c

s

�

2⇥(s+1)

(15)

Also, ŷ
kkt

is actually x
kkt

, that means it denotes the KKT
condition

P
s

i=1 ↵i

in (4) and ŷ
kkt

should be zero. While
the DRSVR model is trained, KKT condition as an equality
constraint on the ↵ parameters is satisfied by containing the
ŷ
kkt

term in the output by (15). Let us summarize state update
and output producing equations implicitly to represent the full-
model equations.

x
kkt

x
n+1

�
= D


x
kkt

x
n

�
+ Bz

n

+ A


0 1T

1 ⌦
n

+ ��1I

� 
b
↵

�


ŷ
kkt

ŷ
n

�
= C


x
kkt

x
n

�

(16)
In (16), LS-SVR multiplied by the weighting matrix A is in
the inner layer of the model structure, providing the nonlinear
part of the states. Note that, support vectors of the LS-SVR
are actually states of the model. Thus, dimensional dependency
of the support vectors on the constructed ARX data does not
exist. The IIR filter, which involves the states multiplied by
the weighting matrix D and the input vector z

n

multiplied
by the weighting matrix B, provides the linear part of the
states. The linear and nonlinear parts together constitute the
intermediate layer of the model which actually performs the
recursive state update. And, outer layer is producing the
model output ŷ

n

as weighted sum of the states using the
weighting matrix C. In addition, outer layer denotes the
equality constraint on ↵ parameters for optimality in (4) by
the term ŷ

kkt

. Therefore, DRSVR model has three layers with
recurrency which constructs a deep SVR model. Each layer
itself performs different tasks. In order to explain explicitly
the dynamics of the proposed DRSVR model (16), state space
dynamics is rewritten in (17). Note that the model output is ŷ

n

while ŷ
kkt

is necessary for training the model considering the
equality constraint on the ↵ parameters. Training is performed
by setting ŷ

kkt

equal to zero.

B. Internal Stability
Consider an IIR filter satisfying a difference equation as

follows,

y
n

+
pX

i=1

⇢
i

y
n�i

=
rX

j=0

⇣
j

u
n�j

(18)
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7775
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2

6664

0 0 . . . 0
0 d1 . . . 0
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...
. . .

...
0 0 . . . d

s

3

7775

2

6664

x
kkt

x1,n
...

x
s,n

3

7775
+

2

6664
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b11 . . . b1m
...

. . .
...

b
s1 . . . b

sm

3

7775
⇥
u
n

. . . u
n�nu y

n�1 . . . y
n�ny

⇤
T
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6664

1 0 . . . 0
0 a1 . . . 0
...

...
. . .

...
0 0 . . . a

s

3

7775

2

6664

P
n

i=1 ↵i

b+K(x1,n, x1,n)↵1 + . . .+K(x1,n, xs,n

)↵
s

+ ��1↵1
...

. . .
...

b+K(x
s,n

, x1,n)↵1 + . . .+K(x
s,n

, x
s,n

)↵
s

+ ��1↵
s

3

7775
,


ŷ
kkt

ŷ
n

�
=


1 0 . . . 0
0 c1 . . . c

s

�
2

6664

x
kkt

x1,n
...

x
s,n

3

7775

(17)

which will lead to the transfer function

H(z) =

P
r

j=0 ⇣jz
�j

1 +
P

p

i=1 ⇢iz
�i

(19)

Particular constraints depending on the filter order p must be
satisfied on the coefficients ⇢

i

, i = 1, . . . , p to keep the filter
stable. To determine the adequate constraint for the IIR filter
in our proposed DRSVR model, first let us write the i

th

state.

x
i,n+1 = x̄

i,n+1 + x̃
i,n+1 (20)

which can be rewritten as

x
i,n+1 = d

i

x
i,n

+ b
i

z
n

+ x̃
i,n+1 (21)

where b
i

denotes the (i + 1)
th

row of the matrix B. (21)
shows that our IIR filter is a first order one. Hence, following
constraint must be satisfied to guarantee the model stability.

| d
i

|< 1, i = 1, . . . , p (p = s for DRSVR) (22)

Stability constraint in (22) is satisfied by projecting the param-
eters into the stability region when they exceed that region in
the online tuning.

C. Parameter Tuning

DRSVR model is trained online by Newton algorithm which
utilizes the second order Taylor approximation of a nonlinear
function. Parameters of the model are in the matrices A, B,
C, D and in the LS-SVR block, b, ↵ and �. A parameter
vector ✓ 2 Rs(4+m)+2 is constructed as follows. Note that,
change in the parameter � has a small effect on the regression
performane. Hence, it is fixed to a preset value, such as 1e+2.

a =[a1...as]
T

b =[b11...bsm]T

c =[c1...cs]
T

d =[d1...ds]
T

t
svm

=[b,↵1...↵s

,�]T

✓ =[aT bT cT dT tT
svr

]T

(23)

Note that, Gauss kernel width parameter � is included in
the parameter vector ✓. That means, all model parameters
are tuned simultaneously. After constructing the parameter

vector ✓, the parameters are tuned employing Gauss-Newton
optimization as follows.

✓̂
n+1 =✓̂

n

+ d✓
d✓ =� (hess)�1grad

grad =� 2J
h

(✓̂
n

)e
n

hess =2J
h

(✓̂
n

)T J
h

(✓̂
n

)

e
n

=y
n

� ŷ
n

J
h

(✓̂
n

) =
�ŷ

n

✓̂
n

(24)

Once parameter tuning is complete the stability condition is
checked. Then if necessary, stability is maintained considering
the inequality constraint in (22). That constraint can be written
in a compact form as follows.

M✓̂
d,n+1  N (25)

Note that, there exists a constraint only on the parameters in
the matrix D. So, ✓̂

d,n+1 2 <s denotes the parameters d
i

, i =
1, . . . , s, in the parameter vector ✓̂

n+1. M is a diagonal matrix
2 <s⇥s and N 2 <s. The constraint violating parameters are
projected into the constraint space as

✓̂
d,n+1 =✓̂

d,n+1 � MT (MMT )�1(M✓̂
d,n+1 � N) (26)

After the projection, the parameters in ✓̂
d,n+1 are substituted

in ✓̂
n+1.

IV. DRSVR BASED GENARALIZED PREDICTIVE CONTROL

Section IV-A explains the GPC scheme while Section IV-B
detials the DRSVR based GPC controller.

A. Genaralized Predictive Control

Let us represent a single-input single-output (SISO) nonlin-
ear system by a nonlinear autoregressive with exogenous input
(NARX) model, [4].

y
n

= g(u
n

, u
n�1, . . . , un�nu , yn�1, . . . , yn�ny ) (27)

g is assumed to be unknown and will be parameterized by
a function approximator model. Let ỹ

n

denote the desired
reference signal and ŷ

n

denote the model output for the n
th

time instant. GPC aims to track the reference signal as close
as possible while keeping the changes in the control signal
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as low as possible. Hence, it produces a control input vector
u
n

= [u
n

. . . u
n+Ku ]

T 2 <Ku+1 at each time instant and
applies the first element to the system. Also, constraints on
the control signal are taken into consideration, which bound
the control signal and contributes to stability.

min f(u
n

)
un

=

KyX

k=1

(ỹ[n+ k]� ŷ[n+ k])2+

�

KuX

k=0

(u[n+ k]� u[n+ k � 1])2

=(Ỹ
n

� Ŷ
n

)T (Ỹ
n

� Ŷ
n

) + �uT

n

Lu
n

� 2�u[n]u[n� 1] + �u2[n� 1]

Const. :u
min

 u[n+ k]  u
max

, k = 0, 1, . . . ,K
u

| u[n+ k]� u[n+ k � 1] | 4u
max

,

k = 0, . . . ,K
u

(28)

L =

2

66666666664

2 �1 0 . . . 0 0
�1 2 �1 . . . 0 0

0 �1 2
. . . 0 0

0 0 �1
. . . �1 0

0 0 0
. . . 2 �1

0 0 0
. . . �1 1

3

77777777775

(29)

�, penalizes the sudden changes in the control signal. K
u

and
K

y

are future horizon values for input and output. Always
K

u

 K
y

should be satisfied beause, an output cannot
depend on any input which occurs in the future, i.e, later than
when the output occurs. At each time instant, it is aimed to
track the reference signal for the following K

y

time instants.
First element of the produced optimal control signal vector is
applied to the system. Ỹ = [ỹ

n+1 . . . ỹn+Ky ]
T 2 <Ky and

Ŷ = [ŷ
n+1 . . . ŷn+Ky ]

T 2 <Ky . A function approximator
model is used to predict the future behavior of the system
whose output expression is unknown. Also, that model is
utilised to provide the necessary gradient information to update
the control input vector at each time instant. The update is as
follows.

u
n+1 = u

n

+4u (30)

Gauss-Newton optimization can be employed for this update.

4u = �µ

✓
@2f(u

n

)

@u2
n

◆�1
@f(u

n

)

@u
n

(31)

µ denotes the step size. Its optimal value can be computed
via one of the 1-dimensional optimization techniques in the
literature (e.g., Golden Section algorithm). Gradient vector is
obtained as follows.

@f(u
n

)

@u
n

= �2

 
@Ŷ

n

@u
n

!
T

(Ỹ
n

�Ŷ
n

)+2�Lu
n

�2

2

6664

�u[n� 1]
0
...
0

3

7775

(32)

⇣
@

2Ŷn
@u2

n

⌘
term which would be produced in the Hessian ex-

pression has a very small value so it can be ignored (obsevred
emprically in the experiments). Thus, Hessian can be written
approximately as

@2f(u
n

)

@u2
n

⇠= 2

 
@Ŷ

n

@u
n

!
T

 
@Ŷ

n

@u
n

!
+ 2�L (33)

Considering (27), model output depends only on the control
signals with a time index equal to or smaller than that of itself.
Therefore, the Jacobian matrix

⇣
@Ŷn
@un

⌘
is expressed as follows.

@Ŷ
n

@u
n

=

2

66664

@ŷ[n+1]
@u[n]

@ŷ[n+1]
@u[n+1] 0 . . . 0

@ŷ[n+2]
@u[n]

@ŷ[n+2]
@u[n+1]

@ŷ[n+2]
@u[n+2] . . . 0

...
...

...
. . .

...
@ŷ[n+Ky ]

@u[n]
@ŷ[n+Ky ]
@u[n+1]

@ŷ[n+Ky ]
@u[n+2] . . .

@ŷ[n+Ky ]
@u[n+Ku]

3

77775

(34)
Computational load of the derivatives depend on the approxi-
mator model chosen.

B. DRSVR-Based GPC Controller

Ŷ
n

and �Ŷn
�un

are obtained utilizing the proposed DRSVR
model. Considering (16), model output can be rewritten as
follows. Note that, [b

j1 . . . bjm] denotes the j
th

row of the B
matrix.

ŷ
n

=
sX

j=1

c
j

0

BBBBBB@

d
j

x
j,n

+

a
j

✓
b+K(x

j,n

, x1,n)↵1 + . . .+
K(x

j,n

, x
s,n

)↵
s

+ ��1↵
j

◆

+
[b

j1 . . . bjm]z
n

1

CCCCCCA

(35)
Let

v
j,n

= [b
j1 . . . bjm]z

n

(36)

Combining (35) and (36), future output predictions can be
derived as follows.

ŷ
n+l

=
sX

j=1

c
j

0

BBBBBB@

d
j

x
j,n+l

+

a
j

✓
b+K(x

j,n+l

, x1,n+l

)↵1 + . . .+
K(x

j,n+l

, x
s,n+l

)↵
s

+ ��1↵
j

◆

+
v
j,n+l

1

CCCCCCA

l = 1, . . . ,K
y

(37)
where,

v
j,n+l

=[b
j1 . . . bjm]z

n+l

v
j,n+l

=

nyX

i=1

b
j(nu+1+i)ŷn+l�i

+
nuX

i=0

(
b
j(i+1)un+l�i

, l � i < K
u

b
j(i+1)un+Ku , l � i � K

u

(38)
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Partial derivatives are obtained as follows.

@ŷ
n+l

@u
n+h

=
sX

j=1

c
j

@v
j,n+l

@u
n+h

h = 0, . . . ,K
u

(39)

@v
j,n+l

@u
n+h

=

nyX

i=1

b
j(nu+1+i)

@ŷ
n+l�i

@u
n+h

�1(l � i, h)

+
nuX

i=0

(
b
j(i+1)�(l � i, h), l � i < K

u

b
j(i+1)�(Ku

, h), l � i � K
u

(40)

where �1(.) is the unit step function and �(.) is the unit impulse
function. Obtained partial derivatives are substituted in (32)
and (33) to construct the gradient vector and the Hessian
matrix. Fig. 2 shows the DRSVR based GPC architecture.

Fig. 2. DRSVR based GPC architecture.

V. SIMULATION RESULTS

DRSVR based GPC application is simulated using the
mathematical model given in Sect. I-A. Note that, in the
application, GPC contoller stabilizes the system assuming its
input-output relationship is unknown. The mathematical model
represents a SISO system with the treatment term u(t) as the
input (treatment per day) and ȳ(t) as the output (infected T
helper cell). Sampling period is one day. Data is obtained from
the mathematical model of HIV using the 4

th

order Runge-
Kutta integration on the differential equations (1). Number of
internal states of the DRSVR model is set as s = 5 and and
n
u

= 3, n
y

= 3. GPC parameters are chosen as K
y

= 10,
K

u

= 2, u
min

= 0, u
max

= 1, 4u
max

= 0.1, � = 0.1.
HIV mathematical model initial state values are [0.2 0.6 0.4
0.7 0.9]. Fig. 3 shows the stabilization result and the produced
control signal while Fig. 4 and Fig. 5 show the time evolution
of the DRSVR model parameters. Note that, RMSE stands
for the root mean squarred error. Fig. 6 gives us the time
evolution of the HIV mathematical model states.

To demonstrate superiority of the proposed DRSVR against
the shallow LS-SVR, we conducted a test using recursive LS-
SVR (RLS-SVR) with a five-element (s = 5) support vector
set constructed by a moving window. At each time instant,
leave-one-out (LOO) cross validation is used to determine

Fig. 3. HIV infection stabilization by DRSVR based GPC and the produced
control signal - RMSE tracking: 0.3674.

Fig. 4. Time evolution of the DRSVR model parameters in the matrices A,
B, C and D.

which support vector to be removed from the set. Then, the
new incoming data is placed in the support vector set. All
the experimental setting is same with the one conducted using
DRSVR. However, optimal sigma value is chosen emprically
as � = 4. Fig. 7 shows the stabilization result and the produced
control signal by RLS-SVR based GPC.

VI. CONLCUSION

A novel deep recurrent SVR model, which was recently
proposed by the authors, is successfuly adopted in the GPC
scheme, where HIV infection is stabilized in the simulation.
The application results (Fig. 3- 6) show that infected cell
amount (ȳ) tends towards zero as expected and also the free
virus (v̄) cease to exist over time. Also, DRSVR is superior
to the shallow LS-SVR in the GPC scheme with lower RMSE
tracking value and a smoother control signal. Since each
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Fig. 5. Time evolution of the DRSVR model states x and the LS-SVR block
parameters b, ↵ and �.

Fig. 6. Time evolution of the HIV mathematical model states in the simulation
by DRSVR based GPC, m = [x̄ ȳ w̄ z̄ v̄].

state of the model is a support vector, model complexity is
kept small. Simulations are performed using small number of
DRSVR internal states, in other words a small support vector
set, such as s = 5. It provides plausible settling time with
the capability to capture dynamics of the underlying system
in a reasonable time. Poles of the IIR filter in the model
are constrained in a stable region. Hence, internal stability is
maintained. Generalized predictive control formulations using
the DRSVR model are derived rigorously. Thus, performance
of the proposed regressor model is demonstrated successfully
in the GPC scheme.
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Streamflow Prediction with Deep Learning 

Abstract  In this study, some part of streamflow modelling 
and data analysis carried out within the frame of a 
comprehensive project on the web-based development of a 
watershed information system is reported. Flowrate prediction is 
a challenging work because it involves nonlinear, chaotic, multi-
dimensional, instantaneous and continuous processes. The study 
basically aims to present the daily discharge predictions from the 
actual discharge using Recurrent Neural Networks (RNNs) as a 
deep learning approach. RNN is back ended by the LSTM (Long 
Short-Term Memory) and improved by an Adam optimization 
algorithm. The initial results are found promising compared to 
those of conventional Artificial Neural Network (ANN) models. 

Keywords streamflow / flowrate prediction; deep learning; 
LSTM; RNN. 

I. INTRODUCTION

Streamflow prediction is a challenging work and attracts 
researchers to develop advanced methodologies. Among them, 
a new predictive model called SHEM (Streamflow Hydrology 
Estimate using Machine Learning) is presented for inoperative 
stream gages to process and interpret large volumes, so-called 

 of historic complex hydrologic information with 
updating of real-time streamflow data [1].  The model 
constructs a virtual dataset index of correlations and groups 
(clusters) of relationship correlations between selected stream 
gages in a watershed and under various flow conditions. The 
model was tested in Idaho and Washington in four diverse 
watersheds, and the results from all watersheds revealed a high 
correlation, validating both the degree of accuracy and 
reliability  

A multi-scale deep feature learning (MDFL) is studied with 
different hybrid models by Y. Bai et al. [2] for the prediction of 
reservoir inflow using the historical daily data from Three 
Gorges, China, where the empirical mode decomposition 
together with Fourier spectrum are applied for deriving multi-
scale features. Deep belief networks (DBNs) are used to 
describe multiscale features and their weights are used to load a 
neural network (D-NN), then a sum-up method is used to 
reproduce output of such three-scale neural networks. By 
integrating deep framework together with different types of 
observations, the achieved model provided the most accurate 
prediction in absolute percentage error, normalized root mean 
square error, determination coefficient criteria and peak percent 
threshold statistics as against to previous similar models. 

Three different kinds of learning models namely, support 
vector regression, Gaussian process (GP) and Bayesian neural 
network (BNN) are used together with NOAA (he National 
Oceanic and Atmospheric Administration) Global forecasting 

model (GFS), indices of climate and local observations by 
Rasouli et al. [3] for forecasting daily streamflows of a 
watershed in British Columbia. In this research, a performance 
comparison of models is realized with indices and observations 
and seen that the local observations with GFS output provide 
the best prediction in shorter lead times. On the other hand, 
local observations with the indices of climate selected from 
different patterns provided the best performance in longer lead 
times. It is concluded that local observations with GFS output 
are also the best for the prediction if streamflows are high. 

The deep learning approaches are also used in other 
environmental data analyses including weather and wind speed 
forecasts. Since the data provided purely at data-driven models, 
changing the area of application is a matter of introducing the 
related data to be learnt to establish relations.   

 that deep learning is a general term to 
define a series of multilayer architectures which are trained 
using unsupervised algorithms [4]. While the empirical 
approach is used for predicting local scale weather, the 
dynamic approach is used for large scale weather phenomena. 

show that 
several methods including recurrent and artificial neural 
networks, artificial intelligence, ensemble approaches, support 
vector machines and deep neural networks, etc. allow to predict 
weather. As known, artificial intelligence is used for 
forecasting, and it is based on self-adaptive mechanisms that 
learn from examples and capture functional relationships 
between data. As a matter of fact, deep learning based flowrate 
prediction methods have been developed successfully as an 
alternative to the conventional ANNs over the last few years. 

Amir Ghaderi et. al show a forecasting algorithm for a 
spatio-temporal wind speed by using Deep Learning method 
[5]. The algorithm is defined DL-based Spatio-Temporal 
Forecasting  in which a graph G is defined denoting the nodes 
and each node of the graph generates data at each time steps. In 
addition, the real data used for all nodes every h time steps. A 
vector is defined, which contains output of all the nodes at time 
t and their main goal is to predict that vector. The real data is 
accessed every h hours, where h corresponds to the number of 
time steps in moving horizon and speed of the wind for the 
next h hours is predicted. A time frame is generated in the first 
step of the frame, the data is real for all the input and for the 
next step and this real data is used for all inputs except one. 
One input which does not have real data, is used as forecasted 
data from the previous step and is repeated for all h steps.  
Moreover, the model is trained by real values as much as 
possible. In this research, the developed model is applied to 
real wind data by carrying out a case study of 57 stations in 
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East Coast, USA. A specific time period is determined as a test 
period for the simulation. This implementation is a case study 
and based on real data collected every 6 hours and using the 
model codes, TensorFlow, Keras and online data. Mean 
Absolute Error (MAE), Root Mean Square Error (RMSE) and 
Normalized Root Mean Square Error (NRMSE) error measures 
were used to show the performance of the algorithm. The result 
of the case study show that forecast is compatible with the real 
data. The main difference of the model in this research is, the 
model can forecast the output of all the nodes in the graph at 
one time, while the other methods are trained to forecast only 
one node at a time. Moreover, Grover et al. [6] demonstrated a 
hybrid model which combines the predictive models with a 
deep neural network by using weather related variables. The 
model respects the spatio-temporal dependencies and its 
predictions are based on considerations of joint influence of 
key weather variables including the wind velocity, pressure, 
temperature and dew point induced by atmospheric physics. 
For the learning procedure of the model, the historical 
observations from different weather stations are trained to 
improve the capability of prediction.  

In another study, weather nowcasting by means of 
meteorological data is reported by Narejo and Pasero [7], who 
demonstrated a deep learning hierarchical architecture to 
predict temperature, pressure and humidity of a particular area. 
In research, data collected from a specific area located in a 
weather station and a deep learning algorithm is used for the 
prediction. The model is based on deep belief network 
developed with four hidden layers, one input layer consisting 
of six nodes and one output layer based on one output neuron, 
and restricted Boltzmann Machine approach, which deals with 
binary hidden and visible units. The algorithm provides 
predicted values of temperature, humidity and specific pressure 
that are close to the original data.  

      Another research conducted . [4], a 
model based on deep learning was studied in order to predict 
accumulated daily precipitation for the next day by using the 
data gathered in the previous days. The data from a 
meteorological station located in Manizales, Colombia 
comprises more than a decade of measurements in real time. In 
the data preparation step, a datasheet contains 47 explanatory 
characteristics were used (including, relative humidity, 
barometric pressure, temperature, etc.). The dataset was 
divided into training (70%), validation (15%) and testing 
(15%) by using 4216 samples. Then, variables were normalized 
to the interval of [0,1] to avoid the effects of scaling in the 
architecture. The architecture of deep learning mechanism in 
this study based on an autoencoder and multilayer perceptron. 
The autoencoder is used to make a feature treatment in time 
series and it extracts nonlinear features for a data input. It is 
composed of input, hidden and output layers, where the output 
layer behaves as same as the input layer, so hidden layer results 
in a non-linear compact representation of the input layer (this is 
because hidden layer is using sigmoid activation function). On 
the other hand, multilayer perceptron is responsible for 
prediction and classification tasks. 
et al. used a denoising autoencoder and a Python GPU-based 
library to define an autoencoder and its hidden layer with a 
nonlinear compact representation of the original input that is 

connected to a multilayer perceptron. A new network is 
constructed by this way for a prediction problem taking the 
new problem representation as an input. In the experiments, 
error measurement methods such as Mean Square Error and 
Root Mean Square Error are used and then the architecture of 
the network is optimized. The results clearly revealed that the 
method used in the research achieved lower Mean Square and 
Root Mean Square Errors compared to other similar research 
works in the literature. A deep neural network with Stacked 
denoising autoencoders was also constituted by Moinul 
Hossain et al. [8]. By using real sensory data, they showed the 
applicability of a deep learning approach for predicting hourly 
air temperature. The data is based on Nevada Climate Change 
Portal and is employed four variables from one-year-old data 
of temperature, barometric pressure, humidity and wind speed 
in one-hour intervals. In order to predict air temperature from 
the history, the temperature is defined as a function of past n 
hours as a time series variable. Stacked denoising autoencoders 
for different parameters including different hidden layers and 
nodes, learning rates, noise mask, number of epochs is created. 
Then, another prediction was carried out to achieve a 
temperature as a function of multiple variables including 
barometric pressure, air temperature, humidity and wind speed. 
Different combinations of variables are implemented into 
Stacked denoising autoencoders model and run for temperature 
prediction. The results are obtained for seven consecutive days 
and the model provided reduced root mean squared errors. It is 
shown that Stacked denoising autoencoder performs better than 
neural network in temperature prediction applications.  
Coulibaly et al. demonstrated a study based on an RNN model 
to predict regional annual runoff in Northern Quebec and the 
Labrador region of Canada [9]. In this study, the hydrological 
variables of those regions were effected by different parameters 
such as El Nino Southern Oscillation, North Atlantic 
Oscillation, Pacific North American, Baffin Island West 
Atlantic and sea level pressure in Iceland region. The relation 
of parameters with each other and effect of them on the 
forecast is discussed by means of RNN. Wan He, on the other 
hand, studied deep neural networks based load forecast 
approaches and evaluated the performance of networks by 
using a three-year load data [10]. The data set consists of 
hourly load data, weather information, load and weather data 
from a specific time interval from a city in China. The data is 
separated as testing, validation and training data for the neural 
networks. The aim is to forecast the load at a specific hour 
using weather data of targeting hour and historical information 
of the last 24 hours. The training method includes RBM pre-
training, discriminative pre-training and network with no pre-
training. After all, the demonstrated forecast values of testing 
data are close to actual data in most cases, while the approach 
performs worse for weekend loads.  

      The prediction performances of different models such as 
RNN, Conditional Restricted Boltzmann Machine (CRBM) 
and Convolutional Network were compared by Salman et al. 
[11]. The dataset is obtained from different areas by Indonesian 
Agency for Meteorology, Climatology, and Geophysics and 
tested those models by such dataset. The model performance 
was evaluated using k-fold cross validation technique and 
dataset was divided into k-folds where each k-chunk contains 
m/k of total data. Their experimental results showed that the 
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RNN model can be applied to predict rainfall with a high 
accuracy.  

II. METHODOLOGY 
This research focuses on long-term data prediction by deep 

learning. The model and the experimental setup (which is 
exported by Keras) is overviewed below in Fig. 1 and a 
comparison of deep learning method with neural network 
processes are discussed in the conclusion part.  Briefly, RNN is 
the main part of the model, LSTM back ended the RNN for 
long-term data and Adam is used for the optimization of model 
parameters. 

 
Fig. 1. Overview of the model 

Deep learning and its components that constitute the 
methodology proposed are explained as follows.  

A. Deep Learning  
Deep Learning could be defined as the next stage of 

artificial intelligence has deeply affected our lives in many 
different areas such as image processing, face recognition, 
natural language processing and estimation. In the standard 
machine learning algorithms, the system is fed from the outside 
by the attribute. Today, deep learning algorithms are used 
because they are inadequate and more fragile. Such algorithms 
provide a more generalized model by creating an automated 
structure that extracts the attributes in their network systems 
they have never seen. 

B. Recurrent Neural Networks 
Recurrent Neural Networks are a class of artificial neural 

networks where connections between nodes form a directed 
loop and it has layers, learnable parameters (weights), a loss 
function, and optimization algorithm like other deep learning 
models. Directed loops allow dynamic temporal behaviour. 
Unlike Forward Neural Networks (FNNs), RNNs can use their 
input memory to process arbitrary sequences of entries. 
Topology of RNN and FNN are presented in Fig. 2 (Source: 
Krenker, 2011) 

 
Fig. 2. Topology of RNN and FNN 

C. Long Short-Term Memory 
Long Short-Term Memory (LSTM) is used because RNN 

has a short-term memory. Sometimes the model does not need 
any long-term data (LTD) for prediction. For example, when 
predicting the next word in a text there is no need to know the 
whole context. Another example is Customer Relationship 
Management (CRM) systems, where the next best action 
algorithm does not need LTD. However, the model developed 
for this study makes use of streamflow data collected for 7 
years, because streamflow data includes strong complexity, 
couplings, and correlations. The main advantage of LSTM is 
about solving gradient vanishing problem. 

LSTM is used to increase the accuracy of the results 
further. The operating principle of the LSTM can be 
represented with a conveyor belt. State of the cell is updated at 
each stop in conveyor via LSTM gates, Fig. 3. Here, mean 
squared error for loss function and Adam for optimization are 
used. 

 
Fig. 3. Main layers of the LSTM. 

D. Adam Optimization 
Adam is an algorithm for first order gradient based 

optimization of stochastic functions, which is based on 
estimates of lower order moments [12]. The method can be 
used in non-stationary problems and also it is easy to 
implement, has minimum memory requirements, efficient, and 
well suited for problems that are large in terms of parameters or 
data.   

It generates the probability distribution of outputs, 
optimizes input-output map statistically. It is empirically tested 
and ensured that Adam is better than most other optimization 
methods, Fig. 4. It keeps datasets for most common machine 
learning problems which help to adjust initial settings. 
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Fig. 4. Optimization algorithms benchmark with a multilayer structure 

Adam algorithm, that is used for the stochastic optimization 
is implemented with the following pseudo-code [12]. In the 
algorithm  indicates the elementwise square . 
Suitable default settings for the tested machine learning 

 =10-8. All 
operations on vectors are element-wise. With  and   we 
denote  and  to the power . 

TABLE I.  THE PSEUDO-CODE USED FOR THE  ADAMALGORITHM 

Step size  

Require: ,   [0, 1): Exponential decay rates for the 
moment estimates  

Require: Stochastic objective function with 
parameters  

 Require: : Initial parameter vector  
st moment vector)  

 nd moment vector)  

  

while  not converged do 

   + 1 

  (Get gradients w.r.t. stochastic objective at 
time step )  

   (Update biased first moment 
estimate)  

  (Update biased second raw 
moment estimate)  

(Compute bias-corrected first moment 

estimate)  

Compute bias-corrected second raw 
moment estimate) 

  (Update parameters) end 
while return  (Resulting parameters) 

E. Software Environment  
Python environment, Keras [13] which is backgrounded 

with TensorFlow, Pandas for reading data, Mathplot for graphs 
are used.  

III. DATA ANALYSIS EXPERIMENTS 
In the experimental part, 2200 days of measured data is 

used. While a 2/3 of such data is chosen for training and 1/3 is 
used for testing. This separation can be optimized with 
different type or number of data. It is directly related with the 
computation time and accuracy of prediction. Fit of model is 
shown in Fig. 5.  

 
Fig. 5. Experimental results (blue: real data, orange: training, green: test 
data). 

The model has n layers and the important part is LSTM and 
Adam layer. All these layers have sublayers. The main issue is 
to optimize the model as lightweight as possible because it is 
the main parameter affecting the training time. 

 In order to see the behaviour of the loss, a time 
optimization trick called early stop is employed. The loss 
decreases by time like all well-structured models and the rate 
of the loss with respect to a number of the steps is shown in 
Fig. 7. The model runs 100 steps but if the loss is almost the 
same as in these steps, then it breaks the loop. Early Stop 

deep learning. The conclusions drawn from the work reported 
in the literature along with the experiments carried out within 
the frame of this study are presented in the next section. 
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Fig. 6. General view of the model 

 
Fig. 7. The loss rate with respect to a number of steps. 

IV. CONCLUSION 
Deep learning is a new window for prediction applications and 
generally used with small data. The model can be expanded to 
process millions of data, which can well be the case in the 
environmental data analysis. Python offers a great advantage of 
rich library resources and also can decrease the processing time 
with GPU. General topology, which is exported via 
TensorFlow is shown in Fig. 6.  Hence, the model is a good 
candidate to work with big data sets. As expected, the accuracy 
of prediction is improved by the amount of data used in the 
modelling problems. 

 The model is 78% faster (37% faster without early stop) 
and uses 21% less CPU for a neural network model as reported 
in [14]. There is no significant difference with RAM usage.  
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Abstract—In this study, we present a unified motion planner

with low- level controller for continuous control of a differ-

ential drive mobile robot. Deep reinforcement agent takes 10

dimensional state vector as input and calculates each wheel’s

torque value as a 2 dimensional output vector. These torque

values are fed into the dynamic model of the robot, and lastly

steering commands are gathered. In previous studies, navigation

problem solutions that uses deep - RL methods, have not been

considered with agent’s own dynamic constraints, but it has been

done by only considering kinematic models. This is not reliable

enough for real-world scenarios. In this paper, deep-RL based

motion planning is performed by considering both kinematic

and dynamic constraints. According to the simulations in a

dynamic environment, the agent succesfully navigates through

the intersection with 99.6% success rate.

I. INTRODUCTION

A. Previous Studies

In literature, there are different approaches for the nav-
igation problem with reinforcement learning (RL). In some
previous studies, authors investigated intersection and road
environments with some uncertainties such as human driver
intention where both autonomous and non - autonomous
vehicles exist [1]. MOMDP (Mixed Observable MDP) and
POMDP (Partially Observable MDP) methods are used in
discrete action spaces in those studies [1], [2], [3].

There are additional studies using deep-RL for intersection
navigation problem [4], [5] or indoor navigation [6]. All of
these studies act in discrete space (actions such as go forward,
turn right / left, stop) for the simplification of the problem.
In another study, mapless navigation [7] is done by deep-RL
in continuous action space. None of the previous studies that
uses deep-RL, considered dynamic model of the agent as part
of the navigation problem. In this paper, dynamic model of the
agent unified with the deep-RL based motion planner.

In the proposed algorithm, states are obtained from envi-
ronment and sent to the neural network. Then, neural network
produces torque values as output, these outputs are fed to
dynamic model of the robot. Dynamic model takes these torque
inputs and calculates the linear and angular velocities accord-
ing to the model equations. Then, these velocity commands
are sent to the robot in simulation environment. Lastly, new
states are gathered from environment and same procedure

are repeated until robot reaches the target. The pipeline of
the algorithm is illustrated in Figure - 1. Dynamic model
and neural network modules are explained in Section-II and
Section-III respectively.

Fig. 1: Pipeline of proposed motion planner.

B. Deep Reinforcement Learning

There must be an agent and an environment in deep
reinforcement learning problems. For each action (at) taken
by agent (in state st), results with reward (rt) and a new state
vector (st+1) in the environment. Its mathematical origins lie
in Markov Decision Process (MDP) [8], [9] and the aim is
to find the optimal policy (action behavior). Optimal policy
⇡⇤ can be formalized by maximizing the sum of the expected
rewards as shown in (1) ;

⇡⇤ = argmax⇡E
X

t�0

�trt|⇡
�

(1)

where � 2 [0, 1) is discount factor for future rewards. Optimal
Q-value function which is the reward at state s by taking action
a and following the policy can be expressed as illustrated in
(2);

Q⇤(s, a) = E
X

t�0

�trt|s0 = s

�
(2)

978-1-5386-7641-7/18/$31.00 c�2018 IEEE
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and Q⇤ satisfies the Bellman equation [10] shown in (3).

Q⇤(s, a) = E

r + �maxa0Q⇤(s

0
, a

0
)|s, a

�
(3)

In order to find the optimal policy, it should be iterated over all
possible actions in a given state. Value iteration method [11],
[12] is one way to find the optimal policy. Even though value
iteration is very useful for small sized discrete action spaces, it
is hard to find the optimal policy for large action spaces (e.g.
continuous actions). Therefore, to find the optimal policy in
a large action space, a function approximator is needed and
in the case of deep-RL, this function approximator is a neural
network. Loss function for the function approximator is defined
in (4);

Li(✓i) = E

(yi �Q(s, a;�i))

2

�
(4)

yi = E

r + �maxa0Q(s

0
, a

0
;�i�1)|s, a

�
(5)

where yi is defined as the target Q-value in (5), which comes
from the Bellmann equation shown in (3), and i is the iteration
number. Network is backpropagated with the gradient of the
loss function with respect to target parameters (�) during
training period. There are different algorithms built on this
mathematical model, such as A3C [13], DDPG [14], and DQN
[15].

II. KINEMATIC AND DYNAMIC MODELS OF THE
DIFFERENTIAL DRIVE ROBOT

In literature, both kinematic and dynamic models are used
for simulation and control of differential drive mobile robots.
Kinematic models capture only the geometric constraints and
are reliable for only low speed values. On the other hand dy-
namic models consider the input torque values for each wheel
and reflects the both the kinematic and dynamic constraints.

A. Kinematic Model

Free body diagram of differential drive mobile robot and
the related parameters are shown in Figure 2. Linear velocity
of the robot frame on point A can be expressed as the average
of wheel velocities as given in (6) as;

V =
(VR + VL)

2
= R

(�̇R + �̇L)

2
(6)

and angular velocity of the robot on A point is calculated in
(7);

W =
(VR � VL)

d
= R

(�̇R � �̇L)

d
(7)

Hence, the forward kinematic model can be represented by (8).

2

4
Ẋa

Ẏa

✓̇

3

5 =

2

4
R
2

R
2

0 0
R
d

R
d

3

5

�̇R

�̇L

�
(8)

From (8), coordinates of the robot’s center of mass Xc and
Yc can be calculated as it is shown in (9) and (10);

Xc = Xa + �cos(✓) (9)
Yc = Ya + �sin(✓) (10)

Fig. 2: Free body diagram of robot and related parameters.

B. Newton - Euler Dynamic Model

In Figure 2, (xr, yr) represents robot’s local frame,
(vlon, vlat, alon, alat) are the longitudinal and lateral velocities
and accelerations of the center of the mass C; FlonR , FlonL

are longitudinal forces on the right and left wheels; ✓ is the
orientation of the robot; w is the angular velocity; m is the
total mass of the robot and I is the moment of the inertia with
respect to the center of the mass.

Using the Euler-Lagrange modeling technique as it is
explained in [16], mobile robot’s dynamic equations can be
expressed as shown in (11) and (12).

mv̇lon �m�✓̇2 =
1

R
(⌧R + ⌧L) (11)

(m�2 + I)✓̈ +m�vlon✓̇ =
d

2R
(⌧R � ⌧L) (12)

Where ⌧r and ⌧l are the net input torque values of dynamic
model and they are shown in Figure - 3 as the difference
between produced torque (Tr, Tl) and the resistive torque
values coming from friction. Viscous friction coefficient of
motor shafts (beta) is used to obtain the net torque values
as shown in Figure - 3.

Fig. 3: Robot dynamic and kinematic model.

Equations (11) and (12) are modeled using Mat-
lab/Simulink environment. Simulink model of the dynamic
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and kinematic models of agent is illustrated in Figure - 3.
On the other hand, Figure - 4 shows the system response
corresponding to the random torques applied to the wheels.
In proposed robot model, center of the mass is on the yaw
axis which means � = 0. So, the terms with � factor is not
included to the model. Dynamic model parameters are selected
as shown in Table - I.

Parameter Value Unit

Mass of the Agent (m) 5.42 kg
Inertia (I) 0.08230 kg.m2

Distance (wheel to wheel) (d) 0.7 m
Radius (R) 0.035 m

Friction Constant (beta) 0.0016 N.m.s

TABLE I: Robot dynamic model parameters

Fig. 4: Dynamic Model Behavior, first row shows linear
velocity, second row shows angular velocity and third row
shows torques given to the each wheel.

III. MOTION PLANNER

A. Network Structure

In this study, DDPG (Deep Deterministic Policy Gradient)
[14] algorithm is used for deep-RL based motion planning and
control. In DDPG approach, there are two neural networks as
Actor and Critic. Actor network produces the actions (torque
values in our case). Critic network produces the Q - values
for given state-action (St, at) pairs. Actions (at) are given to
the critic network just after first hidden layer as it is done
in original paper [14]. Neural network is structured with 2
fully connected hidden layers. In the proposed network, size
values for the first and second hidden layers are 400 and 300
respectively. Network structure is presented in Figure - 5.

The network has 10 dimensional state vector in the input
layer. The input vector includes the following components; 2
dimensional target polar coordinates (dta, �ta), 2 dimensional
obstacle robot coordinates (doa, �oa), direction and speed val-
ues (�, Vo) of obstacle robot, 3 dimensional distance sensor
input (di; i = 1, 2, 3) and the speed of the agent (Va). States
are illustrated in Figure - 6. Two dimensional output torque
values are given in equations (11) and (12) as ⌧L and ⌧R.
To readers attention, the distance sensor is placed on top of
the agent and the agent and obstacle robot have same height.
Therefore, the distance sensor is used for only wall detection
and can not see the obstacle robot. Pseudocode of the proposed
algorithm is given as follows;

Fig. 5: DDPG Network Structure

Initialize St  InitialStates
Initialize Torques[2], V, W  {0.0, 0.0}, 0.0, 0.0
while TargetReached 6= True do

Torques  Network(St)
V, W  DynamicModelofAgent(Torques)
St  Environment(V, W)

end while

Since, it is not allowed for the agent to go backwards,
Sigmoid (is in (0, 1)) is selected as activation function for
action outputs. To obtain the torques in the desired interval,
sigmoid outputs are factorized with the upper bound torque
value.

Fig. 6: Neural network input states and states at time t can be
represented as St = [dta, �ta, Va, d1, d2, d3, doa, �oa,�, Vo].

B. Reward Definition

Reward functions are the key components for reinforce-
ment learning and directly affects the robot behavior. Five
different rewards are designed for training session and the sum
of all is taken as a total reward in each step. These reward
functions are illustrated in equations (13), (14), (15), (16) and
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(17) respectively.

Rstep = �0.1� 0.15 ⇤ (!obstacleIsComing) (13)
Rcollision = c ⇤ (collisionHappened) (14)

Rgoal = g ⇤ (goalReached) (15)

RobsComing =
�1

1 + doa
⇤
doat�1 � doat

o
⇤ p ⇤ ((doat�1 � doat) > 0.0) ⇤ (agentInCollisionBound)

(16)

RtoGoal =
1

1 + dta
⇤
dtat�1 � dtat

m
⇤k⇤((dtat�1�dtat) > 0.0)

(17)

Rdirection = �1 ⇤ abs(�ta) (18)

where c, g, o, p,m, k > 0 are user defined reward parameters.

Agent is penalized for the consumed time by Rstep until
goal is reached, as shown in (13). Two different Rstep condi-
tions are defined. First one defines the case of coming obstacle.
In this case the penalty of consumed time is not that high since
the prevention of collision is more important and the agent
would like to wait for it. Second one defines the case of no
obstacle. In this case the penalty is increased to encourage the
movement towards goal.

If the agent is in collision bound and obstacle is coming
towards agent, then the agent is penalized by RobsComing as
shown in (16) . According to the penalty function, the penalty
value is higher when the distance to obstacle (doa) is low.
It can also be observed from (16) that the speed of coming
obstacle is directly porportional to the penalty value. The speed
is calculated by the difference of the distance values. In any
case, as long as agent is going towards to goal, it is rewarded
by RtoGoal as shown in (17). The value of RtoGoal increases
with the high values of dta rate. The increase of dta rate means
that the agent moving towards target and approaches quickly.
In order to encourage the movements directlty to the target,
Rdirection penalty defined in (18) is given to the robot.

Finally, Rcollision is given to agent if its distance to
obstacle is below the collision threshold, and Rgoal is gained,
if the agent’s distance to target is below the goal threshold.
These rewards are illustrated in (14) and (15) respectively.

IV. EXPERIMENTS

Proposed approach is run in ROS environment [17] with
Gazebo simulator [18]. Neural network implementation is done
by using Tensorflow [19] open- source library.

An intersection road is created in Gazebo environment
for simulations as shown in Figure - 7. An obstacle robot
continuously comes towards intersection with variable speeds
and agent’s aim is to pass across the road to target area. After
the obstacle robot passes the intersection, another obstacle is
automatically created until the agent reaches to target.

In the training period, speed of obstacle robot is sampled
uniformly from (0.35, 0.45, 0.55, 0.65 m/s) values. The agent

is trained for 1000 episodes, and it takes 3 hours (and ap-
proximately 108000 steps). Adam approach is used [20] as
optimizer, and Ornstein - Uhlenbeck process [21] is used for
exploration noise. Noise is added to the action for only first
500 episodes and then it is removed. Learning rates of actor
network and critic network are selected as 0.0001 and 0.001
respectively.

After the training period, it is observed that the agent learns
two main behaviors. These are ‘wait and let obstacle robot
pass first’ and ‘move quickly to the target without waiting’,
depending on the agent’s and obstacle’s states. These two
behaviors are illustrated in Figure - 7. Very roughly, if the
obstacle is fast and near to intersection the agent chooses
waiting, and if the obstacle is slow and far from intersection,
the agent passes across the road without waiting.

Fig. 7: Learned behaviors: Agent (red robot) is waiting (W1
and W2) for obstacle robot to pass (first row). Agent is going
(G1 and G2) towards the target without waiting (second row).

In the first part of the tests, the agent is run for 1000
episodes with obstacle speeds same as in training time. The
agent succeeded to reach the goal in all 1000 episodes. In the
second part of the tests, obstacle robot speed is sampled from
continuous uniform distribution instead of discrete distribution
to observe how well it generalizes to the unseen states. When
obstacle robot speed is sampled from continuous uniform
distribution between ([0.35, 0.65) m/s), agent succeeded 996
times to reach goal in 1000 episodes. Performance index is
defined as numberOfSuccessfulEpisode

numberOfTotalEpisodes , and performance of
agent is 99.6% on previously unseen states.

V. CONCLUSION

In this paper, a motion planing algorithm for an inter-
section navigation problem is presented, considering dynamic
constraints of the robot using deep-RL. Deep-RL is becoming
increasingly popular especially in recent years. In this work,
a deep-RL network is trained from scratch to be used as both
motion planner and low level controller. This solution provides
directly the wheel torque values which means it removes the
need for an external low level velocity controllers. Simulation
results show that the agent is robust to unseen states and
generalizes the problem efficiently.
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Abstract— This paper proposes a new analytical model of 
double star induction motor under bearing faults. Using 
combination of modified winding function and Fourier series 
approaches, inductances and mutual inductances of the motor 
are calculated analytically. In this work, one type of bearing 
faults has been analyzed: outer raceway. It has been shown 
that, the stator current spectrum contains other significant 
harmonic components than the well known characteristic 
frequencies of bearing faults. These harmonics can be located 
around the rotor slot harmonics (RSH).  

Keywords— Bearing faults, modeling, induction machine, 
modified winding function, Fourier series  

I. INTRODUCTION 

Multiphase motors, especially double star induction 
motors (DSIMs) are well known as a good alternative to 
classical three-phase ones in a various areas where high 
system reliability and decrease in the power per phase are 
necessary [1]. The latest research works show that these 
machines have found applications in railway traction, electric 
vehicles, more-electric aircraft, and wind power generation 
systems . 

Similar to the three-phase induction motor, (DSIM) may 
be exposed to various defects like bearing defects [2], 
eccentricity problems [3] and loss of phase [4]. Sometimes, 
especially at high power ratings, it is very difficult to replace 
the faulty motor and the repair takes high cost and long time. 
Hence, the condition monitoring for detecting faults as early 
as possible becomes necessary to reduce losses and wasting 
products.  

For bearing fault detection, there are various approaches 
that can be used. Vibration-based condition monitoring is the 
most popular approach and has been used extensively. Each 
damaged part on bearing leads to vibration at specific 
frequencies which are functions of the bearing geometry and 
the mechanical rotor frequency [5]. Another common way to 
determine single-point defects of bearings is by current 
signature analysis (MCSA). Characteristic mechanical 
vibration frequencies can be seen in the stator current 
spectrum of the motor [6]. As the stator current signals are 
measured more easily and reliably, the challenge is to have 
an adequate model of the machine which behaves as the real 
machine, and is able to generate the desired signals as we see 
in real motor under healthy or faulty states. 

In this paper we propose a new analytical model of DSIM 
under bearing faults. Fast Fourier transform is used to 
analyze the harmonic content of the stator current for both 
healthy and faulty state of the bearings. The paper 
organization is as follows:  bearing types and characteristic 
frequencies fault are introduced in the section II.  In the 
sections III and IV a comprehensive and precise method for 
the calculation of inductances is presented. This calculation 
is done for outer raceway defect.  

In the section V, simulation results are presented to 
validate the developed model. Finally, the conclusions are 
drawn in section VI. 

II. BEARING TYPES AND CARACTERESTIC FREQUENCIES
FAULT 

Generally, the rolling element bearing contains two 
concentric rings, which are called the inner and outer 
raceway, as shown in Fig 1. Furthermore, the bearing 
contains a set of rolling elements that run in the tracts of 
these raceways. Local defects on the outer, inner raceways 
and ball cause vibrations whose frequencies f0 , fi		and			fb	, 
are calculated as follows [5]:  

Outer raceway: fc=f0= nn
2

fr 1- Db
Dc

cos	 (1)

Inner raceway: fc=fi=
nn
2

fr 1+ Db
Dc

cos	 (2)

Ball: fc=fb= Dc
Db

fr 1- Db
2

Dc
2 cos2 (3) 

Characteristic mechanical vibration frequencies 
described by (1) to (3) can be seen in the stator current 
spectrum of the motor [6]. This leads to the following 
frequencies in stator current:   

  fbf=fs±k fc	 (4)

I. MATHEMATICAL MODEL OF DSIM
The stator of the motor considered in this study has six 

phases divided into two sets of symmetrical three-phase 
winding (with phase shift between phases of 120º) separated 
by an angle	  Fig 2. The rotor is a squirrel cage 
type; the loops are shown in Fig 3.  

 

Fig 1. Geometry of a rolling-element bearing. 

Outer Raceway

Inner Raceway

Cage Ball 

 

Dc  β  
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Fig. 2.  Windings of DSIM 

 

Multiple coupled circuit modeling  for the DSIMs includes 
six differential voltage equations for the stator windings, 
Nb+1 differential voltage equations for the rotor meshes, 
and two mechanical differential equations. Thus, the model 
can be represented in the matrix form by : 
 
 Vs1 = Rs1 × Is1 + d

dt s1  (5) 
 
  (6)  
 
 Vr = Rr × Ir + d

dt r  (7)  
 
Where: 
 Vs1 = Vsa1 Vsb1 Vsc1

T (8) 
 
 Vs2 = Vsa2 Vsb2 Vsc2

T  (9) 
 
  Is1 = Isa1 Isb1 Isc1

T  (10) 
 
  Is2 = Isa2 Isb2 Isc2

T  (11) 
 
  s1 = sa1 sb1 sc1

T  (12) 
 
  s2 = sa2 sb2 sc2

T  (13) 
 
  Vr = Vr1 Vr2 ….Vrnb Vre

T (14) 
 
  Ir = Ir1 Ir2 ….Irnb Ire

T (15) 
 
  r = r1 r2 …. rnb re T (16) 
 
  Rs1 = iag rsa1 rsb1 rsc1  (17) 
 
  Rs2 = iag rsa2 rsb2 rsc2  (18) 
 

 
The matrix is n+1 by n+l symmetrie where, Re the 

end ring segment resistance, and the Rb la the rotor bar 
resistance. 

 
 

Fig. 3. Rotor loops 
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  (19) 
 
where: Vs1  and Vs2  are the voltages vectors for the first 
and the second stator winding respectively,  , 	  
are the currents vectors for the first and the second stator 
winding respectively. 

 is the rotor loops currents vector, Rs1  and Rs2  are the 
stator windings resistances matrix, Rr  is the rotor 
resistances matrix, matrix, 	 is the rotor inductances 
matrix, and s1  ,  and r  are the total flux linkage 
by stator and rotor windings. 

Assuming linear magnetic system, the flux-linkages 
vectors are calculated using the current vectors and the 
inductance matrices as follows: 

 

 
s1

s2

r

=
Lss1 Ls12 Lsr1
Ls21 Lss2 Lsr2
Lrs1 Lrs1 Lrr

×
Is1
Is2
Ir

     (20) 

  
where Lss1,2 ,	  Ls12 	 and Lrr  include self/mutual 

inductances of the stator windings and the rotor meshes: 
 

 Lss1,2 =

Lma1,2+Lfa1,2 Lmb1,2.cos 2
3

Lmc1,2.cos 4
3

Lmc1,2.cos 4
3

Lmb1,2+Lfb1,2 Lma1,2.cos 2
3

Lma1,2.cos 2
3

Lmc1,2.cos 4
3

Lmc1,2+Lfc1,2

  (21) 
 

Ls12 =

Lms.cos Lms.cos + 2
3

Lms.cos + 4
3

Lms.cos + 4
3

Lms.cos Lms.cos + 2
3

Lms.cos + 2
3

Lms.cos + 4
3

Lms.cos

 

  (22) 
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 (23) 
 
Also, Lsr1;2  and Lsr1;2

T
 include mutual inductances 

between the stator phases and the rotor meshes as follows: 
 

  Lsr1;2 =
La1;2 r1 La1;2r2 … La1;2rnb La1;2e

Lb1;2r1 Lb1;2r2 … Lb1;2rnb Lb1;2e

Lc1;2r1 Lc1;2r2 … Lc1;2rnb Lc1;2e

  (24) 

   
  Ls21 = Ls12

T;	 Lsr1;2 = Lrs1;2
T
  (25) 

 
The equations describing the mechanical part of the system: 
  d r

dt
+Te=Tc  (26) 

and 
  	   (27) 

 
Where: Te	  is the electromagnetic torque produced by 

the motor.  is rotor inertia, r is rotor angular speed, Tc is 
the load torque. 	Can be computed as: 
 
  Te=

δWco
δ Is,Irconst

  (28) 

 
  Wco= 1

2
Is1

T. s1 + Is2
T. s2 + Ir

T. r   (29) 
 

II. MODIFIED WINDING FUNCTION AND INDUCTANCES 
CALUCULATION 

According to [7] inductance between any two windings 
“s” and “r” can be computed by the following equation: 

 
  Lsr =μ0rl nrk r , Msq s , g s , -1d2

0 s  (30) 
 

where:  	, 	is the winding distribution of Kth rotor 
loop 	,  is the modified winding function (MWF) of 
phase “q” ,  	, 	is the inverse gap. 

According to [8] the turn function of the stator phase “q” 
of an DSIM can be defined by:  
 

 nsqi s =C+ 2Nt
p

kwh
hh=1 .cos hp s- 0-q 2

3p
-i   (31) 

 

with :   i=
0  for the first stator winding 

1 for the second stator winding 

 
On the other hand, the air-gap permeance function under 
bearing defects is defined by [6]: 
 
  g-1= 1

g0
1+δ c cos s± ct=0   (32) 

Where: 	the Fourier series coefficients,   c =fc. δ is the 

relative degree of static eccentricity introduced by the fault. 
c=2 fc  , fc	 is the characteristic bearing fault frequency 

given by (1).  The modified winding function (MWF) of 
phase “q” can be expressed by : 
 
  Msqi s =nsqi s - 1

2 g s 
nsqi s .g , s

-12
0 d s	  (33) 

 
The turn function of the kth rotor loop is also defined 

following the same way as in [8] by: 
 

  nrk r = 1
nb

+ 2 1
mm=1  sin m

nb
× cos m r-k

2
nb

  (34) 

 
And, the MWF of the rotor can be expressed as: 
 

, 	 	    
 

       - a1  sin a
2

cos +Ka   (35) 
 
Substituting (31), (32), (33), (34) and (35) in (30) leads 

to the following expressions:   
 

• The self magnetizing inductance of any stator 
phase: 

  Lmsqi s = μ0rl
g0

2Nt
p

2 kwh
h

2
h=1   

    

  -2 cos 2 c +cos 2 0+q 2
3p

-i   (36) 

With : 
  s=

μ0rl
g0

Cδ2Ntkw1 (37) 

 
• The mutual inductance between any two stator 

phases: 
 Ms=Lmsqi s cos h2

3
 (38) 

 
• The self magnetizing inductance of any rotor loop: 

 
Lmrk r = μ0rl

g0

4
m2m=1  sin2 m a

2
+  

  +δ sin a
2

c=0  cos +ka± c  

 + δ sin a
2

2
c=0 1+cos 2 + c+ka   (39) 

 
• The mutual inductance between any two rotor 

loops: 
 

  	   

   +δ sin a
2

 c=1  cos +ka± c   

  + 
δ sin a

2
2

2
c=0 c=0    

× cos k-j a +cos 2 ± c + k+j a  

 + cos 2 c± k-j a +cos 2 + k+j a  (40) 
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• The mutual inductance between a stator windings 
and a rotor loops: 

  Lsri =M Kwh
ph2h=1 . sin hp a

2
 ×cos hp +hpKa- -i   

  + δ
2

c=0
Kwh

h hp+1h=1 . sin hp+1 a
2

    

× cos hp+1 + hp+1 Ka± c- -i  

  + δ
2

c=0
Kwh

h hp-1h=1 . sin hp-1 a
2

    

  cos hp-1 + hp-1 Ka± c- -i 			 (41)	
 

with: 

  
M= μ0rl

g0

4Nt
 p

                        

=hp 0+ q-1 2
3p
										

    (42)                                           

 
Equations (36), (38), (39), (40) and (41) show clearly 

that, as a consequence of outer raceway fault, the motor 
inductances are all functions of the rotor position. 

III. SIMULATIONS AND DISSCUSSION 
The MWF model presented in section III has been 

implemented in the Matlab environment. The double star 
squirrel cage induction motor used in this paper is 3-kW, 
220/380 V, 1.95/3.4 A, 2780 rpm, 50 Hz, 4 poles, Y-
connected. It has two 6204.2ZR type bearings with the 
following parameters: outside diameter is 47 mm, inside 
diameter is 20 mm, and pitch diameter D is 31.85 mm. A 
bearing has 8 balls with an approximate diameter of 12 mm 
and a contact angle α of 0°. At s=0.023: According to (1), 
outer ring defect related vibration frequency is  Hz.  

The spectrum of the stator current for machine working 
with healthy bearings and machine working with static 
eccentricity (SE) are shown respectively in Figs. 4 and 5. As 
it can be seen, when SE takes place in the machine, 
additional harmonics appear in the stator current,  PSH1 at 
780 HZ and PSH2 at 880 HZ (the first two rotor slot 
harmonics) [9]. 

Fig 6. Bottom shows the spectrum of the stator current 
for machine working with outer raceway defect at [0  200 
Hz]. Table I gives the frequencies of the harmonic 
components generated by the fault. It can be observed easily 
a good accordance between the numerical values of 
frequencies presented in this figure and theoretical formula 
(4), which shows the validity of the theoretical prediction 
using this model. 

To get more information about impact of fault, one 
perform the normalized FFT of the stator current at the range 
[750 1000 Hz]. The results are shown in Fig 6.top. The main 
important difference of this spectrum in comparison to the 
one of the healthy machine is the appearance of additional 
frequencies PSH1 and PSH2. The presence of these 
components validates the fact that outer raceway fault 
introduces SE which leads to periodic variation of air gap 
permeance [6]. More important, on each side of PSH2 one 
can notice the presence of outer raceway fault related 
frequency components. This fact has been mentioned in [6] 
but no simulation results have been given there.  

 

 
 

Fig 4. Simulated, normalized FFT spectrum of stator line current of an 
DSIM with healthy bearings 

 
 

 
 

Fig. 5. Simulated, normalized FFT spectrum of stator line current of an 
DSIM with static eccentricity 

 
 

 
 

 
 

Fig 6. Simulated, normalized FFT spectrum of stator line current of an 
DSIM with outer raceway fault. Top) from 750 to 1000Hz.  Bottom) from 0 

to 200Hz. 
 
 

The simulation results thus validate the fact the fault-
related frequencies will appear not only around the 
fundamental frequency, but also around the rotor slot 
harmonics. 

 

TABLE I.  STATOR CURRENT FREQUENCY COMPONENTS DUE TO 
OUTER RACEWAY DEFECT AT [0 200 HZ] 

 
Frequency [Hz] Predicted  Theoretically  

 
By Simulation  

fs+ fc 116.70 116.7 

fs- fc 16.70 16.67 

fs+2 fc 183.40 183.34 

fs-2 fc 83.40 83.34 
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TABLE II.  STATOR CURRENT FREQUENCY COMPONENTS DUE TO 
OUTER RACEWAY DEFECT AT [750 1000 HZ] 

Frequency [Hz]  
 

Predicted  Theoretically  
 

By Simulation  

PSH1 880.1 880 

PSH1+ fc 946.8 946.7 

PSH1- fc 813.4 813.3 

 
 

VI. CONCLUSION 
In this paper, the effects of outer bearing fault on the 

harmonic content of the stator current of double star 
induction machine have been investigated. Detailed machine 
inductances calculation process has been included using a 
combination of modified winding function and Fourier series 
approach. It has been shown that, the stator current spectrum 
contains other significant harmonic components than the well 
known characteristic frequencies of outer bearing faults. 
These harmonics can be located around the rotor slot 
harmonics (RSH). Comprehensive experimental study 
verifying the theoretical findings put forward in this paper 
will be given in future works. 
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Abstract—The objective of this paper is to investigate the 
contribution and effectiveness of the localization of the Rotor 
Slot Harmonic (RSH) frequency to detect eccentricity faults in 
three phase induction machine. The RHS frequency once 
obtained is used as a key parameter into a simple developed 
expression to directly compute the eccentricity fault frequencies 
in the induction machine. Experimental tests performed for 
both a healthy motor and a faulty motor with different 
eccentricity fault severities illustrate the effectiveness and 
merits of the proposed approach. 

Keywords— Squirrel cage motor, diagnosis, eccentricity faults, 
current spectral analysis, rotor slot harmonic. 

I. INTRODUCTION 

The electrical machine is a key element in any industrial 
activity. Currently, most electrical machines used in 
industrial systems are squirrel cage induction ones. Thanks to 
the many benefits such as robustness and low cost, this 
machine has become very popular and its use is expanding 
rapidly. Nevertheless, it is possible that mechanical or 
electrical faults can appear in both the stator and the rotor, 
causing a malfunction of the machine leading to a total shut 
down of the industrial process where it is used. So the 
diagnosis and monitoring of this machine become a major 
issue. 

 The real-time monitoring of electrical machines is 
recommended to detect faults and overloads in electrical 
machinery and drives. Measured signals containing 
significant information about motor faults are usually 
voltage, current, speed, and vibration [1 4]. The development 
of modern diagnostic techniques is increasing due to 
advances in microelectronics and signal processing [5].  

The technique used in this study for the online detection 
and localization of faults in squirrel cage induction machine 
is based on the spectral analysis of the stator current [6 8]. 
This technique is based on the detection of fault frequency 
components generated in the stator current spectrum known 
as Characteristic Harmonic Faults (CHF). Other space 
harmonic frequencies generated by the geometry of the 
machine appear in the stator current spectrum and are known 

as the rotor slot harmonics (RSH). It is in fact the maximum 
amplitude of this RSH frequency which is going to be 
employed as a key parameter within a simple mathematical 
expression that is used to easily calculate the CHF 
frequencies: these are the eccentricity fault frequency 
components in our case. A set of experimental tests are being 
carried out on the induction machine to validate the 
usefulness of the proposed EFD algorithm. 

II. ECCENTRICITY FAULTS

Sometimes, electrical machines may be subjected to a 
shift of the rotor, resulting in torque oscillations and 
vibrations. The difference between the centers of both the 
stator and the rotor as shown in Fig.1 is called eccentricity 
leading to a non-uniformity of the air gap. The origin may be 
related to incorrect positioning of bearings during assembly, 
to faulty bearings caused by wearing, to a load fault, or to a 
manufacturing fault during machining. There are two types of 
eccentricity: 

• The static eccentricity of the rotor wherein the center is
displaced from the center of the stator but always turns about
its axis of rotation. In this case the position of the minimum
thickness of the gap is fixed in space.

• The dynamic eccentricity of the rotor wherein the center is
positioned at the center of the bore but no longer rotates about
its axis of rotation. In this case, the position of minimum gap
thickness rotates with the rotor.

In fact, both the static and dynamic eccentricities in a real 
machine tend to coexist. An inherent level of static 
eccentricity exists in all machines, even in new ones. This is 
due to the method of fabrication and assembly. Its presence 
causes the bending of the rotor shaft, the bearing wear ... etc., 
which result in the appearance of the dynamic eccentricity. 
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The simultaneous presence of both types of eccentricity is 
called mixed eccentricity [9 11], Fig.1. 

 

 

 

               Static eccentricity              Dynamic eccentricity                Mixed eccentricity  

Fig.1 Schematic representation of static, dynamic and mixed 

eccentricities 

III. STATOR CURRENT SPECTRAL CONTENTS FOR BOTH A 
HEALTHY AND A FAULTY MOTOR 

 
A.  Case with no faults  
  
In the case of a healthy cage induction motor, the spectrum of 
a real stator current contains several characteristic harmonic 
frequencies besides the fundamental harmonic frequency. The 
RSH frequency is one of those characteristic frequencies 
which can be utilized for the detection of electrical machine 
eccentricity faults. These frequencies are given by the 
following expression [14 16 ] : 
 

( ) »
¼

º
«
¬

ª
±−= νs

p
nk

ff b
sh 1

                                 (1) 

With f the supply frequency, s the slip, p the number of pole 
pairs, v the time harmonic order, these are harmonics 
generated by the power supply voltage, nb the number of 
rotor bars and k a positive integer. It should also be noted that 
the characteristic harmonic frequencies created by taking into 
account the effect of space harmonics are the same as those 
related to the rotor slot effect [SHA 78].  
                        
In reference to Eq.(1), by employing the relationship fr = f.(1-
s)/p and by using the machine parameters as given in 
appendix A, the rotational frequency can then be expressed in 
terms of the RSH frequency as follows: 

b

sh
r n

ff
f

+=                                                       (2)
                        

To obtain the RSH frequency, a search is to be carried out 
within a selected interval related to the normal operating zone 
of the machine. This specified interval is usually bounded by 
two frequencies, the higher frequency corresponding to a no-
load operation (slip nearly zero) and the lower frequency 
corresponding to an overload operation (slip of the order of 
7%). It is important to note that in this interval, the maximum 
amplitude of the RSH frequency is the most important and 
that which is to be sought. Therefore, once the interval is 
known, a scanning is done in order to find out the frequency 

of the maximum amplitude RSH frequency corresponding to 
fsh. 
 
In reference to the induction machine parameters listed in 
appendix A, the practical operating interval for maximum 
amplitude RSH frequency search is calculated to be [600, 
650] Hz. 
 
B. Case with eccentricity faults 
 
The presence of eccentricity faults in the machine will result 
in the appearance of the CHF frequencies fecc in the stator 
current spectrum given by the expression below: 
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With nd the eccentricity order: nd = 0 for static eccentricity 
and nd = 1, 2, 3,.. for dynamic eccentricity.  
The presence of both the static and dynamic eccentricities 
known as the mixed eccentricity is going to produce side band 
harmonic frequencies fecc around the fundamental component 
given by the following relationship: 
 

recc kfff ±=
                                             (4) 

                                 
 

with k an integer number 0, 1….. 

 

Using both Eq.(2) and Eq.(4) we can deduce the CHF 
frequencies equation given as follows: 
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It should be noticed that for a given machine, the only 
unknown in this mathematical expression equ.5 is the RSH 
frequency. Therefore, for any CHF frequency calculation, the 
RSH frequency is first requested. 

 
 

 

 

Rotation centerStator center 
Rotor center
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IV. THE PROPOSED ALGORITHM DESCRIPTION 
       
The flowchart of the proposed algorithm based on Eq.(5) can 
be illustrated as shown in Fig.2 and is briefly explained by the 
procedure steps below: 
 

 
 

Fig. 2 The flowchart of the proposed EFD algorithm 
 

1. Acquisition of stator current of a given phase 
2. Stator current spectral calculation using FFT 
3. Localization of maximum amplitude of the RSH 

frequency (fsh) by scanning the selected interval [(nb/p-
2).f, (nb/p-1).f]  

4. Calculation of the CHF frequencies (fecc) using Equ.(5). 
These are considered as predicted frequencies and will be 
compared with those obtained from the scanning of the 
stator current spectrum. 

5. Scanning of the stator current spectrum with the purpose 
of knowing if the computed CHF frequencies (fecc) do 
exist, so as to conclude on the presence or no of fault 
linked to these harmonics.  

6. Assessment of the degree of fault severity 
The severity is evaluated by the comparison of the amplitude 
of the (fecc) with those contained in the data base. The data 
base containsthe interval of variation of the different CHF 
frequencies amplitudes corresponding to the different degrees 
of fault severity. 
 
 

V. EXPERIMENTAL RESULTS 
 
The different experimental tests conducted to study 
eccentricity faults diagnosis are performed on the test-rig of 
the Diagnostic Group at the Electrical Drives Development 
Laboratory LDEE/USTO. The squirrel cage induction motor 
used is a three a three phase motor type ENEL, 50 Hz, 4 

poles, 3 kW whose parameters are given in Appendix A.The 
motor is coupled to a DC generator used as a load. The 
measuring set is composed of two Hall effect current sensors 
and an acquisition card. The whole system as shown in the 
photo of Fig.3 is connected to a PC for viewing, processing 
and analyzing the acquired stator current signals 

    

.  
 

Fig.3 Photo of the used test-rig  
 

The eccentric mechanism is mounted on the motor allowing 
the shifting of the center of the rotor downwardly through the 
center of the stator. The rotor shift can be done on both sides 
of the motor; that is the Coupling Side (CS) and the Opposite 
Coupling Side (OCS). This shift is eccentric and uniform all 
along the rotor. The choice of the setting for biasing the rotor 
relative to the stator is downwardly due to the weight of the 
rotor under the effect of gravity. The centering is achieved 
with a setting where the maximum value is less than the air 
gap in order to avoid the contact that is to say, the friction of 
the rotor to the stator.  
The new mechanical eccentricity system is realized on both 
side of the motor and is designed by replacing the original 
flanges of the motor, with  two mechanical parts P1 and P2 
as illustrated in Fig.4 
 

       Part P1      Part P2 

Fig.4 The two parts of the eccentricity mechanism 
 
The first mechanical part P1 fits directly on the motor, at the 
same location as the original flange. This part is made of a 
circular radial flange on which exist mounting holes. The 
second part P2 viewed from inside presents a chamber called 
worn bearing bore; The inner diameter is equal to the bearing 
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outer diameter, adjusted to the side zero '0'; no clearance 
should exist between the inner diameter of the chamber and 
the bearing. First, we make the mounting of part P1 on part 
P2 and we set the value of the scale to zero eccentricity '0'. 
The tightening of the three screws is immediately applied in 
order to immobilize part P2 with part P1, see Fig.5. 

 

  
Fig.5 Mounting part P1 on part P2 

 
All acquisitions were performed in the nominal steady 
state condition. We have an estimated torque of about 
20 N.m over a period of 5 seconds with a sampling 
frequency of 3 kHz which corresponds to a frequency 
resolution equal to 0.2 Hz.  
The various modes of operation being carried out in this 
study to validate the EFD algorithm of the diagnostic  
procedure are: 

9 A healthy motor operation  
9 A faulty motor operation with two and four 

degrees of eccentricity fault 
 

A. Application of the algorithm for the case of a healthy 
motor  

 
First, the algorithm for a healthy motor case is applied to 
scan and localize the maximum amplitude of the RSH 
frequency fsh supposed to lay within the operating range 
[600, 650] Hz. The frequency fsh is then used to calculate the 
CHF frequencies. Figs 6-a and 6-b represent respectively the 
spectrum of the stator current in the vicinity of the search 
range of the frequency fsh and around the fundamental. 
Fig.6-a, gives the frequency value fsh = 619 Hz. Using this 
frequency in Equ.(5), we find the values of the predicted 
CHF frequencies as fecc1 = 26.10 Hz and fecc2 = 73.89 Hz. 
After scanning the stator current spectrum, we find that two 
frequencies on either side of the fundamental harmonic 
appear at the same frequencies as those of the eccentricity 
fault harmonics that is 26 Hz and 74 Hz, their amplitudes 
expressed in percentage are 0.43% and 0.35%. This is 
explained by the fact that an inherent eccentricity exists even 
in a new healthy machine 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.6 Stator current spectrum for the case of a healthy motor operation 
 a) Spectrum around the RSH frequency b) Spectrum around the 

fundamental 
 

B. Application of the algorithm for the case of a faulty motor  
 
Now, we apply the algorithm for the case of a motor with 
two degrees eccentricity fault. Each of Figs.7a and 7b 
illustrate respectively a portion of the stator current spectrum 
around the RSH frequency fsh and the fundamental 
harmonic. The execution of the algorithm on the current 
spectrum, yields the RSH frequency value fsh = 613.6 Hz as 
seen in Fig7a. Using this value and Eq.(5) we determine the 
predicted CHF frequency values as fecc1 = 26.3 Hz and fecc2 
= 73.7 Hz. Scanning the stator current spectrum around the 
fundamental harmonic see Fig.7b, shows that the predicted 
frequencies harmonics do exist as fecc1 = 26.4 Hz and fecc2 
= 73.6 Hz. Note that these frequencies have now higher 
amplitude values given as 1.55% and 1.024% compared to 
those obtained in the previous case of the healthy motor 
operation. 
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Fig.7 Stator current spectrum for the case of a two degrees eccentricity 

motor operation  
a) Spectrum around the RSH frequency. b) Spectrum around the 

fundamental 
 

Following the same steps as those in the previous case, the 
execution of the algorithm is now applied for the case of a 
four degrees eccentricity fault motor operation. As shown in 
fig.8a and fig.8b the following results are now obtained: fsh 
= 606.4 Hz, fecc1 = 26.55 Hz and fecc2 = 73.44 Hz. We 
notice that the predicted CHF frequencies values of 
eccentricity are close to the real values: fecc1 = 26.6 Hz, 
fecc2 = 73.47 Hz but their amplitude values 7.718% and 
4.984% are even higher than those obtained in the previous 
two degrees severity case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.8 Stator current spectrum for the case of a four degrees eccentricity 

motor operation 
a) Spectrum around the RSH frequency. b) Spectrum around the 

fundamental 

 

The following table summarizes the above obtained 
results for the various cases dealt with in this paper.  

TABLE I.  REAL AND PREDICTED FREQUENCIES 

 
 
Motor 
operation 

 
fsh 
(Hz) 

 
fr 
(Hz) 

Predicted fecc Real fecc 

fecc1 fecc2 fecc1 fecc2 

Without 
fault  

619.00 23.89 26.10 73.89 26.00 74.00 

Two 
degrees 
fault  

613.60 23.70 26.30 73.70 26.40  73.60 

Four 
degrees 
fault  

606.40 23.44   26.55  73.44 26.60  73.40 
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The following figure 9 shows the impact of fault severity on 
the amplitudes of the CHF frequencies of eccentricity. 

 

 

 

 

 

 

 

 

 

 

 
Fig.9 Severity factor of the eccentricity 

 

VI. CONCLUSION 
 

In this paper, a proposed Eccentricity Fault Detection 
algorithm applied to a squirrel cage induction motor for 
stator current spectrum is discussed. This algorithm has as a 
main task the eccentricity fault identification with fault 
severity assessment. The task is achieved by an early 
knowledge of the Rotor Slot Harmonic SRH frequency fsh 
necessary for CHF frequencies computation. Experimental 
tests performed on different severity of the eccentricity fault 
show the effectiveness and merits of the proposed algorithm.   
 

APPENDIX A 

 
Rated Power               3 KW 
Supply frequency      50 Hz 
Rated voltage      380 V 
Rated current               7A 
Rotor speed           1440 rev/min 
Number of rotor bars    28 
Number of stator slots  36 
Power factor                0.83 
Number of pair of poles  2 
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Abstract- This paper describes a new diagnosis approach to 
discriminate between the supply voltage unbalance and the stator 
inter-turn fault in induction motor. This approach is based on a 
simple monitoring of the combined information related to both 
magnitude and phase-angle obtained from the fundamental by 
the three line currents frequency analysis. In addition, to simplify 
the interpretation of the data; a new graphical tool based on a 
triangular representation is suggested. This representation, 
depending on its size and orientation, enables to visualize in a 
simple manner, the existence of the stator inter-turn fault and its 
discrimination with respect to a supply voltage unbalance. The 
experimental results obtained show the efficiency and the 
reliability of this new approach. 

Keywords- Induction motor; inter-turn fault; supply voltage 
unbalance; Spectral; Magnitude; Phase-angle. 

I. INTRODUCTION

Induction motors are the most used type of rotating 
machines in many industrial applications, such as 
manufacturing plants, power generation and the petrochemical 
industries. Theses motors give the many benefits such as: 
robustness, reliability, simplicity and low cost of fabrication. 
However, during their operation, they are subjected to stresses 
causing the failure of the mechanical and/or electrical parts of 
this system. These failures result in deterioration of their 
performance, an increase in their downtime and therefore in 
enormous financial losses [1-2]. To diagnose these failures, the 
Motor Current Signature Analysis (MCSA) is the most 
promising diagnosis technique nowadays, because it can detect 
most motor faults. In addition, the current sensors 
implementation is simple. This is an important advantage over 
other diagnostic techniques that generally require the insertion 
of sensors on or in the motor, as is the case for vibration 
analysis [3-5].  

However, and according to several statistical studies, many 
of these failures are of electrical origin, especially in the stator 
circuit. Indeed, it has been demonstrated that the Inter-turns 
short-circuits (ITSC) represent between 30% and 40% to the 
motor power [1-2]. For this, early detection of this fault type is 
of great importance, because a simple turn short-circuit can 

cause total degradation of the stator circuit by avalanche effect. 
This detection will allow a possible protection of the motor, or 
at least avoid an unexpected stopping of the industrial process, 
which will certainly save a lot of time and money. Several 
authors [4] [6-7] have shown that ITSC fault signature is 
manifested by an increase of the fundamental and the 
appearance of a third harmonic in the current spectrum. 
However, a small unbalance in the voltage supplies system 
which is unavoidable in practice; produces the same effects [8-
10]. .Therefore, it is practically impossible to distinguish 
between ITSC faults and a supply voltage unbalance (SVU). It 
should be noted that if voltage unbalance is about 1%, then 
current unbalance could be anywhere from 6% to 10% for a 
motor operating at full load [11], thereby causing excessive 
losses in the stator and the rotor and leading to an 
uncontrollable exponential rise of the motor temperature. 

In order to distinguish between the frequencies signatures 
of SVU and ITSC fault; several methods have been developed 
in recent years. The most prominent are those based on the 
wavelet method [6], the neural networks method [12] or the 
symmetrical components method and the negative sequence 
current method [10]. Another rather interesting method 
associates Extended Park's Vector Approach (EPVA) [13] 
combined with signal processing tools. However, all these 
methods have some drawbacks related either to the 
programming complexity, to the calculation time, or to the 
results interpretation. 

In this paper a new approach is proposed to distinguish 
between SVU and ITSC fault by applying the line currents 
spectral analysis. This analysis is based on monitoring the 
magnitude and the phase-angle of the fundamental resulting 
from the three currents spectra In addition, a graphical tool 
involving the magnitude and the phase-angle taken from the 
three line currents spectra is proposed in this paper. This 
graphical representation will help to show in a clear and simple 
way how to discriminate between SVU and ITSC fault. To 
highlight the benefits of this new approach, several 
experimental tests are performed in order to distinguish 
between SVU and ITSC fault. 
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II. SUPPLY VOLTAGE UNBALANCE  

In according to European standards adopted by ‘The 
International Electrotechnical Commission IEC‘, the factor of 
SVU (Voltage Unbalance Factor VUF) is defined as follows 
[8]. 

Vp
Vn100(%)VUF =              (1) 

Where Vn is the negative sequence voltage (acb) producing an 
undesirable torque and Vp the positive sequence voltage (abc) 
producing a desired positive torque.  

By cons, The National Electrical Manufacturers 
Association (NEMA) and the IEEE community use the 
following equation to define the voltage unbalance [11]: 

oltagev Average
oltagev veragea from deviation voltage Maximum100(%)

Unbalance
Voltage

=

               (2) 

According to the standards set by NEMA [11], a voltage 
unbalance of 1%, does not affect the performance of a motor 
operating at rated load. By cons, a voltage unbalance more than 
5% is not advisable, because it can cause irreparable damage to 
the motor. Noted that, this paper focuses on two types of the 
voltage amplitudes unbalance: the UnBalanced OverVoltage 
(UBOV) and UnBalanced UnderVoltage (UBUV), because it is 
most likely to happen in industry. [14-15].   

Finally, several research works [7-10] [14-15] have shown 
that the supply voltage unbalance is manifested in the line 
currents spectrum by both the presence of a third harmonic and 
by the variation of the fundamental magnitude. 

III. STATOR INTER-TURN SHORT-CIRCUIT FAULTS 

Several studies [4] [6-9] have demonstrated that stator 
faults are the most recurrent. Generally, these faults are due to 
the stator winding insulation degradation caused either by 
motor overload or transient voltages, or induced over-voltages 
by the use of inverters or simply by the natural ageing of the 
winding insulation. Thus, the ITSC of the same phase induces a 
stator current increase in this phase and currents increase in the 
rotor circuit, resulting in a temperature increase in this phase 
and consequently in a more important insulation degradation. 
Thus, the number of ITSC can rapidly progress, through the 
avalanche effect, towards more serious forms such as phase-
phase or phase-earth faults.  

To diagnose this type of fault by the line current analysis, 
several research works [6-9] have shown that its frequency 
signature is manifested by both a third harmonic appearance as 
well as an increase of the fundamental magnitude. 

IV. PRINCIPAL OF PROPOSED APPROACH 

The proposed approach in this paper is based on the 
spectral analysis of the three line currents. The essential basic 
mathematical tool for this analysis is the Fourier transform 
(FT). For this, a brief reminder of the properties of this 
transformation is necessary: 

• )f(X)t(x FT⎯→⎯             (1) 

Where X (f) is a complex function that can be rewritten as a 
module (magnitude) and an argument (Phase-angle) as follows: 

)()()( fxj
efXfX

ϕ=  

• 0ft2jFT
0 e)f(X)tt(x π−⎯⎯→⎯−            (2) 

• ( ) ( ) ( )[ ]ss
FT

s ffff
2
Atf2cosA −++⎯⎯→⎯ δδπ       (3) 

Where δ (f) is the Dirac function.  

However, to establish the fundamental bases of this 
approach, let us consider the following figure. 

 
Fig.1. Stator circuit of Y-connected induction motor  

Fig.1 shows the schematic of the stator circuit of Y-
connected induction motor. Where vab(t), vbc(t), vca(t) and iLa(t), 
iLb(t) and iLc(t) represent the voltages and line currents 
respectively. Za, Zb and Zc are the impedances of the three 
stator windings. Moreover, in the case of a perfectly balanced 
supply voltage, the three line voltages are defined as follows: 
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With VM the maximum value of the line voltage and fs the 
supply frequency. Further, at the neutral point (N): 

0)t(i)t(i)t(i LcLbLa =++            (5)
 

Using Kirchhoff's laws in reference to Fig.1, and by 
combining equations (1), (4) and (5), the three line currents in 
the spectral domain are written: 
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         (6)
 

This system of equations shows that the line currents to be 
analyzed depend on the applied voltages and the stator circuit 
impedances. In order to understand the merits of the proposed 
approach, the three following cases of studies are investigated. 
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A. First case: Supply Voltage Balanced (SVB) and three 
stator windings perfectly balanced 

    In this first study, it is assumed that: 
• The supply is perfectly balanced (BV). Under these 

conditions, based on (3) and considering only the positive 
sideband spectrum (+fs), one finds: 

 )f(Vab = )f(Vbc = 2
V)f(V Mca = . 

• The three stator windings are perfectly balanced. In 
addition, knowing that the stator resistance is very low 
compared to the reactance of the stator self-inductance 
due to the effect of the magnetizing inductance, It can be 
therefore assumed that: fL2jZZZ cba π===  

Under these conditions, the line current spectrum of phase 
‘a’, considering (2) and (6) at the frequency fs, is written as: 
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Following the same procedure for the other currents, the 
following equations system is obtained: 
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The equations system can be represented by the graphical 
representation as illustrated in Fig.2. Furthermore, by joining 
the magnitudes of currents spectra, a perfect equilateral triangle 
can be obtained, as long as both a balanced supply voltage and 
a healthy stator winding are satisfied. 

 
Fig 2. Magnitude and phase-angle of the three line currents spectra 
representation at f=fs 

B. Second case: SVU and three stator windings perfectly 
balanced 
Considering an unbalance UBUV type on the line voltage 

(vab(t)) for example. In this condition, (4) can be written as: 
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Where α is the unbalance rate (%) of the supply voltage. 
Under these conditions, ILa(f), considering (2) and (6) at the 
frequency fs, becomes: 
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This gives the following equation: 
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with : ( ))5.1(j866.0Argment −+−= αθ          (13)  

Thus, the equation system relative to the spectra of the three 
line currents can be written as:  

 

°
°
°
°
°

¯

°°
°
°
°

®



=

+−
=

+−
=

−

+

0j

s
M

Lc

j

s

2
M

Lb

j
2

M
La

e
Lf12

V3
fI

e
Lf12

33V
fI

e
fL12

33V
fI

π

π
αα

π
αα

θ

θ

.
)(

.)(

.)(

         (14) 

It is obvious that, if the supply is balanced (α = 0%), (9) is 
found again from (14). Equation (14) shows that only the line 
currents spectra ILa(f) and II.b(f) are affected by this unbalance, 
as this is explained by the fact that these two currents are 
deducted directly from the line voltage affected by this 
unbalance.  

 
Fig.3. Magnitude and phase-angle of the three line currents spectra 
representation at f=fs.  
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Moreover, it can be noted that the spectra of the two line 
currents present a phase shift with respect to the case of a 
balanced supply voltage (presence of α), as shown in Fig.3. It 
is evident from this representation that in the presence of an 
unbalance the blue and green triangles are not equilateral.  

C. Third case: SVB and ITSC fault on one of the three-phase 
winding 
Fig.4 shows the schematic of three-phase induction motor 

with stator winding turn fault in the a-phase. 

 
Fig 4. Three-phase winding with inter-turn fault in the phase ‘a’ 

 This figure shows that when short-circuiting a number of 
turns of the coil of phase 'a', the total number of turns decreases 
which then affects the resistance and the self-inductance of the 
stator winding. In this case, and in according to several works 
[12], [16-17], the resistance and the self-inductance of the 
faulty ‘a’ phase stator winding can be written as: 

  
°̄
°
®


−=

−=

a
2

acc

aacc

L%)1(L

R%)1(R

β
β

          (15) 

Where Racc and Lacc are the resistance and self-inductances. 
And β is the short-circuit rate of turns: 

( )
N

N
turns phase stator of number Total

  ITSC of Number% cc==β      (16) 

Then, the impedance of the short-circuit winding of phase 
'a' is written as: ccaaccacc fL2jRZ π+= . In this third study, it is 
assumed that: 

• Perfectly balanced supply: 

 )f(Vab = )f(Vbc = 2
V)f(V Mca =  (at f = fs) 

• ITSC fault on one of the three-phase winding, for 
example the winding of phase ‘a’. This implies that: 

RRRR cbacc ==≠  and LLLL cbacc ==≠  

• knowing that the stator resistance is still very low  
compared to the reactance of the stator self-inductance 
due to the effect of the magnetizing inductance, it can 
therefore be assumed that: accacc fL2jZ π= and 

fL2jZZ cb π==  

Under these conditions and since ( ) L.%1L 2
a β−= , then 

the equations system (6) becomes:    
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Where 
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                (18)  

And ( )2%1x β−= .  

Of course, if β = 0% then (9) is found. Finally, it is this 
difference between the equation (13) and those of (18), that the 
discrimination between a SVU and a stator ITSC fault is 
possible. 

V. EXPERIMENTAL RESULTS 

A. Tests-rig and acquisition parameters  
The induction motor used is a star connected three phase 

squirrel cage type coupled to a DC generator used as a load. 
The motor parameters are: 1.5 kW, 1440 rev / min, 4 poles. 
Each stator winding is composed of 216 turns and where the 
ITSC fault is realized on the ‘a’ phase. Moreover, the 
measurement system has three voltage sensors, three current 
sensors and a data acquisition card. The whole set is connected 
to a computer for viewing the processed sensed signal as 
shown in Fig. 5. All acquisitions are made at nominal steady 
with an acquisition time of 10 s and a sampling frequency of 3 
KHz.  

  
Fig. 5- Photo of the realized test-rig 

The voltage unbalance created for these tests is obtained by 
acting on the variable three phase power supply at the phase 
‘b’, affecting the line voltages vab(t) and vbc(t). Table I depicts 
the different types of unbalance investigating as well as their 
percentages. It is to be noted that the calculation of the voltage 
unbalance (α) is giving according to NEMA standard (see (2)). 

TABLE I.  CASES OF UNBALANCED VOLTAGES USED 

Unbalance 
categories 

SVB 
%1.0=α  

SVU: UBOV 
%6.1=α  

SVU: UBUV 
%5.1=α  

vab(t) (V) 380 389.4 371.8 

vbc(t) (V) 381 389.7 371.7 

vca(t) (V) 379.2 380.2 380.5 
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From this table, It is seen that only the voltages vab(t) and 
vbc(t) increase for a UBOV type of unbalance and decrease for 
a UBUV type of unbalance. Further, it is considered that the 
power supply is balanced (BV) for α = 0.1%. In practice, a 
perfect balance of voltage (0%) does not exist. 

B.  Line current analysis by the proposed approach 
By adopting the proposed algorithm of this new approach, 

the magnitude and the phase-angle of the fundamental (fs = 50 
Hz) obtained from the spectrum of the three line currents will 
be considered. The results obtained are plotted in polar 
coordinates in the form of a triangle to simplify the 
interpretation and analysis of the different operating modes. 

So that for this approach to be effective, it is necessary to 
determine the triangle known as the reference triangle, 
represented in red color in the following figures. This triangle 
represents the normal operation of our machine without faults. 
Thus, the analysis of the three line currents obtained from the 
tests with a healthy motor (without faults) fed by a balanced 
voltage, gives the results summarized in table II. It can be seen 
that the 03 currents are not quite the same. This slight 
difference may be due to the 03 stator windings which are not 
perfectly identical, and this is normal from a physical system. 

TABLE II. MAGNITUDE AND PHASE-ANGLE OF THE THREE LINE CURRENTS 

Phase Type Phase ‘a’ Phase ‘b’ Phase ‘c’ 
Magnitude (dB) 4.95 4.90 4.91 

Phase-angle (°) 0 -119.76 121.17 

1.  Motor fed by SVB and SVU with healthy stator windings  
Fig. 6 shows that the red triangle is nearly equilateral. This 

triangle represents the SVB case (α=0.1%, see Table I ). 
Moreover, in the case of a supply voltage unbalance, the 
triangles are no longer equilateral (blue triangle for UBUV type 
and green for UBOV). In addition, the study of the triangle 
vertices (vertex corresponding to the phase ‘b’ for example) 
shows that the UBUV type of unbalance is in lagging 

(clockwise) relative to the reference (red triangle), and the 
UBOV type is leading. For this, the spectral analysis of the first 
mode of operation is required.  

 

 
Fig.6. Magnitude and phase angle of the three line currents spectra 
representation at f=fs  

2.  Motor fed by SVB with ITSC faults  

Fig. 7 depicts some results obtained with this approach for 
the different cases of ITSC: 1%, 3% and 4%. This figure shows 
that the size of the triangle (see the zoom on the vertices) 
increases with the number of shorted turns compared to the 
reference triangle. This vertices variation of the triangle proves 
that the magnitude of the fundamental obtained from the 
frequency analysis of the 03 line currents increases depending 
on the number of shorted turns although the used load is the 
same for the different tests. However, the orientation of the 
triangle for this type of fault is almost the same as that of the 
reference triangle unlike that of the supply voltage unbalance 
(see Fig.6). As well with this approach, a simple analysis of the 
variation of the vertices of the triangle allows to follow the 
severity of the ITSC fault and to say which winding is affected 
by a short-circuit. 

 

Fig 7 : Magnitude and phase-angle of the three line currents spectra representation. at f=fs 
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3.  Motor fed by SVB and SVU with ITSC faults  

 Finally, for this last test, Fig. 8 shows that the orientation of 
the triangles representing the short-circuited coils (dotted line) 
is the same as that of the triangles representing the voltage 
unbalance (solid line), while keeping almost the same deviation 
from the reference triangle depending to the type of unbalance. 
It can be concluded from this triangular representation obtained 
by the proposed approach that it is possible to extract 
information about the state of both the supply voltage and the 
stator winding according to the orientation and the deviation of 
the triangle with respect to the reference one.   

 
Fig.8. Magnitude and phase-angle of the three line currents spectra 
representation at f=fs 

So it can be said that with this new approach, is a reliable 
indicator to discriminate between a voltage unbalance and a 
stator fault depending on the obtained triangle orientation. 

VI. CONCLUSION 

The experimental results prove the effectiveness of this new 
approach. In addition, the used procedure, especially the 
proposed graphical tool allows a better readability of the 
spectrum and rapidity in decision making about the distinction 
between the frequency signature of a supply voltage unbalance 
and that of a stator inter-turn short-circuit fault. The triangle 
obtained in the case of a stator inter-turn short-circuit fault 
follows the same orientation as that of the reference triangle. 
By cons, in the presence of a supply voltage unbalance, the 
triangle orientation exhibits a difference (positive or negative 
deviation) compared to the reference, depending on the type of 
unbalance. 
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Robust Fault Reconstruction with Integral 
Backstepping Control Design for IM Drives

H. Mekki1, 2, O. Benzineb3, L. Chrifi-Alaoui4, D. Boukhetala2, M. Tadjine2

    Abstract—This paper proposes a new robust fault 
reconstruction and estimation design for a class of 
induction motor (IM) drives. In this purpose, a 
nonlinear controller based new Integral backstepping 
strategy is adopted to deal with speed and flux tracking 
problems under un-certainties (parameter variations 
and external load disturbance). Later, will be combined 
with a modified sliding mode observer (SMO) based 
online faults reconstruction, employed for 
simultaneously state and actuator faults estimations. The 
closed-loop stability is guarantee, using the Lyapunov 
stability theory. Simulation results are given to illustrate 
the proposed approach performances. 

  Keywords—Integral Backstepping technique,  fault 
reconstruction, induction motor drives, sliding mode 
observer. 

I. INTRODUCTION

NDUCTION motor (IM) are nowadays widely 
used in   industrial applications, due to their 

high efficiency high speed and lifetime. These 
advan-tages and technological advances in power 
elec-tronics fields and signal processing have 
allowed the IM to work in the most difficult 
environments and have a low maintenance cost [1–
2]. Despite these advantage, since motor systems 
are easily influenced by un-certainties (parameter 
variations and external load disturbance), both 
conventional PI and PID cont-rollers have the 
difficulty in making the motor closely follow a 
reference speed trajectory [3]. Thus, as a response to 
high requirement for systems performance and 
survivability, nonlinear control techniques have 
received considerable atten-tion during the past few 
decades. 
   In the past decade, backstepping [1–2], [4–7] has 
become one of the most popular design methods for 
adaptive nonlinear control and synchronization 
because it can guarantee global stabilities, tracking 
and transient performance for the broad class of 
strict-feedback systems [4]. The advantage of such 
control method is by decomposing the complex high 

order system into several subsystems and 
introducing the virtual control signals into every 
subsystem to simplify the control design procedure. 
Meanwhile, by choosing a suitable Lyapunov 
function, the control inputs can be derived 
systematically [5]. 
   In the framework of tracking control, many works 
based backstepping strategy have been developed 
specially for: PMSM [6-7], induction motors [1–2], IM 
drives with iron losses [5] as well as for chaotic 
system. Starting from the above works, this paper 
combined this tracking control strategy with observer 
based faults reconstruction concept.  
   The concept of sliding mode observer (SMO) has 
been improved throughout the years [8-11] thanks to 
its robustness; several researches have exploited the 
SMO to solve strength issues of the robust faults 
reconstruction and estimation (FRE) scheme. For that, 
this application has been discussed extensively for 
both linear and Lipschitz nonlinear systems. Indeed, 
several design methods have been developed in a 
precise and effective way when actuator and sensor 
fault reconstruction are consider [9]. Recent 
developments on robust fault reconstruction based 
SMO can be found in the literature (see [3] and [9-12]) 
with several applications for: faults detection and 
reconstruction in motor systems [3], linear parameter 
varying systems [10], inverted pendulums [11] and 
current sensor reconstruction in PMSM drives [12]. 
In [9] the SMO idea has been explored for simul-
taneous actuator and sensor faults reconstruction in 
nonlinear systems.  
   Consider the above recent techniques dealing with 
actuator faults to enhance the robustness of nonlinear 
systems. This paper exploits the particular expre-
ssion of the rotating frame (d-q) nonlinear model of 
the induction motor and makes use of well known 
techniques based backstepping strategy to steer both 
speed and flux to their desired reference under load 
torque disturbances. This later is combined with 
simple and effective SMO based flux estimation as 
well as online faults detection and reconstruction 
approach.  
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II. INDUCTION MOTOR HEALTHY MODEL 
The IM healthy model in the synchronous rotating   
(d-q) reference frame is represented as follows [3]: 
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The components are expressed according to the IM 
parameters as follows:  
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Where sqsd ii , denotes the stator currents; sqsd uu , the 
stator voltages; pn is the pole pairs number; qd LL ,

 
are the stator and rotor inductances; rs RR , are the 
stator and rotor resistances; dϕ the rotor flux; Ω the 
speed; f the viscous friction coefficient; lT and J are 
respectively the load torque and inertia moment;  

sω  the electrical synchronous speed.
 

rrr RLT =
 ;sss RLT = ;1 2

sr LLM−=σ )(8 dsqps ian ϕω +Ω=   

III. INTEGRAL BACKSTEPPING CONTROL DESIGN 
As one of the most effective approaches to control 
the systems with parameter uncertainties, par-
ticularly for systems with unmatched uncertainties, 
the backstepping approach has received significant 
attention recently [5]. The backstepping technique 
is a systematic and recursive method for 
synthesizing non-linear control laws [2]. In fact, by 
select recursively some appropriate state variables 
function as a virtual control input for one order 
subsystem. The virtual control is designed to obtain 
the stability of this subsystem via a Lyapunov 
function [17]. After each step, it results a new 
virtual control obtained from the previous step. 
Backstepping procedure terminates when the real 
control input appears. A whole Lyapunov function is 
defined by summing all previous functions 
introduced at each step (see [6]). 
 

In this work, the main control objective is to force 
the speed Ω  and the flux dϕ  variables to follow 

their references refΩ→Ω and ref
dd ϕϕ → respectively 

under load torque disturbance. As presented in [1-2] 
and [5] two steps are suggested to design an integral 
backstepping strategy for IM drives. 

Step 1: Flux and Speed regulators  

Consider the speed Ωe and flux ϕe  tracking errors 

³ Ω−Ω+Ω−Ω=Ω )( refrefe ; ³ →+→= )( ref
dd

ref
dde ϕϕϕϕϕ  

The errors dynamic are: 
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For the second subsystem of (1), choose the candi-
date Lyapunov function as:
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By deriving (3) we obtain: 
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sdi  and sqi  are chosen as virtual control elements 
dealing to stabilize the flux and speed, their desired 
values ref

sdi  and ref
sqi are defined as:  
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where 01 >k  and 02 >k  being the control gains. 

Then the Lyapunov function derivative 1V�  will be: 

  
2

2
2

11 )( ϕekdTeekV l −−−= ΩΩ
�

                 (6)
 

For max1 lTdk >>  we obtain:  

             
2

2
2

11 ϕekekV −−≤ Ω
�                         (7) 

This implies that 0→Ωe and 0→ϕe ; i.e. *Ω→Ω  
and *ϕϕ → asymptotically with robustness respect 
to load torque disturbance. 

  Remark 1: In this paper, the IM load torque lT is 
considered to be unknown and its upper limit is 
assumed to be 0max >lTd , that is, maxll TdTd ≤ .  

Step 2: Direct and Quadrature currents regulator  

The second step consists to steer the currents sdi , sqi  
to their desired references ref

sdi and ref
sqi  respectively. 

Let )(³ −+−= ref
sdsd

ref
sdsdd iiiie ; ³ −+−= )( ref

sqsq
ref
sqsqq iiiie  
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be the currents tracking errors. Then, the errors 
dynamic are given by:  
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Assumption 1: Let sdu and sdu  be the actual 
control inputs: 
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where 03 >k  and 04 >k are design parameters. 
Then, the error variables ,de qe , ϕe and ωe are 
globally uniformly bounded. 
 

Proof 1: Under Assumption 1, consider the follo-
wing Lyapunov function: 
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The derivative of V with respect to time is: 
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From (7), (9) and (11) in order to control sdi  by sdu as 
well as sqi  by squ the derivative of the global 

Lyapunov function (V� ) will be:  
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This implies that the error variables de , qe , ϕe  
and ωe are globally uniformly bounded and maintain 
the system closed loop performance under load 
torque disturbance lT .  

IV. IM DRIVE FAULTY MODEL 
Induction motors are subjected to various faults, the 
most common one are rotor failures and, more 
specifically, broken rotor bars and end-ring faults 
[3]. Indeed, many studies [13-14] showed that bro-
ken rotor bars faults revealed harmonics at specific 
frequencies in the IM stator currents. In this area 
with references to [3], [13] and [16] bearing in mind 
the dynamics of the stator currents in the healthy 
oper-ative conditions, getting the IM dynamics after 
the occurrence of a fault will be easy.  
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As matter of fact, the IM model in faulty condition is 
given by (1) with an exogenous input [3], [13]:  
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In this study, the faults pulsations )(tw  are 
assumed to be unknown. In order to reconstruct the 
fault effects wdΓ , wqΓ a new SMO will be adopted. 

 

Fig. 1. Speed (upper plot), real and estimated flux (lower 
plot) trajectory tracking performance under torque profiles.  
 

V. FAULT RECONSTRUCTION DESIGN 
A.  SMO based fault reconstruction  
   The sliding mode observer (SMO) is a type of non-
linear observer introduced by Utkin [15] that is 
becoming very popular of late for faults detection 
and reconstruction [3], [9-12]. As the name of this 
observer suggests, this method adopts a sliding 
motion for the state estimation error of the system 
where finite-time convergence is attained. As long 
as the state estimation error is forced to slide onto 
and remain on a certain hyperplane, then the 
observer is said to be in a sliding mode [8]. 

   In this study, in order to reconstruct the faults 
wdΓ , wqΓ  and estimate the rotor flux (sensorless 

control strategy), a sliding mode observer (SMO) is 
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introduced see [3] and [9-12]. In this regard the 
currents sdi and sdi  as well as the speed Ω  are 
assumed to be measured. Starting from the 
induction motor faulty model (14) the novel SMO 
based faults reconstruction will be introduced as 
follows: 
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Where: dϕ̂  denote the estimated flux; sdî and sqî are 
the observed stator currents; 0>dϑ  and 0>qϑ are 

design parameters; sdsdd iitS −= ˆ)( , sqsqq iitS −= ˆ)(   
are the SMO surfaces.  

 

B.  Stability analysis: 

Let: )(tSdd =ε , )(tSqq =ε  and dd ϕϕεϕ −= ˆ  be the 
currents and flux observed errors. In this context, 
the errors dynamics take the form: 
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Consider the total Lyapunov function: 
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By deriving (18) with respect to time we get: 
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Proof 2: By considering dϑ , dϑ  a positives gains in 
the form

max21 )ˆ( waia dsqssdd Γ−+−+> ϕεωωεϑ :,  

max51)ˆ( waai qqsdssq Γ−Ω++−−> ϕεεωωϑ . We can 

remark that the sliding surface )(tSd and )(tSq can 
be reached in finite time and maintained thereafter 

0→dε� , 0→qε�  and 0→ϕε� i.e:   
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Then, it’s clearly shown that 0≤V� )/1( 4 rTa −= as 
well as the faults can be reconstructed. So, from (20) 
we can smoothly obtain the faults estimation 
expression:  

                           
)(ˆ
)(ˆ

tSsignw
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ddd
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This Section shows that dd ϕϕ →ˆ ,  )()(ˆ twtw dd Γ→Γ  
and )()(ˆ twtw qq Γ→Γ then the flux is estimated, the 
faults are compensated as well as the global closed 
loop stability is assured. 

   

Fig. 2. Simulation results, from upper to lower plots speed  
and flux ( dϕ and dϕ̂ ) performance under one rotor faults. 
 
 

   Remark 2: The )(tSsign function does not perform 
accurately in discrete-time systems, resulting un-
desired oscillations and serious chattering effect due 
to the abrupt change. A linear function with a 
proper gain )(tSsat provides better results in redu-
cing chattering [15].  
 

Rated Values Power 1.08   kW  
 Frequen

cy 
50   Hz 

 Voltage 220/380   V 
 pn   2  

Rated parameters sR   10   Ω
 rR  6.3   Ω 
 sL  0.4642   H 
 rL  0.4612   H 
 M 0.4212   H 
 J  0.02  2kg.m
 f  0.0005   IS

TABLE I 
RATED DATA OF THE SIMULATED INDUCTION MOTOR 
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 Fig. 3. Simulation results under one rotor fault: the real and 
reconstructed output of the fault )(twdΓ  and )(ˆ twdΓ   (upper 

plot). The real and reconstructed fault output )(twqΓ  and 

)(ˆ twqΓ (lower plot) 

 
VI. SIMULATION RESULTS 

Numerical simulations have been performed to prove 
the efficiency of the proposed control scheme. The IM is 
subjected to various tests where the speed and flux 
references are fixed respectively at rad/s100=Ωref   

and Wb1=ref
dϕ . In addition, a nominal load 

disturbance N.m5=lT is applied from scratch. Note 
that the IM parameters are listed in Tab.1. 
 
 The first test aims to evaluate the IM speed and flux 
tracking efficiency under deferent torque profiles test.  
The simulation starts with nominal load disturbance, and at 
time ect s3.0= , a %100+ of lT  is applied N.m)10( =lT . 
  

 
 

Fig. 4. From upper plot to lower plot speed and flux (real 
and estimated) trajectory tracking performance under two 
rotor fault. 

From simulations results, it is found that the 
backstepping controller ensures good speed and flux 
tracking performance under load torque disturbance 
but proves to be insufficient when actuators (one 
and/or two rotor) faults appear.  Moreover the the 
proposed sliding mode observer provides exactly 
simultaneous rotor flux estimation ( dϕ̂ ) and faults 

reconstruction ( )(ˆ twdΓ , )(ˆ twqΓ ) in finite time this 
checked out by simulation in healthy as well as 
faulty condition.  
 
Remark 3: Not that, the faults reconstruction and 
estimation problem design based SMO scheme is still 
in its early stage of development, and a few results 
have been reported in the literature [3], [9-12]. 

 
Fig. 5. From upper to lower plots: The real and reconstructed 
faults output ( )(twdΓ , )(ˆ twdΓ ) and ( )(twqΓ , )(ˆ twqΓ ) under 
two rotor fault applied from scratch  
 

VII. CONCLUSIONS   
In this paper, a new solution for the actuator fault 
reconstruction and estimation problem in IM drives is 
proposed using an appropriate combination between 
a novel SMO and integral backstepping controller. 
The present method can guarantee that the tracking 
errors converge into a small neighborhood of the origin 
and all closed-loop variables are bounded. Moreover, 
serves to build an online state estimation and faults 
reconstruction. Furthermore, the effectiveness of the 
proposed schemes is will demonstrated in healthy 
and faulty conditions. 
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Abstract—This paper presents the detailed detection of 
broken rotor bar faults in asynchronous motors (induction 
motors) using motor current signature analysis (MCSA). 
Recently, induction motors have become very popular in our 
daily lives because of their robust, adjustable speed drive, etc. 
Early detection of faults brings at least catastrophic damage in 
economic or security field. The Fast Fourier Transform (FFT) is 
successfully used to detect many faults such as: the broken rotor 
bars. The FFT is based on the analysis of many signals in 
induction motor such as: current, power, vibration signal, 
electromagnetic torque, etc. In this work, MCSA-FFT applied to 
diagnose the induction motor under broken rotor bar faults. The 
frequency-domain in the rotating machinery sector has a very 
important part according to the slip value in order to localize the 
different components harmonics. Our study based on the FFT 
tool which is integrated in MCSA technique in the presence of the 
broken rotor bar faults. Our study presents new explanations 
concerning the spectral content of the stator current. In addition, 
we have confirmed the proposals ideas in this subject in order to 
detect the broken rotor bars. An experimental test for different 
conditions: at no load or at load operation, healthy or defective 
state of the induction motor has been performed. 

Keywords—broken rotor bar faults; induction motor; motor 
current signature analysis (MCSA); spectrum analysis (FFT). 

I. INTRODUCTION

Many techniques have been used in condition 

monitoring in order to detect the induction motors faults. 

Several researches have studied the eccentricity of rotor and/or 

stator, bearing rolling element faults, short circuit in stator 

winding, broken rotor bar (BRB) faults, etc. [1-6].  

The different techniques have been applied to diagnosis the 

induction motors such as: wavelet transforms, fuzzy logic 

technique, artificial neural network (ANN), motor current 

signature analysis by FFT, Vibration analysis, etc. [7-9]. 

     Broken rotor bars occur in the motor rotor, the anomaly of 

electromagnetic field in the air gap will cause two sideband 

frequency components presenting in the stator current 

spectrum [10]. Therefore, identification of these sideband 

frequencies can be used as a convenient and reliable approach 

to broken rotor bar faults diagnosis. 

A great number of papers have applied the enormous success 

of the application of the fast Fourier transform for vibration 

signal analysis in order to diagnose some many faults in the 

rotating machinery [1], [7]. 

MCSA-FFT is a conventional spectral analysis method is 

widely used in the diagnosis of electrical machines [11]. 

However, the use of FFT has several limitations such as the 

no-stationary regime.  

     Despite this limitation, researchers have confusion on the 

absence of the frequency components at no-load running in 

healthy state, and the existence of some characteristic 

harmonics in faulty state of the motor. 

     Our study will carefully explain this problem with logical 

arguments. The experimental results help us to manipulate in 

detail this fault. In addition, our study will analyze the 

influence of the severity of the failure of the BRBs on the 

shape of the current and its spectral content (frequency and 

amplitude). 

       The MCSA diagnosis method is applied in order to detect 

the broken rotor bar faults [12]. An implementation of a test 

bench which based on the stator current measure helps us to 

obtain an important database. We will try to do a very detailed 

check about the additional harmonics in case of the BRB 

faults. 

II. MOTOR TEST BENCH

In this work, we have used an induction motor that has a 

characteristic as follow: 3kW, 2-pole, f=50Hz, 28 bars. Figure 

(1) shows the squirrel cage induction motor with some

equipment in order to enable the data acquisition.

Fig. 1. Experiment setup dedicated to BRB faults.
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We practically realized a one broken bar and two broken 

bars in order to study the fault severity. The figure (2) 

illustrates photos of healthy rotor and faulty rotor. 

 

 

Fig. 2. Photograph of healthy and defective rotor (1 BRB and 2 BRBs). 

 

III. DETECTION OF BROKEN ROTOR BARS USING MCSA-FFT 

Monitoring of the stator current spectral components lead to 

detect the broken rotor bars by the sideband components of 

supplementary harmonics which are illustrated as follow [10]: 

 (1 2k ).= ±BRBs sf s f                                                              (1)  

where, k=1,2,3, ..., s is the slip of the induction motors.  

The amplitude and position of the sideband components 

harmonics are changed with the variation of load.  

In addition, other frequencies can appear in the spectrum of the 

stator current according to the following formula [13-17]:  

[ ](6 1) 2= ± ±BRBs sf k ks f                                                    (2) 

where, k=1,2,3, ..., s is the slip of the induction motors.  

It is important to notice that the frequencies corresponding to 

the orders: 5, 7, 11, 17, 19, 23, 25, … (6k±1) have the 

frequencies (6k±1)×fs. 

These harmonics are known as the harmonics of the 

magnetomotive force (FMM). Its appearances are explained 

by the existence of the broken rotor bars with a slip value. The 

formula above shows the values of other frequencies called 

sideband frequencies (SBFs). 

     Generally, the harmonics of the stator current of frequency 

(6k±1)×fs are modulated in amplitude at the frequency 

2×(6k±1)×sfs. 

The inertia of the load affects on the stator current, and exactly 

in amplitude and at the level of several harmonics as: 

(1 ) .
ª º= − ±« »
¬ ¼

BRBs s
kf s s f
p

                                                       (3) 

with, (k/p=1, 5, 7, 11,…) 

It is important to notice the frequencies which caused by the 

rotor eccentricity. This eccentricity is called mixed which is the 

sum of a static and a dynamic eccentricity. Mixed eccentricity 

is always present even for a new induction machine. The 

characteristic frequencies of mixed eccentricity are given by: 

− = ±mix ecc s rf f kf                                                                (4) 

where, k=1,2,3, ... 

A. No-Load Operation of Induction Motor 
According to the acquisition results, the shape of the 

instantaneous stator current is given by: 

 

Fig. 3. The instantaneous stator current (healthy and faulty motor) under 

0% of the load. 

Figure (4) shows the spectrum of stator current in case of 

operating at no-load. No additional frequencies in stator current 

spectrum. The absence of new components indicates the 

absence of BRB faults. However, our motor is under one 

broken rotor bar. We explain this absence of the specific 

frequencies by the slip value which is close to zero. For this 

reason, it is difficult to detect the broken rotor bars in motor 

which running at no load by this technique. 

We also see the presence of some peaks concerning mixed 

eccentricity. For a slip value close to zero, we find fmix-ecc(-) 

=25.1 Hz and fmix-ecc(+)= 74.9 Hz in the case where k = 1. 

 

Fig. 4. Spectrum of the stator current at 0% of load (0-150Hz). 
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Figure (5) shows the same remarks around frequency 5 and 7; 

and no frequency appears in this area. 

 

 

Fig. 5. Spectrum of the stator current at 0% of load (200-400Hz). 

 

We notice that the harmonic components of the stator current 

are not influenced by the change of the state of the induction 

motor at no load for a BRB faults. In this case, the additional 

frequencies caused by BRB faults are almost invisible; this is 

due to the slip value for a no-load operation close to zero. 

In addition, and according to the phenomenon of the action-

reaction between the stator current, rotor current, the speed of 

rotation and the electromagnetic torque which are based on the 

interaction of the value of 2×s×fs. This quantity (2×s×fs) 

depends directly on the s value. When imposing a value of s = 

0; we get a value of 2×s×fs = 0. In this case the phenomenon of 

the action-reaction will be influenced by the value of the slip, 

and the characteristic frequencies of the BRB faults will be 

difficult to find. 

In the early stage of diagnosis, we don’t show new 

sidebands specific to the rupture of the rotor bars under no-

load machine.   

 

B. Operation of Induction Motor at 75% of Load 
The variation of the load affects, systematically, a variation of 

the slip. We now apply a resistant torque that provides a load of 

75% (s = 3.6%). 

The temporal representation of the stator current is shown in 

figure (6). 

 

Fig. 6. The instantaneous stator current (healthy and faulty motor) 

under 75% of the load.  

 

We verify that the broken rotor bar faults induce 

sideband frequencies (SBF) around the following frequencies:  

- The fundamental fs, 

- The harmonics 5, 7 and the RSHs. 

Figure (7) shows the SBFs in which the frequencies move 

with the slip value. 

A series of new frequency components of values 

(1±2ks)×fs and others, are characterize this type of fault. These 

new harmonics appear in the spectrum of the stator current. 

Picks values which characterize the BRB faults around the 

supply frequency, 5, 7, and RSHs are summarized in table (I). 

In the early stage of diagnosis, we show new 

sidebands specific to the rupture of the rotor bars under no-

load machine.   
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Fig. 7. Spectrum of the stator current at 75% of load; (a): 0-200 Hz, (b): 

200-400 Hz, (c): 600-800 Hz. 

 

The formula (7) was verified in our study by 

sidebands presented in figure (7-a). We will see another 

indicator of the BRB faults which is represented by sidebands 

around the rotor slot harmonics (RSHs) by figure (7-c). These 

frequencies are attached with RSHs and spaced by 2×s×fs; we 

therefore conclude to the following formula: 

2BRB RSHs sf RSH ksf− = ±                                                   (5) 

Or, 

(1 )
2 .

. 2 .

b
BRB RSHs s

b r s s

kn sf ks f
p

kn f f ks f

ν

ν

−
§ ·−= ± ±¨ ¸
© ¹

= ± ±
                           (6)                                                                            

We can see the frequency components at fs-fr, fs+fr, 

fs+2fr, etc. which are already exist in the spectrum of the 

healthy machine due to mixed eccentricity. These series of 

characteristic frequencies are described by the formula (4). 

In addition, frequencies due to saturation (fsat) appeared on the 

spectrum of experimental results. These frequencies have 

important and remarkable amplitudes. 

3sat sf kf=                                                                  (7) 

where, k is an odd number. 

An important frequency has been found in the stator 

current spectrum for the two states conditions (healthy and 

defective motor). This frequency is the double component of 

the supply frequency fdoub=100 Hz, the general formula is: 

100
2doub s Hz sf f f− = =                                                         (8) 

According to the literature, this frequency has several 

sources, such as: power imbalance (stator field) and / or stator 

deformation. We performed an acquisition (measurement) of 

the supply voltage by a digital oscilloscope that allows us to do 

the FFT operation. Figure (8) shows the spectral content of the 

supply voltage which is measured twice a day. We clearly see 

the existence of the frequency of 100 Hz which is double of the 

50 Hz power frequency. 

 

 

 

 

 

 

 

 

 

Fig. 8. Voltage signal with its spectrum. 

 

To clarify the characteristic frequencies of BRB faults around 

the fundamental frequency, 5 and 7 and the RSHs; we zoom on 

the interested bands as shown in the figures that follow. 

Figure 9 shows the spectrum of the stator currents. 

Broken rotor bar faults induced sidebands around the 

following frequencies: the fundamental frequency 50 Hz (Fig. 

9), harmonics 250 Hz (Fig. 9), harmonics 350 Hz (Fig. 9), and 

RSH harmonics (Fig. 10). Therefore, these results are in 

accordance with the literature. 
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Fig. 9. Spectrum of the stator current at 75% of load; (a), (b), (c): Around 

fs and (d), (e): Around 5, 7. 

 

 

Fig. 10. Spectrum of the stator current at 75% of load; (a): Around L-PSH 

and (b): Around U-PSH. 

 

 

 

 

 

TABLE I.  SUMMARY OF SOME HARMONICS OF THE STATOR CURRENT 

SPECTRUM (1BRB) 

Formulas of 
characteristic 
frequencies 

Theoretical 
values (Hz) 

Experiment
al values 

(Hz) 

Amplitud
e 

«healthy
» (dB) 

Amplitud
e 

« 1BRB » 
(dB) 

(1-2s)fs 46.4 Hz 46.6 Hz -61.7 -43.42 

(1+2s)fs 53.6 Hz 53.4 Hz -59.67 -42.54 

5fs 250 Hz 250 Hz -23.91 -27.95 

(5-2s)fs 246.4 Hz 246.5 Hz -65.15 -63.36 

(5+2s)fs 253.6 Hz 253.4 Hz -83.2 -73.88 

7fs 350 Hz 350 Hz -31.51 -38.83 

(7-4s)fs 342.8 Hz 343.1 Hz -77.46 -66.23 

(7+4s)fs 257.2 Hz 356.8 Hz -100.4 -92.03 

( )

1
RSH L PSH− = −

 
624.8 Hz 625.8 Hz -43.55 -42.7 

( )

1
2 sRSH sf− −

 

621.2 Hz 622.4 Hz -87.38 -62.86 

( )

1
2 sRSH sf− +

 

628.4 Hz 629.3 Hz -79.64 -65.31 

( )

1
4 sRSH sf− −

 

617.6 Hz 618.9 Hz -94.66 -90.86 

( )

1
4 sRSH sf− +

 

632 Hz 632.7 Hz -90.06 -71.23 

 

Figure (9) and (10) illustrate the movement of the broken 

rotor bar sideband frequency components by showing the stator 

current spectra of an induction motor with one fractured rotor 

bar operating under 75% of load. The result clearly 

demonstrates that for a lighter machine load, the characteristic 

frequencies were invisible. On the other hand, when the motor 

is loaded by a slip value; the characteristic frequencies appear 

clearly. 

     The evolution of the harmonic amplitude is an indicator 

that verifies several interesting points. The first one is the 

severity of the fault; for this reason, the third motor is 

presented with two broken rotor bars. The evolution of the 

amplitude of the stator current as a function of time is 

indicated in figure (11).  

 

Fig. 11. The instantaneous stator current (02 BRBs) under 75% of 

the load.  
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It is clear that the influence of the degree of severity 

of the defect, results in a deformation of the stator current. 

Generally, the broken rotor bars imposes in the shape of the 

stator current the beat phenomenon. 

The spectrum of the stator current in figure (12) 

shows three states of the induction motor (healthy, 1BC and 

2BC). In addition, when the rotor is defective, the frequencies 

of the fault are clearly presented in the spectrum. The 

components of fs±fr given by equation (4) appear in the current 

spectrum for the healthy state and the defective state; this 

explains the mixed eccentricity. 

 

Fig. 12. Spectrum of the stator current around fs (02 BRBs). 

 

Figure (13) shows the frequency ranges around 

fundamental harmonics, PSHs as well as the 5th and 7th 

harmonic. These results have led to a clear emergence of 

significant picks which allow us to decide wisely on the fault 

type. 

 

Fig. 13. Amplitude evolution ; (a): Around 5, (b): Around 7, (c): Around 

L-PSH and (d): Around U-PSH. 

Another important factor that comes into play is the 

percentage of the load applied to the output of the induction 

motors. The slip in this case will be changed systematically; 

and the positions of the harmonics will be moved. 

     The severity of the BRB can also cause displacement of 

harmonic picks, even with low values. 

It is important to indicate the slip value that can be calculated 

by several methods. Among them, the characteristic 

frequencies of the mixed eccentricity around the fundamental 

frequency are fs-fr and fs+fr. These give the slip values s=0.032 

and s=0.036 respectively.  

We notice around PSHs, the influence of many broken rotor 

bars on its values. The logical values of the slips are due to the 

variation of the speed in steady state which imposes some 

margins of differences between the theoretical and practical 

results. The figure below shows the SBFs around the 

fundamental harmonic for two broken bars. 
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Fig. 14. Characteristic harmonics around fundamental frequency (02 

BRBs). 

We can summarize some characteristic frequencies with their 

amplitude in the following table: 

TABLE II.  AMPLITUDE EVOLUTION BETWEEN SOME HARMONICS FOR 

1BRB AND 2 BRBS 

Fréquences caractéristiques Amplitude pour 

1BC (dB) 

Amplitude pour 

2BC (dB) 

(1-2s)fs -43.42 -37.15 
(1+2s)fs -42.54 -36.97 

5fs -27.95 -22.72 
(5-2s)fs -63.36 -55.03 
(5+2s)fs -73.88 -58.64 

7fs -38.83 -33.57 
(7-2s)fs -67.06 -52.56 
(7+2s)fs -95.9 -76.71 
(7-4s)fs -66.23 -56.46 
(7+4s)fs -92.03 -80.97 

( )

1
RSH L PSH− = −  -42.7 -42.12 

( )

1
2 sRSH sf− −  -62.86 -56.2 

( )

1
2 sRSH sf− +  -65.31 -57.78 

( )

1
4 sRSH sf− −  -90.86 -80.14 

( )

1
4 sRSH sf− +  -71.23 -69.48 

We see in this study the following two remarks: 

- The absence of the characteristic frequencies under 

BRB faults at no-load operation. 

- Returning to figures (9) and (14), we clearly notice 

the existence of side bands of harmonics in the 

healthy state of the machine. 

We have already answered the first remark. However, the 

second remark leads us to ask the following questions: 

1- Why additional frequencies appeared in the healthy state 

of the machine? 

2- How to distinguish between a spectrum of a healthy state 

and another state which is under BRB faults. 

Our response is based on a physical and theoretical reasoning 

regarding the first question. 

The physical phenomenon of the action-reaction between 

the stator current, the rotor current, the rotation speed and the 

electromagnetic torque help us to explain this problem. 

In addition, this phenomenon results in a displacement of a 

frequency quantity like 2ksfs. Then, an oscillatory component 

2s s pulsation will be present in this system by frequency 

displacement. 

We always talk about the presence of order frequencies 

(1±2ks)fs. However, these are caused by the physical 

phenomenon, and for the amount of 2ksfs introduced to the 

presence of (1±2ks)fs. We say that for a slip s=0, this leads to 

2ksfs=0, and therefore the frequencies (1±2ks)fs become absent. 

Similarly, or if motor runs in load, so, the slip is different 

from zero. The quantity 2ksfs does not equal zero; in this case 

the harmonic values (1±2ks)fs will be visible. 

From equation (1) is learned that the slip s depends on the 

rotor speed. Thus, the broken rotor bars sideband frequencies 

move as the rotor speed changes. 

Generally, the presence of the characteristic frequencies of 

the BRB faults depends on the value of the rotation speed 

where the slip differs from zero. 

It is important to indicate also to the non-stationary regime that 

it has a great influence on the absence or the presence of 

characteristic frequencies. 

IV. CONCLUSION 

Spectral analysis by the fast Fourier transform (FFT) 

was applied to the stator current signal to determine the 

frequency content. Therefore, the existence of the 

characteristic harmonics in the stator current spectrum leads us 

to a final decision about the state of the induction machine. 

According to the effects which has been described 

concerning the BRB faults; our study shows good 

correspondence and accuracy by comparing with the literature. 

Early detection is possible using the components located 

around the fundamental frequency (f). All formulas, the 

displacement of the harmonics and the degree of severity of 

the failure of the broken rotor bars have been checked 

carefully. 

In the presence of the steady-state fault, the inverse 

system of rotor current produces the oscillatory component 

2s s or 2sfs. 

The appearance of harmonics related to 2ksfs in the 

stator current spectrum has been observed. It has also been 

noticed that the spectrum of the current gives clearer and more 

visible information by a series of sideband frequencies (SBFs) 
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around the fundamental frequency, the (6k±1)fs and the RSHs 

harmonics. 

It is important to notice that the presence or absence 

of the characteristic frequencies is dependent on the operating 

mode (at no-load or at load motor). We concluded at: 

1- Characteristic frequencies are directly dependent on the 

operation state of the induction motor (i.e. the visibility of the 

additional SBFs is related by the slip value). 

2- The non-stationary regime has a great influence on the 

additional SBFs. It is usually imposes a remarkable confusion. 
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Abstract—In this study, technical details of a Stewart Platform 

(SP) based robotic system as an endoscope positioner and holder 

for endoscopic transsphenoidal surgery were presented. Inverse 

and forward kinematics, full dynamics and Jacobian matrix of the 

robotic system were derived and simulated. The required real time 

control structure for the trajectory and position control of the SP 

was developed and verified by several experiments. The robotic 

system can be navigated using a six degrees of freedom (DOF) 

joystick and a haptic device with force feedback. Position and 

trajectory control of the SP in the Joint space was achieved using 

a new model free intelligent PI controller and was compared with 

classical PID (proportional-integral-derivative) controller. The 

validity of the robotic system was proven in the endoscopic 

transsphenoidal surgery performed on a realistic head model in 

the laboratory and on a cadaver in the Institute of Forensic 

Medicine. Key feature of the system developed here is to operate 

the endoscope via the joystick or haptic with force feedback under 

iPI control. Usage of this system helps the surgeons in long lasting, 

fatiguing and complex operations. Also, this system can lead new 

possibilities to transsphenoidal surgery such as fully automated 

robotic surgery systems.   

Keywords—endoscope holder; endoscope positioner; endoscopic 
transsphenoidal surgery; haptic device; intelligent PID, medical 
robotics; parallel manipulator; stewart platform 

I. INTRODUCTION

Robots have been started to be used in the field of medicine 
for solving problems as in every field and today many studies on 
this subject continue extensively. The purpose of medical 
robotics can be defined as providing new treatment options for 
surgeons rather than replacing surgeons with robots. Robots 
have been used to enhance and complement the surgeons' 
capabilities or help the surgeons in many medical areas [1]. 

Robots used in the medical applications can be serial, 
parallel, or hybrid structures. Parallel and serial robots have been 
frequently used in the medical field as well as in the industry for 
the solution of many problems. Parallel robots are superior than 
serial robots in terms of basic robot features such as payload 
capacity, positioning accuracy, repeatability and rigidity. Serial 
robots are superior in another important feature; workspace, and 
therefore, the hybrid structures appear. Stewart Platform used 
widely in industry is a special parallel manipulator type. It 
allows six DOF precision motions like a surgeon’s hand, which 
is important in the robotic surgery. This structure is also known 
as hexapod and it was developed as flight simulator and tire test 

machine by Stewart and Gough [2]. In the literature, there are 
numerous reports about medical robots and robotic surgery. 
Robotic systems have been used in the branches such as 
orthopedics and traumatology, ear, nose and throat, 
ophthalmology, gynecology, urology, plastic surgery, brain and 
cardiovascular surgery [3]. Parallel robots focus on particular 
areas such as bone placement, fixing broken bones, spinal 
drilling and screw driving, knee replacement, hip replacement, 
skull drilling and rehabilitation [3, 4]. 

Haptic devices have an important place in the robotic 
surgery. Haptic systems can be defined shortly as mechatronic 
devices which provide navigation with a variety of degrees of 
freedom and sense of touch using force feedback [5]. These 
structures can be designed based on the electro-mechanical or 
electromagnetic principles to be used in various workspaces. 
Haptic devices undertake the important task of ensuring the 
interaction between the surgeon and the robot in the field of 
robotic surgery which gives the sense of touch, especially with 
the force feedback [6]. Another important application area of the 
haptic systems is virtual training environments. Training of the 
inexperienced surgeons brings significant costs and also it 
improves the inefficient use of the operating rooms and their 
equipment. Interns are trained with plastic models, live animal 
and human. An intern has the possibility of making more errors 
in comparison with a specialist surgeon and these errors can 
have economic, legal and social effects. For these reasons, 
surgical simulators are known to be educational options, because 
they provide cost-effective and efficient methodology. Medical 
simulators have been developed inspiring by aircraft simulators. 
Surgical, virtual reality simulators offer a better education and 
exercise without endangering the lives of patients. The candidate 
surgeon can do exercises for challenging and different scenarios. 
In addition, it eliminates the need for the use of live animals or 
cadavers. 

Surgical procedures are used very intensively under images 
obtained by a microchip camera as endoscope with the 
developments in imaging and optical systems. This can be called 
as endoscopic or laparoscopic surgery and robots have been used 
in this area for the solutions of the problems as well. Endoscopic 
transsphenoidal surgery [7], a minimal invasive procedure, aims 
to remove tumors within the sphenoid sinus and sella turcica of 
the skull. This procedure is one of the medical fields which 
needs robotic assistance. In the literature, there are several 
commercial robotic systems and research studies related with 
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robotic assistance. Ballester [8] compared task performance of 
laparoscopic camera holders Endo assist and AESOP 
(Automated Endoscopic System for Optimal Positioning) and 
stated that Endo assist was quicker than AESOP in the 
downward, sideways and diagonal tasks. AESOP was only 
faster in preprogrammed complex tasks and no difference for 
zoom motions was seen between them. Nathan [9] used the 
AESOP system in order to approach to the sella. Nimsky [10] 
adopted hexapod based robotic system and Bumm [11] 
developed a serial robot based robotic system for the endoscopic 
transsphenoidal surgery. As can be seen from literature, robot 
technology offers many features for surgeons.  

This study presents results of development of a haptic and 
joystick navigated Stewart Platform for endoscope positioning 
and holding in transsphenoidal surgery. The aim of the study is 
to examine feasibility of usage of a haptic or joystick navigated 
Stewart Platform in transsphenoidal surgery. A new model free 
intelligent PI controller was also used first time for position and 
trajectory control of SP. The rest of the paper is organized as 
follows: In materials and methods section, components of the 
robotic surgery system is described. In the results section, 
kinematics and dynamics of the SP, controller design, stability 
and experimental studies on skull model and cadavers for the 
endoscopic transsphenoidal surgery are given and new efficient 
robot layouts are proposed based on considered disadvantages 
of the current system. Finally, conclusions are presented and 
some future works are recommended. 

II. MATERIALS AND METHODS 
Fig. 1 depicts the block diagram of the overall system which 

consists of a SP and other parts such as real time controller 
(ds1103), 6-DOF joystick (space navigator), 6-DOF haptic, 6-
DOF force-torque sensor, controller-robot connector board, 
emergency stop circuit, power supply, and endoscope holder. 
The surgeons are able to select one of the navigation device 
(joystick or haptic) to operate the robot. The reference trajectory 
is then produced by the selected navigation device. The 
endoscope position is controlled according to the surgeon’s 
instructions.  

 
Fig. 1. General structure of the system 

The SP system has a special structure that includes two main 
bodies (upper mobile and bottom fixed plates), six linear 
actuators, and universal joints. Implementation of control 
algorithms were realized using DSPACE DS1103 real-time 
controller.  

The calculated workspace of the SP is shown in the Fig. 2. 
Robot's workspace is sufficient for the operation, but a new 
kinematic design can be developed in case of the need for a 
larger workspace. 

 

 
Fig. 2. Workspace of the SP used in this study 

Phantom Omni haptic device is developed by the Sensable 
Company. It is capable of six degree of freedom position sensing 
with providing three degrees of freedom force feedback. Haptic 
devices are used in many applications for example virtual 
reality, robot navigation and tele-robotics. Phantom Omni can 
be programmed using OpenHaptics library with C++. In order 
to be integrated into the system and navigate the SP by the haptic 
a VisualStudio 2008 project had been developed in C++ 
environment. Reflection of the force was provided by the 
force/torque sensor at the base of the endoscope holder. Ati 
gamma sensor was used to sense three axis forces. 19200 bps 
serial communication speed was used between Ds1103 
controller and haptic device. In communication, 3 bytes data 
were used for the force feedback and 6 bytes data were used and 
sent for the orientation and position commands. 

The robot could be navigated via a joystick instead of the 6 
DOF haptic. 3D mouse (space navigator, 3DConnexion) enabled 
the production of three dimensional motions. A code was written 
for reading the joystick via USB. Motion commands yielded by 
users were transmitted to DS1103 controller board via the RS-
232 serial port. 

III. RESULTS 

A. Kinematic and Dynamic Modelling of the SP 
Robot kinematics defines the geometric relationships 

between Cartesian and Joint space of a robot. Coordinate 
systems can be placed at the center of the upper mobile plate and 
base plate in order to find the inverse kinematics of the SP as 
depicted in the Fig. 3. Bi (i = 1, 2, .. 6) and Ti (i = 1, 2, .. 6) 
coordinate systems shows the connection points of the each leg. 

 
Fig. 3. Kinematic configuration of the SP 
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These connection points can be computed from, 

	
	 		

	
	 (1) 

								 , ,  and  								 , ,   

								 , ,  and 								 , ,  

 and  are the angle between coordinates, rb and rt are the 
radius of the bottom and top plates, respectively. The leg vectors 
can be computed from the following equation [12],  

      i = 1, 2, … , 6              (2) 

P is the position vector and R is the orientation matrix. 
Finally, leg lengths are the norm of the vectors. Forward 
kinematics can be defined calculation of the robot tool point 
from the known joint values. In this study, online and offline 
forward kinematics of the SP were solved by the Newton-
Raphson numerical iteration method based on inverse 
kinematics solution. Accordingly, the equation needed to be 
solved is shown below. 

                      (3) 

This nonlinear equation can be solved by using Newton-
Raphson algorithm whose equations is given below. 

 and            (4) 

In order to find the relevant Jij, firstly, row of the J matrix can 
be obtained based on partial derivatives. Finally, an embedded 
function was written in simulation environment for this 
algorithm. 

The jacobian matrix is another important topic and can be 
defined as follows: 

 and                                (5) 

J, , ,  and  represents the Jacobian matrix, leg velocity 
vector, end effector velocities, joint torques and force applied to 
the actuators, respectively. 

Forward dynamics of the SP is expressed by the following 
equation in Cartesian space [13]. 

,                      (6) 

M stands for the 6x6 symmetric and positive definite mass 
matrix, C for Coriolis and centripetal matrix, G for gravity 
vector,  for the applied torque vector, and X for the position 
and orientation of the upper plate. 

Full model of the system with addition of actuator dynamics 
can be obtained below: 

 
                          (7) 

 is the inductance (H),	  is the current (A),	  is the 
resistance (Ω),  is the applied voltage (V),  is the back EMF 
constant (V/rpm),  is the motor position (rad),  is motor the 
torque (Nm),  is the load torque, Jm is the total inertia (Kgm²) 
and Bm is the total damping (Nms/rad). The matrix formof 
Equation 7 can be defined as follows,  

                         (8) 

, , ,   
and p is the ball screw pitch. 

Finally, full dynamics of the SP is achieved by [14], 
 

,       (9) 

 

Fig. 4 shows a block diagram of Equation 9 which represents 
full dynamic model of the SP and a Simulink model designed 
for simulations about position, trajectory control of the SP. 

)(1 xM f
−�

ff GxxxN
�

��
�

+),(

Fig. 4. Full dynamic model diagram of the SP 

B. Experimental Results 
SP position controller can be designed in the Cartesian space or 
joint space. Forward kinematics is required for position control 
of the SP in the Cartesian space, whereas, the design of 
controller in the joint space needs inverse kinematics. Forward 
kinematics is a difficult problem, however, inverse kinematics is 
an easier task to solve for the parallel manipulators. Therefore, 
position controller of the SP was designed in the joint space. 
Position control in Cartesian space was transformed into leg 
position control in the joint space. A novel intelligent PI (iPI) 
control method was used for the position and trajectory control 
of the SP. 

A new model free intelligent PI controller [15] is defined for 
n=1: 

uFy β+=�  

³++−= eKeKyFu ipβ

*�                          (10) 
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where yye −= * is the error, *y  is the reference trajectory, 

ip KK ,  are the proportional and integrator tuning gains and β   
is a constant parameter. For the implementation, Equation 10 
was slightly modified [16]: 

)()(~)( λβ −+= tutFty�                            (11) 

³ −+−+−= dttytyKtytyKtytFtu ip ))()(())()(()()(~
)( **

*

β
�  

where )(~ tF  is the current estimate of F(t). 

Stability analysis of the iPI controller can be found in [16] 
and showed that if β  and controller parameters are selected 

such that ip KsKs ββ ++2  polynomial is Hurwitz then three 
cases were obtained: 
Case I: If either 0 or 

βλ
1<<z , then model-free control is 

achieved and the controller gains can be selected using the 
Routh-Hurwitz stability criterion.  

 Case II: If ∞→2zβλ , then three closed-loop poles are 
located at the origin of the s-plane, which is unstable. 
Case III: A parameter-based tuning of the system is required.  

where case I must be provided to make the system stable and if 
so dominant poles are located at: 

2/)4( 22
2,1 ipp KKKs βββ −±−=           (12) 

Under these conditions iPI controller was designed and 
compared with classical PID. Results of the 4 different 
experiments were given in the Table 1 (best performance shown 
as bold) with controller parameters; total error costs, controller 
effort and error costs of each leg. This comparison shows that 
any of the iPI has better performance than classical PID. 
Experiment 1 in Table 1 is shown in Fig. 5 as an example of the 
experimental results for the iPI trajectory tracking. Desired input 
was 5 mm point to point trajectory for 2 seconds in z axis for SP.  

C.  Endoscopic Transsphenoidal Surgery 
Endoscopic transsphenoidal surgery is a special surgical 
operation in the Neurosurgery [7, 17]. It aims evacuation of the 
tumor in the pituitary gland. High-resolution endoscopes are 
used in this surgery for viewing. The operation is carried out 

 TABLE I. Comparison of the intelligent PI and classical PID performances 

Experiments Parameters Total 
cost 

Control 
effort Leg1 Leg2 Leg3 Leg4 Leg5 Leg6 

1 

:2 
F: 0.1 
Kp:10 
Ki:20 

0.0086 0.2722 0.0020 0.0013 0.0014 0.0013 0.0014 0.0013 

2 

:2 
F: 0.02 
Kp:10 
Ki:20 

0.0091 0.2723 0.0021 0.0015 0.0015 0.0014 0.0015 0.0012 

3 

:0.4 
F: 0.02 
Kp:10 
Ki:20 

0.0084 0.2822 0.0019 0.0014 0.0014 0.0012 0.0013 0.0012 

4 
Kp:10 
Ki:20 

Kd:0.006 
0.0102 0.2799 0.0017 0.0017 0.0016 0.0023 0.0015 0.0013 

Fig. 5. Experiment 1 graphical trajectrory tracking iPI result in Table 1 
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through the patient's nostrils. Fig. 6 is a view of the procedure. 
Furthermore, operation region and endoscope path in skull can 
be seen in the figure. 

 

Fig. 6. Pituitary gland region in the brain 

After the patient is prepared for the surgery, the surgeon has 
to hold and direct the endoscope using his one hand during 
surgery. Surgeons try to operate and to use surgical equipments 
under video guides by the other hand. The surgeons may be tired 
during long operation. Therefore, surgeons operate the surgery 
alternately, so there is more surgeon than necessary at the same 
time. This is also critical, because two or more operations may 
be carried out if the hospital has qualified facilities. To eliminate 
these disadvantages, a high precision parallel manipulator can 
be used as endoscope positioner. For this reason, a SP based 
robotic system is developed which can be navigated by a six 
DOF haptic and joystick.  The workspace of the haptic device 
and SP was matched to each other. The joystick was designed to 
work incrementally and the haptic device may also be designed 
to work incrementally. The surgeons should use the haptic 
device when continuous trajectory tracking and force feedback 
are required. Also, the haptic allows to mapping surgeons’ hand 
movement with endoscope motion. Surgeons should use the 
joystick when fundamental commands such as stop or move in 
any direction are needed.    

Cartesian position and orientation commands produced by 
haptic device were converted to leg lengths using the inverse 
kinematics. Force signals produced by 6 DOF force/torque 
sensor were processed and reflected by the haptic at the same 
time.  

A series of experimental tests were conducted on a realistic skull 
model in the laboratory. A photograph of the experimental setup 
is shown in the Fig. 7-a. After laboratory tests on the model, 
some experiments carried out on cadavers with neurosurgeons 
in order to demonstrate the effectiveness of the system.  The 
demonstration on a fresh cadaver is shown in the Fig. 7-b. 
Comments about usage of this system in endoscopic 
transsphenoidal surgery from point of medical view can be 
found in [18]. 

One of the real-time experimental position response under haptic 
navigation with PID is given in the Fig. 8. In the figure, reference 
orientation and position commands applied by the haptic and 
robot position in Cartesian space computed from joint space 
values using forward kinematics are shown. The three axis 
forces exerted during the experiment which also reflected by the 
haptic are shown in the Fig. 9. 

 

 
Fig. 7. (a) An experiment performed on realistic skull model 

(b) An experiment performed on a fresh cadaver 

 
Fig. 8. Trajectory control of the SP with haptic device in Cartesian Space 

 
Fig. 9. 3 axis forces reflected by haptic during above motion 
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 As it can be seen from the Fig. 7, the endoscope is mounted 
on the robot using a rigid endoscope holder. Since this holder is 
a serial link connected to mobile plate, this structure restricts the 
motions of the robot. Also this structure may create vibrations in 
fast movements and the robot can only move effectively in the 
operation region. In order to overcome the disadvantages 
mentioned above and to take advantage of the maximum 
workspace of the robot, the robot-patient layout configurations 
are proposed in this study. One of the suitable configuration is 
illustrated in Fig. 10. Workspace of the SP in this configuration 
is: x: ±50 mm, y: ±25 mm, z: ±50 mm in Linear and : ±15°, : 
±30°, : ±15° in Rotation in which dexterity and Surgeon space 
is good.  

IV. DISCUSSION 

SP allows high resolution manipulation so they can be used 
in robotic surgery with high precision motions. In this study, a 
SP based robotic system was developed for an endoscope 
positioner and holder especially in the endoscopic 
transsphenoidal surgery. In this surgery, the endoscope can be 
navigated by the SP in full operation space with six DOF 
joystick and haptic device. Haptic device allows three axis force 
feedback which is important in the robotic surgery, but it is not 
crucial for the endoscope positioning. Some critics may be 
mentioned about the system: robot placement and size of the 
upper plate. Some suggestions about robot placement were 
given in the paper in order to use the developed system more 
effectively. In these configurations, robot was connected to the 
ceiling of the operating room using a device like a surgery lamp 
or a serial manipulator [10]. As a future study, a wheeled station 
can be designed to hold the SP or adapted to a serial manipulator. 
On the other hand, the workspace of the surgeon can be 
restricted by the upper plate. In order to overcome this 
drawback, a new kinematic design of the SP can be studied 
(smaller, lighter etc.) or robot can be hold and navigate an 
instrument holder with endoscope, simultaneously. 
Furthermore, a prismatic axis can be attached to the top platform 
in order to increase the workspace. To sum up,   SP based robotic 
system developed here is feasible for the transsphenoidal 
surgery and results can lead to new possibilities in the area of 
transsphenoidal surgery such as fully automated robotic surgery 
systems with integration of the navigation system. 

 
Fig. 10. Recommended SP configuration in endoscopic transsphenoidal surgery 
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Abstract—There are a large number of young people who 
have undergone the same surgery due to work and traffic 
accidents and terrorist incidents, while the number of elderly 
individuals who have undergone lower extremity amputation 
surgery due to vascular problems in our country has increased. 
The vast majority of these individuals are undergoing under knee 
amputation surgery. The aim of this study is to examine human 
walking and its biomechanics, which are the first steps in the 
design of an ankle prosthesis. In this study, using David A. 
Winter's clinical gait analysis data, kinematic identification of 
human gait was conducted. To develop an ankle-foot prosthesis 
that can perform a 2-Degrees Freedom movement such as 
Dorsiflexion-Plantarflexion and Inversion-Eversion for people 
amputated under the knee for various reasons, ankle joint 
kinematic features that represent a healthy ankle biomechanics 
should be produced. 

Keywords— Ankle, Foot, Gait, Prosthesis. 

I. INTRODUCTION

Biomechanics is defined as a science that uses mechanical 
science to study the structure, functioning and movement of 
living things such as humans, animals, plants, fungi, cells, etc 
[1]. Disciplines such as kinematics and dynamics play an 
important role in biomechanical studies. 

As shown in Figure 1, the foot anatomy is a quite complex 
structure. 

The foot consists of 26 bones. The most important joint in 
the biomechanics is the subtalar joint, which is the joint 
between the calcaneus (heel bone) and the talus. 

The walking movement is carried out by muscles and 
joints connected to the leg. In simple sense, the leg is divided 
into hip, knee and foot. Each joint is connected with a pair of 
muscles. Muscles have two main tasks as shown in Fig. 2: 
flexor and extensor [2]. 

Fig. 1. Bones of the foot 

Fig. 2. Flexor and Extensor movement 

In order to determine how skeletal and muscular systems 
work under different conditions in humans, biomechanics 
needs to be examined. 
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The period of time between the first contact of a foot to the 
ground and the second contact of the same foot gives the gait 
cycle that is divided into two phases as stance and swing 
phase. Approximately 60 % of the normal walking is stance 
phase, 40 % of it is swing phase as given in Fig. 3. 

Fig. 3. Phases of the gait cycle 

Loss of one or both of the active elements that performs 
the gait that is the most important motor functions makes the 
person inadequate. Therefore, lower limb amputations become 
great significant and the deficiencies need to be filled with the 
most appropriate prosthesis. 

Temporal and spatial kinematic and kinetic data can be 
obtained by gait analysis. While the walking speed and the 
additional components is identified by temporal-spatial 
analysis, the movement length of the joints is determined by 
kinematic analysis and power and moment by kinetic analysis 
[3]. Gait analysis is the identification and interpretation of the 
walking assessment. To investigate the effectiveness of 
orthotics and prosthetics and to develop new prosthetic 
designs is the purpose of gait analysis. One of the most 
frequently used disease groups of the walking analysis is 
amputation. In the past, direct measurement devices were used 
for gait analysis.  

For example, contact switches or electro goniometers 
placed on the foot were used to determine when the feet 
contacted the floor [4]. In addition, the relative angles of the 
joints were measured with potentiometers wrapped around the 
limbs of the joint [5]. Recently, for the clinical gait analysis, 
there were five elements including the videotape examination, 
measurement of general gait parameters, kinematic analysis, 
kinetic measurement and electromyography (EMG). 
Kinematic measurements were made with television cameras 
that could be connected to the computer to describe the 3D 
motion of the main joint in the lower extremity. Kinetic 
measurement, which is the measurement of ground reaction 
forces, was carried out with force platforms. 

 

TABLE I.   ANTHROPOMETRIC DATA FOR THE FOOT 

 

 

 

 

 

 

The first official biomechanical investigations were carried 
out by the Weber brothers in the early nineteenth century in 
Germany. In 1895, Braune and Fisher contributed to the 
development of gait analysis by transforming digital variable 
into photographic images. Initial works on kinematics that is 
the measure of movement were carried out by Marey in Paris, 
by Muybridge in California in the 1870s [6]. The first 
interpretations of the walking analysis were made by Garrison 
(1929), Bresler and Frankel (1950) and Steindler (1953) 
[7,8,9]. The first kinetic measurements, measured by 
mechanical one-dimensional force platform, were taken by 
Amar in 1920 by Elftman in 1938 [10,11]. The first studies of 
electrical measurement of muscles (Electromyography, EMG) 
during the walk were performed by Inman et al. in the 1940s 
and 1950s [12]. By studies in the 1950s, researchers Verne 
Inman and Jacqueline Perry introduced clinical use of 
scientific gait analysis in the sense that we know today. 
Nowadays, while the gait analysis is performed, ‘the inverse 
dynamics’ is used by taking extremity movement and ground 
reaction force as the input data in order to calculate joint 
moments and force. 

The SIAMOC Consensus Conference reported that clinical 
gait analysis performed with force platforms and 
optoelectronic systems was effective in deciding the prosthetic 
field and designing general rehabilitation models [13]. Cutti et 
al. [14] firstly proposed the “Outwalk that is a CGA 
application” based on wearable technology. The walking 
kinematics of eleven transtibial amputees between ages of 35 
and 55 have obtaineby 2 operators (O1, O2) at self-selected 
speed on a 30 m straight path in the Outwalk experiment. 
Operators have implemented Outwalk at 10 minute intervals 
independently for each person.  

The Helen Hayes foot model, which is modeled as a single 
solid segment to evaluate ankle motion, is widely used in the 
literature [15]. Force / moment and power information can be 
analyzed with a single segment foot model, but complicated 
movements during walking can not be observed.               
A multisegment foot model has been introduced to challenge 
this problem. The multisegment foot model allows you to gain 
insight into the kinematics of foot by examining the movement 
of different parts of the foot [16]. In recent years, 
multisegment foot models have been developed that based on 
3D motion capture systems that follow the movement of each 
pointer in the limb.  

 

 

 

 

 

 

 

 

 

 

Limb length 
(xTotal length) 

Limb mass 
(xTotal mass) 

Location of limb mass

: Gyration radius 
L:Limb length( /L) 

Proximal Distal
According to 

center of mass 
According to 

proximal 
According to 

distal 
Foot 0.152 0.0145 0.5 0.5 0.475 0.69 0.69
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For anthropometric information such as foot mass, foot 
length, distance to proximal and distal joint of the foot mass 
center to be used in the foot analysis of the lower extremity, 
the data in Table 1 formed by Dempster were taken as 
reference [17]. 

The limb mass can be written as in equation 1 as a 
percentage of the total mass, denoted by the letter f, likewise, 
the length of the limb can be written from the same table as in 
equation 2. 

0.0145*f topm m=                                                                     (1) 

0.152*f topL L=                                                            (2) 

The location of the center of the limb from the proximal 
joint center of the limb can be expressed as in equation 3. 

0.5*f fC L=                                                                 (3) 

The moments of inertia of the limbs according to their 
center of mass are also obtained from the same table as in 
equation 4.  

( )2

* 0.475*f f fI m L=                                                             (4) 

A two-dimensional walking analysis experiment was 
conducted by Winter with a volunteer with a mass of 56.7 kg. 
The voluntary was walked on a parkour involving a force 
platform and 70 images were recorded within a second. The 
coordinates of body mass center, hip joint, knee joint, ankle 
joint, 5th metatarsal joint, thumb and heel were determined by 
using 7 markers placed on these images [18]. 

 

Fig 4. Anatomical landmarks used in the walking analysis experiment 

In this model, it is assumed that the position of each limb 
mass center relative to the limb, the mass moment of inertia, 
and the length of each segment are constant. The location of 
the effect point of the ground reaction force vector is 
calculated as in Equation 5. 

*z x o
p

y

M F yX
F

+=                                                                       (5) 

The horizontal and vertical components of the joint 
reaction forces are given in Equation 6, respectively. The 
moment of joint is calculated as in Equation 7. 

xa f xf xgR m a R= −                                                                      (6) 

( )ya f yf ygR m a g R= + −  

( ) ( ) ( ).a f f xg f yg p f xa a f ya f aT I a R Y R X X R Y Y R X X= − − − + − + −     (7) 

 

Fig 5. Knee and ankle joint-limb model 

The angle of the foot with the horizontal axis, the angle of 
the leg with the vertical axis and the angle between the two 
limbs adjacent to the ankle joint is given in Equations 8, 9, 10, 
respectively. 

m a
f

m a

Y Ytg
X X

θ −=
−

                                                                        (8) 

a k

k
s

a

X Xtg
Y Y

θ −=
−

                                                                         (9) 

90 s fA θ θ= + −                                                                    (10) 

The linear velocity and acceleration components of the 
joint points are calculated as in equations 11, 12, 13 and 14, 
respectively. 

1 1

2

n n
xn

X XV
t

+ −−=                                                                    (11) 

1 1

2

n n
yn

Y YV
t

+ −−=                                                                      (12) 

( ) ( )1 1

2

x n x n
xn

V V
a

t
+ −−

=                                                              (13) 

( ) ( )1 1

2

y n y n
yn

V V
a

t
+ −−

=                                                                (14) 

The angular velocity and acceleration components of the 
joints are given in Equations 15 and 16, respectively. 

1 1

2

n n
nW

t
θ θ+ −−=                                                                       (15) 

1 1

2

n n
n

W Wa
t

+ −−=                                                                      (16) 
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II. RESULTS 

It appears that the foot has operated dorsiflexion until the 
heel contact at the moment of 0.4 seconds in Figure 6. After a 
short period of plantarflexion, dorsiflexion has started again 
due to the forces generated at the moment of contact. 

 

Fig. 6. Change of the ankle joint angle with time 

The ankle joint moment is almost zero during the swing 
phase. At the end of the stance phase, a sudden contraction of 
the gastrocnemius and soleus muscles results in a strong 
moment effect, which is up to 90 Nm as seen in Figure 7. 

 

Fig. 7. Change of the ankle joint moment with time 

It is seen that the angular velocity of the ankle joint 
changes between 2.5 - (- 4.5) rad / s in Figure 8. At the end of 
the first cycle, while the second step is being prepared, the 
speed is increased by the effect of the two muscles. 

 

Fig. 8. The angular velocity of the ankle joint changes with time 

With the sudden contraction of the two muscles mentioned 
above, a power jump of up to 240 W is seen in the ankle joint 
at the end of the stance phase.as given in Figure 9. 

 

Fig. 9. The change of the ankle joint strength with respect to time 

The vertical ground reaction force, which changes in the 
form of 'M', reaches a value above the body weight by 
accelerating the body upward after contact with the heel in 
Figure 10. 

Fig. 10. Change of reaction forces of the ankle joints with time 

Gait analysis was carried out visually in the MATLAB 
GUI using numerical data obtained from the Winter D.A gait 
analysis experiment. Simulation results are given in Figure 11. 
According to these results, the angle between the leg and foot 
is drawn as seen in Figure 12. 

Fig. 11. Simulation results obtained from MATLAB GUI 
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Fig. 12. Change of the angle between leg and foot according to time 

Referring to the angular velocities in Fig.13, it is observed 
that the most change is in the ankle joint and the fifth 
metatarsal joint. 

Fig. 13. Angular velocities of the five points with respect to the x-axis. 

III. CONCLUSION 

Gait analysis has become a frequently reported area in the 
foot and ankle literature, with a rapid development in recent 
years. This is a preliminary study for ankle prosthesis design. 
In addition, the walking simulation for the whole body was 
performed in the MATLAB GUI and its results were 
examined. The results show that a wide variety of information 
about the foot and ankle joint biomechanics can be achieved 
by experimental methods. 

ACKNOWLEDGMENT 

The first author of the work was supported by the Scientific 

and Technological Research Council of Turkey (TÜB TAK). 

REFERENCES 

[1] Hatze, H. (1974). The meaning of the term: “Biomechanics.” Journal of 
Biomechanics, 7, 189–190. 

[2] Zhu Y., Chen J.X., Xiao S., 3D Knee Modeling and Biomechanical 
Simulation, Computing in Science & Engineering, pp. 82-87, 1999. 

[3] Pfister, A., West, A. M., Bronner, S. and Noah J.A., Comparative 
abilities of Microsoft Kinect and Vicon 3D motion capture for gait 
analysis, Journal of Medical Engineering and Technology, Volume 38, 
2014, Issue 5.  

[4] Blanc, Y., Vadi, P., An inexpensive but durable foot-switch for 
telemetered locomotion studies. Biotelemetry and Patient Monitoring, 
8:240-245. 1981. 

[5] Chao, E.Y., Justification of triaxial goniometer for the measurement of 
joint rotation. J Biomechanics, a3:989-1006, 1980. 

[6] Whittle, M. W., Clinical gait analysis: A review, Human Movements 
Science 15(1996) 369-387. 

[7] Garrison. F.H., 1929. An introduction to the history of medicine. 
Philadelphia. PA: W.B. Saunders Co. 

[8]  Bresler, B. and J.P. Frankel. 1950. The forces and moments in the leg 
during level walking. American Society of Mechanical Engineers 
Transactions 72, 27-36. 

[9] Steindler, A., 1953. A historical review of the studies and investigations 
made in relation to human gait. Journal of Bone and Joint Surgery 35A, 
540-542. 

[10] Amar, J., 1920. The human motor. New York: Dutton. 
[11] Elftman, H., 1938. The measurement of the external force in walking. 

Science 88, 152-153. 
[12] Inman, V.T., H.J. Ralston and F. Todd. 1981. Human walking. 

Baltimore, MD: Williams and Wilkins. 
[13] Benedetti MG, Ferrarin M, Cutti AG, Beghi et al, Conferenza Nazionale 

di Consenso SIAMOC Appropriatezza clinica e metodologica 
dell’analisi strumentale del cammino (“Gait Analysis”) con 196 
particolare riferimento alle applicazioni in Medicina Riabilitativa, 
Giornale Italiano di Medicina Riabilitativa, Vol 29. Issue 1, in press. 

[14] Cutti AG, Ferrari A, Garofalo P, Raggi M, Cappello A, Ferrari A. 
'Outwalk': a protocol for clinical gait analysis based on inertial and 
magnetic sensors. Med Biol Eng Comput. 2010 Jan;48(1):17-2. 

[15] Brodsky JW, Polo FE, Coleman SC, Bruck N. Changes in gait following 
the Scandinavian Total Ankle Replacement. J Bone Joint Surg Am. 
2011;93(20):1890-1896. 

[16] Novak, A. C. , Mayich J., Perry,  S. D., Daniels, T. R., Broadsky, J. W., 
Gait Analysis for Foot and Ankle Modeling of the foot, Foot and Ankle 
International 2014, Vol 35(2) 178-191. 

[17] Dempster, W. T., Gabel, W. C., Felts, W. J. L., 1959. The 
Anthropometry of Manual Work Space for the Seated Subjects, Am. J. 
Phys. Anthrop.,17, 289–317. 

[18] Winter, D. A..,Biomechanics and Motor Control of Human Movement, 
University of Waterloo, Waterloo, Ontario, Can ada, John Wiley & 
Sons, Inc, 2009. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1131

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



A Novel Position Measuring Method for Ros-Drill c⃝
Devices in Biomedical Applications

Handan Nak
Control and Automation Engineering Department

Istanbul Technical University
Istanbul, Turkey 34469

Email: handan.nak@itu.edu.tr

Ali Fuat Ergenc
Control and Automation Engineering Department

Istanbul Technical University
Istanbul, Turkey 34469

Email: ali.ergenc@itu.edu.tr

Abstract—This paper presents the development of a novel
position measuring method for rotational oscillating biomedical
device Ros-Drill c⃝. This micro driller device has a micro brushless
motor that never takes a full turn, just rotationally oscillates.
The measuring method basically depends on the principle that
one phase of brushless motor is always non-fed and can be used
to measure the back-EMF voltage whose value is proportional to
motor speed. The measuring technique and control algorithm are
implemented via a digital signal processor, dSPACE 1104. The
experiments reveal that the method is suitable for biomedical ap-
plications needing piercing operations with rotational oscillations
and it shows satisfactory performance in terms of wide range of
operation frequency.

Keywords—Rotational oscillations, biomedical piercing opera-
tions, sensorless position measurement.

I. INTRODUCTION

Since the development of microinjection technique by the
American bacteriologist Marshall A. Barber in 1911 [1], his
technique has found many applications for itself and become
an indispensable approach for biological research. Applications
of microinjection techniques are ranging from assisted fertil-
ization especially intracytoplasmic sperm injection (ICSI) [2]–
[6], pro-nuclei DNA injection [7]–[9], production of transgenic
animals [7], [10], [11] to cloning of organisms [12], [13].

Microinjection is a technically challenging method to
perform, requiring specially designed equipment and trained
operators due to the sensitive and vulnerable structures of
injected microorganisms. Under a microscope, an operator
positions the tip of the micropipette to the target cell im-
mobilizing by holding micropipette. By driving the injection
micromanipulator, operator pierces the membrane of the cell
and after delivering the injection material, gently withdraws
the micropipette [14]. Since the first reference of piezoelectric
actuators for piercing operation [2] was presented, it has been
still widely used with the developments on new mercury-free
piezo driven techniques [15].

A novel piercing mechanism developed with motivation
of a mercury-free design and minimal undesired vibrations
to drill cell with rotational oscillations is called Ros-Drill c⃝
[14]. They used a micro motor which is connected to the
micropipete holder for piercing operations, and achieved 80%
survival rate on sperm-injected mouse oocytes [16]. Within
this device concept, the micro motor oscillates in a wide

range of frequencies and amplitudes for different manipulation
tasks and the rotational oscillations are achieved successfully
providing that motor tracks a desired sinusoidal trajectory.
Obviously, it is need to measure the motion of micro motor
to be sure that it works properly. In the first prototype of
Ros-Drill c⃝ the amplitude of oscillations was measured with
an incremental encoder which generates 512 pulses in one
revolution and provides 0.175o increments of sensitivity in
quadrature mode [14] and it is very far from being enough
when considering the small oscillations in high frequencies.
One solution is utilizing high resolution digital encoders for
position sensing, but it should be known that although high
resolution digital encoders are high priced, the resolution of
digital encoders is severely limited by the density of the light-
interrupting lines [17]. Moreover, in the past few years there
is a growing demand for products that are ”good enough”
and competitively priced in the medical device industry [18].
Therefore, in the literature there are some studies improving
the resolution of low-cost, low-resolution encoders for micro
motion sensing [17], [19], [20]. Maybe even more important,
the use of encoder increases the size of device remarkably
which gives these type of devices a serious disadvantage.
The focus of this paper is improving a position change
measurement method for rotational oscillations to eliminate
the encoder usage. The main principle comes from the fact
that in Ros-Drill c⃝ devices, motor is drived only with its two
terminals and the other terminal is always non-fed. While
motor rotationally oscillates, a back-EMF voltage carrying
the position information is generated at the non-fed phase.
By measuring the non-fed phase voltage without need of
zero crossing detection, amplitude of rotational oscillations
are obtained for both low and high frequencies which is not
possible with an encoder.

This paper is organized as follows. The next section the
brushless motor mathematical model and control method for
Ros-Drill c⃝ device are given. The novel position measurement
method is proposed in Section III. Section IV presents the
simulation studies while in Section V experimental studies are
presented. Finally, in Section VI the study is reviewed and
future work is discussed.

II. BRUSHLESS MOTOR MODEL AND CONTROL METHOD

A 2-pole 3-phase brushless dc (BLDC) motor is depicted
in Fig. 1. It has wye connected stator windings and a per-
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(a) (b)

Fig. 1. 2-pole, 3-phase brushless dc motor [21].

manent magnet rotor. The stator windings are identical and
sinusoidally distributed, they are displaced 120o, each with Ns
equivalent turns and resistance rs [21].

The dynamic voltage equations of BLDC motor in terms
of machine variables can be written as

vabc = rs iabc +
dλabc

dt
(1a)

λabc = Ls iabc + λm (1b)

where vabc stator phase voltages, rs is diagonal matrix of
stator resistances, iabc stator phase currents and λabc is flux
linkages. The machine inductance matrix Ls for a round rotor
(smooth-air-gap) machine is expressed as

Ls =

⎡

⎣
Lls + LA − 1

2LA − 1
2LA

− 1
2LA Lls + LA − 1

2LA

− 1
2LA − 1

2LA Lls + LA

⎤

⎦ (2)

where leakage inductance is denoted with ls in the sub-
script and inductance LA is determined based on the geometry
of machine. Also,

λm = λm

⎡

⎣
sin θr

sin (θr − 2π
3 )

sin (θr + 2π
3 )

⎤

⎦ (3)

where λm is the amplitude of flux linkage established by
permanent magnets and θr is the electrical rotor position [21].

The electromagnetic torque equations of a round rotor
BLDC motor in terms of machine variables can be written
as

Te = (
P

2
)λm [(ia−

1

2
ib−

1

2
ic) cos θr+

√
3

2
(ib−ic) sin θr] (4)

and the torque and the speed are dynamically related as

Te − TL = J
2

P

dωr

dt
+Bm

2

P
ωr (5)

where J is the inertia of the rotor and the connected load,
Bm is damping coefficient associated with rotational system

(a) (b)

(c)

Fig. 2. Different topologies for oscillating motor (a) short circuiting two
phase (b) with a dc voltage source (c) only a sinusoidal voltage source

of motor and the connected load, TL is the load torque, ωr is
electrical rotor speed and P is number of pole pairs.

The piercing mechanism of Ros-Drill c⃝ devices is drilling
microorganisms using rotationally oscillating motions. It is
important to be able to adjust frequency and amplitude of
oscillations separately in a wide range for different micro-
manipulation tasks. Therefore, the control topologies in Fig.
2 (a) and (b) are developed for generating oscillations [22].
A sinusoidal voltage that applied between motor terminals
is sufficient for achieving the desired oscillations, however
sinusoidal voltage causes motor to rotationally shift as well.
To overcome this problem, third phase of the motor is supplied
with a dc voltage (see Fig. 2 (b)). A stationary magnetic field
occurs in the air gap, when a dc voltage is applied and the
rotor is aligned at a certain position. Then, motor begins to
oscillate at the frequency of source signal without shifting.

Another solution for immobilization of rotor instead of
applying dc voltage simultaneously is mechanically limiting
rotor movement by utilizing a mechanism which acts like a
spring. By using this method, two phases of motor are powered
with sinusoidal signal and third phase is a non-fed phase that
can be used to sense the rotor position with a quite simple
way (see Fig. 2 (c)). It is also still possible to apply dc voltage
between two motor terminals for a very short time, then after
mechanically and electrically alignment, to apply sinusoidal
voltage for small oscillations. This method also allows a non-
fed phase.

III. POSITION MEASUREMENT FROM BACK-EMF

In the literature, most popular sensorless drive strategies
for BLDC motors depend on speed-based back-EMF [23].

1133

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Generally, 3-phase power inverter topologies are used to drive
BLDC motors. They consist of three single-phase inverter
switches each connected to one of the three motor terminals
and are operated using the 120o commutation method [24].
In those topologies, only two phases of a BLDC motor are
energized at a time so that measuring the silent phase (non-fed
phase) voltage is used to sense the back-EMF and accordingly
rotor velocity. The zero crossing point of measured back-EMF
is detected and obtained information is processed in order to
control the firing angles of inverter switches.

In Ros-Drill c⃝ devices, there is no need for a continuous
rotation and correspondingly a 3-phase inverter due to the
nature of its operating principle. In the proposed oscillation
strategy (Fig. 2 (c)), one of the phases is always non-fed and
it can be used for extracting position information of the motor.
Also, in Ros-Drill c⃝ driving technique, since not only there is
no switch to control but also the important point is obtaining
position change amplitude information, zero point detection of
back-EMF is not required.

Let us assume that phase a is powered with a sinusoidal
voltage source, phase b is connected to the ground and phase c
is non-fed. Then, no current passes through phase c, and phase
a and b currents become equal to each other with opposite
directions as follows (see Fig. 1 (b))

ic = 0 (6a)
ib = − ia (6b)

Then, by using (1) phase to neutral voltages can be found
as

van = rs ia +
3

2
LA

dia
dt

+ λm cos(θr)
dθr
dt

(7a)

vbn = −rs ia −
3

2
LA

dia
dt

− λm sin(
π

6
− θr)

dθr
dt

(7b)

vcn = −λm sin(
π

6
+ θr)

dθr
dt

(7c)

As seen in (7) the non-fed phase to neutral voltage (back-
EMF of the non-fed phase) is expressed as a constant value
times a function that is changed only by the rotor position.
Since, most of motor manufacturers do not provide a motor
neutral point, one can only measure the phase to phase and
phase to ground voltages. According to the proposed topology,

vab = vs (8a)
vb = 0 (8b)

where vb is phase b to ground voltage and vab is phase a
to phase b voltage. The neutral point to ground voltage can be
found as

vn = vs − van. (9)

Then, by using (7) and (9) non-fed phase to ground voltage
can be expressed as

vc =
vs
2

− 3

2
λm sin (θr +

π

6
)
dθr
dt

. (10)

Therefore, the difference between measured non-fed phase
voltage and half of the supply voltage gives the back-EMF of
the non-fed phase as

ec = vc −
va
2

= −3

2
λm sin (θr +

π

6
)
dθr
dt

. (11)

where ec is the back-EMF voltage of non-fed phase.
Now, the position information is extracted by integrating the
difference between measured non-fed phase voltage and supply
voltage. Note that, since the motor is supplied with a sinusoidal
voltage source, back-EMF voltages have sinusoidal form rather
than conventional trapezoidal form.

IV. SIMULATION STUDIES

In this section, we have run series of simulations with
MATLAB/Simulink to investigate the performance of the
proposed measurement method in the previous section. In
simulations, the parameters are obtained from the brushless
motor (Maxon EC-4 pole 305014) specifications that are given
in Table I. Here, to model the effect of mechanical stabilization
of the motor shaft, we have added a spring term (K = 0.5)
to the mechanical equation of the motor in (5). Also, the
measurement voltage of the non-fed phase is contaminated
by a Gaussian noise with zero mean value and the variance
of 0.1‰. Simulations are conducted with sinusoidal supply
voltage signal with frequency of 100 Hz and 500 Hz and
amplitude of 2 Volts. The initial rotor position is 0. The
results are presented in Figs. 3 and 4. As seen from figures,
measured rotor position tracks the real rotor position with a
fluctuating profile causing by measurement noise. The reader
may concern about that integration of this noisy signal can
cause a dc component on measured position even if a low-pass
filter is used, but it must be known that within the concept of
Ros-Drill c⃝ the essential point is the amplitude of sinusoidal
position change when mechanical stabilization is guaranteed.
It is also worth to note that the amplitude of the position
change decreases, as frequency increases. Therefore, for high
frequencies it is getting harder to measure the position change
even with a high resolution encoder.

V. EXPERIMENTAL STUDIES

Fig. 5 shows the laboratory experimental setup for ver-
ification of the novel measurement method for rotational
oscillations. Brushless dc motor Maxon EC-powermax 305014
with encoder 225778 is used in experiments. The optical
encoder provides 500 counts per turn corresponding to a
position resolution 0.18 degree in quadrature mode. For real-
time hardware, a dSPACE DS1104 digital signal processing
controller board is used. A block diagram that generates the
sinusoidal signal with desired frequency and magnitude and
reads the encoder and motor terminal voltage is build in
MATLAB/Simulink with the dSPACE interface blocks, then
by using Real-Time-Workshop (RTW) function the C-code is

1134

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



TABLE I. SPECIFICATIONS OF BRUSHLESS MOTOR, MAXON EC-4
POLE 305014

Values at nominal voltage

Nominal voltage V 36
No load speed rpm 16700
No load current mA 485
Nominal speed rpm 16200
Nominal torque (Max. cont. torq.) nNm 94.2
Nominal current (Max. cont. cur.) A 5.03
Stall torque nNm 3510
Stall current A 171
Max. efficiency % 89.9

Characteristics

Thermal resistance phase to phase Ω 0.21
Thermal inductance phase to phase mH 0.0368
Torque constant nNm/A 20.5
Speed constant rpm/V 466
Speed/torque gradient rpm/mNm 4.78
Mechanical time constant ms 1.67
Rotor inertia gcm2 33.3

Other Specifications

Number of pole pairs 2
Number of phases 3
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Fig. 3. Simulation results for frequency of 100 Hz.

generated and downloaded the dSPACE real-time hardware
system. The power amplifier to drive the motor is implemented
by an op-amp circuit.

Here, we conducted series of experiments to verify the
effectiveness of proposed measurement method. A sample data
set for supply voltage with amplitude of 1 and frequency of
100 Hz is given in Fig. 6. Note that, low pass filters are used
to suppress the high frequency measurement noise on non-
fed phase voltage and supply voltage. Nevertheless, a pure
back-EMF voltage can not be obtained and remained noise
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Fig. 4. Simulation results for frequency of 500 Hz.

Fig. 5. Experiment setup.

level causes an increasing signal with constant slope when it
is integrated (see magenta line in Fig. 6). By eliminating this
effect the final measured position is obtained (see black line
- processed measured position in Fig. 6). Even if this effect
was not removed, it still would be acceptable, since only the
amplitude of oscillations is important in Ros-Drill c⃝ applica-
tions. Another method gathering the information of rotational
oscillations is computing the discrete Fourier transform of the
measured back-EMF signal. The results are presented in Fig.
7. Both Fig. 6 and Fig. 7 show that the proposed measuring
method presents good results. In another series of experiments
we used a sinusoidal supply voltage with amplitude of 1 and
a frequency set between 25 Hz and 200 Hz with an increment
of 12.5 Hz. The measurements were made for five times on
each frequency value and the arithmetic means were used as
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final results. As seen from the results in Fig 8, the real and
measured position changes are very close to each other. When
it comes to the high frequencies such as 500 Hz, the resolution
of encoder is not enough but one can still measure the back-
EMF voltage of non-fed phase and calculate the amplitude of
rotational oscillations. The results for a sample measurement
can be seen in Fig. 9.

VI. CONCLUSION

This paper presents a novel position measuring method
for rotational oscillations of a meachanically stabilized BLDC
motor for biomedical applications. Simulations are conducted
to verify the performance of the proposed method and it is
found that measured position tracks the real position with min-
imum error. Experimental studies showed that the method is
quite effective for both low and high frequencies. Eliminating
encoder usage in such biomedical devices provides a great
advantage when considering the device size and price tag of
high resolution encoders. It is also planned to show that the
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Fig. 9. Experiment results for amplitude of 1 and frequency of 500 Hz
(Voltage units are volts, position units are radians).

method is also effective to determine potential rotor shifting
as a future work.
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Abstract— In this study, the design and control of a 
rehabilitation robot, Romres, are presented. Romres is a 
neurological rehabilitation device, which can make patients do 
exercises for both upper and lower limbs within a wide range of 
motion. The most important property of Romres is that it has a 
special design, which allows doing intensive treatment to the 
patients, who are in the immobilization period, without any 
inconvenience for a long time. Romres rehabilitation robot can 
make three type of exercises. These are the passive exercise, the 
active assisted exercise and the active resisted exercise. The robot 
can decide to choose which type of exercise to apply to the patient 
depending on the force applied to the device by the patient. 
Impedance control is used as the control method. The control 
system includes a disturbance observer for compensating friction 
and other disturbances. The performance of the robot is tested in 
a test setup. The experiments show successful results. 

Keywords— rehabilitation robot; assisted exercise; impedance 
control; upper limb rehabilitation; lower limb rehabilitation 

I. INTRODUCTION 

 The physical rehabilitation aims to increase the functional 
abilities of the people who has physical disease or disability and 
to regain the functions they have lost. Nowadays, the physical 
rehabilitation is performed by applying force or movement to the 
patient by physiotherapists substantially. This situation has some 
disadvantages such as the physiotherapist spends a lot of time 
and effort during the exercise and the patient may be unable to 
exercise at the same time because of the fatigue of the treating 
person.  

 The usage of the robotic products has increased significantly 
in the rehabilitation sector in recent years. Rehabilitation can be 
understood more and improved by using this type of devices as 
an aid in therapy. At the current stage reached by the 
rehabilitation robotics, it can be possible to assist various motor 
functions and to determine the motor performance of the patient. 
Use of robots for the physical rehabilitation decreases the 
workload of healthcare officers; hence, this situation reduces the 
cost of therapy. On the other hand, robot aided rehabilitation 
improves the motor functions higher than the conventional 
rehabilitation [1-2]. 

Rehabilitation robots are divided into two groups according 
to their mechanical structures: robots connecting from one point 
and external skeleton robots. The robots, which connect from 

one point, work on the wall or ground and apply force only from 
the place where they are connected. The advantages of these 
devices are that they can be easily arranged for different limb 
lengths and these devices are simple, convenient and cheap. The 
disadvantages of them are that the posture of the limb or the 
interaction torques of each joint cannot be determined 
accurately, because the robot and the patient only interact at one 
point, which is the end effector. The most well-known robot of 
this type for the upper limb is MIT-MANUS robot, which is 
being used for treatment of the people who has stroke [3]. 

An external skeleton robot is attached to each joint of the 
patient and makes the patient exercise so as to comply with the 
movement of limb. The advantages of these type robots are that 
they can determine the posture of the limb exactly and they can 
individually control the torque applied to each joint of the limb. 
The disadvantages of them are the need to adjust the robot 
segments according to limb length and the difficulty of attaching 
to the patient. One of the mostly recognized exoskeleton robots 
is ARMin [4-5]. 

If we need to classify the rehabilitation robots according to 
exercise patterns, these systems can be divided into three groups: 
Passive, active, and interactive. The passive rehabilitation robots 
are safer, lighter, cheaper and easier to use than other types of 
rehabilitation robots. The disadvantage of these robots is that 
they cannot aid the patient under the effect of a force other than 
the gravitation. These type of robots are suitable for treatment of 
the paretic patients. The active rehabilitation robots are the 
devices, which moves by electrical, hydraulic or pneumatic 
actuators. According to the type of robot, actuators can control 
the interaction force between the patient and device, or they can 
control the position of the robot directly. These types of robots, 
which can assist or resist the patient, are also used to measure 
the active force, range of motion and spasticity level of the 
patient exactly [6-7]. The interactive robots include 
sophisticated control methods, which can react to the effort of 
the patient. In this kind of robots, the interaction is detected by 
position and force sensors feed to controllers. 

In active and interactive robots, it is necessary to compensate 
for the disturbing effects. Among these disturbing effects, 
compensation of friction is particularly important. Friction can 
adversely affect the systems, which require high precision, and 
can lead to undesirable situations [8]. In active and interactive 
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robots, friction complicates the patient’s movement and reduces 
the sensitivity of aid.  

 Many control approaches have been used in the 
rehabilitation robots. The mostly used control approaches are 
briefly discussed below. 

PID Control: That method is a simple approach which is 
often used for rehabilitation robots in order to track a determined 
trajectory. In the human interactive systems, the stiffness of PID 
controller occurs problems in terms of comfort and safety. In the 
given circumstances, it can be used together with adaptive and 
fuzzy methods as a hybrid control in order to solve the problems 
sourced by stiffness [9-10]. 

 Haptic Control: This control approach is frequently used in 
human and robot interaction systems. In this control method, the 
compliance between the system and the patient is provided by 
using the force feedback from the sensors [11]. An example of 
this type of control approach is the compliance control. In this 
method, the determined position reference is generated by a PID 
controller. However, in this method, the force feedback is 
received from the sensors and the feedback is used to provide a 
position control, which complies with the patient’s movement, 
rather than a classical position control [12]. This method can be 
examined in two groups as impedance and admittance controls. 
Impedance control is a position-feedback force controller that 
operates in accordance with the system model. Impedance 
control is frequently used in active rehabilitation robots and 
provides high performance when the environment is stiff, but it 
is poor when the environment is soft. Admittance control is a 
position control method with force feedback. In contrast to the 
impedance control, it provides high performance in soft 
environments and causes contact instability in stiff 
environments [13-15]. 

Fuzzy Control: Fuzzy controller is one of the widely used 
controller types in rehabilitation devices. The reason is that the 
fuzzy controllers do not cause sudden speed changes that will 
adversely affect the patient [16-17]. 

The studies mentioned above have made significant 
contributions to the literature. Romres is a rehabilitation robot, 
which is attached to the patient at one point by a cable. 
According to the requirements of the device, if the applied force 
from the patient exceeds a predetermined threshold force value, 
the device will cancel the passive motion and let the patient 
move by his or her own effort. 

The haptic control appeared to be suitable for this device and 
the impedance control is preferred since the device will work 
with high stiffness due to the system structure. In this study, the 
mathematical model of the Romres rehabilitation device is 
designed, and an impedance control approach based on this 
model is developed. In addition to this control approach, a rule-
based control system, which will determine the response of the 
device according to the patient's behavior has been developed. 
A friction and disturbance compensation algorithms were 
implemented in order to compensate the friction and 
unpredictable disturbance effects in the system. 

In the remainder of the study, these control and 
compensation algorithms are embedded into the control unit of 
the system to make the system suitable for experimental work. 

In Section 2, the design and working mechanism of the system 
are introduced. The physical and mathematical model of the 
system is mentioned in Section-3. In Section-4, the control 
approaches are discussed. Section-5 gives information about the 
experimental apparatus imitating the patient and the 
experimental study performed. In Section-6, experimental 
results are given, and in Section-7, conclusions are drawn from 
these results. 

II. DESIGN AND WORKING MECHANISM 

A. Mechanical Structure of the System 

Romres consists of two vertically symmetrical parts. These 
parts can be divided into three groups as follows: the pulley 
group, the lower body and the elevator system. The pulley 
system consists of a main pulley, a cable wrapped around the 
pulley, and a servo motor that drives the pulley. There are also 
auxiliary idle pulleys, which guides the cable. The CAD model 
of the design is shown in Fig. 1. 

 
Fig. 1. CAD model of Romres  

 During an exercise, the servo motor applies torque to the 
pulley according to the torque information received from the 
motion control unit to provide that the patient perform the 
exercises properly. The cable, which is wrapped around the 
pulley, is attached to the splint, which is attached to the patient's 
extremity, and transmits the torque generated by the servo motor 
to the patient’s joint. The role of the auxiliary idle pulleys is to 
prevent the cable from going out of the main pulley and to 
provide that the cable be properly wrapped onto the pulley. 

During the exercise, the angle between the patient extremity 
and the cables must be adjusted to about 90 degrees in order to 
increase the range of motion of the limb to the maximum level. 
The best way to achieve this is to use an elevator mechanism that 
moves instantaneously according to the angle information of the 
extremity during exercise. The lift mechanism that moves the 
pulley system up and down includes a trigger-cable system 
driven by a servo motor. In the lower body group, there are one 
servo motor that drives the elevator mechanism and the drivers 
of the servo motors. The system has one load cell at each cable 
connected to the patient’s extremity and an angle measurement 
unit directly connected to the limb of the patient.  

By means of these sensors, the weight of the patient's 
extremity and applied force of the patient can be detected 
continuously and instantaneously and the exercise condition can 
be changed according to this force value. 
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B. Working Mechanism 

The device has three types of exercise conditions that are 
used during the active assisted exercise. These are as follows: 
The passive motion state, the active assisted motion state and the 
spasticity state. Passive motion is a state, which is used when the 
applied force from the patient is lower than the determined 
threshold force value during the active assisted exercise. At the 
passive motion state, the system moves the extremity of the 
patient according to the position reference given. This position 
reference is set by the physiotherapists in order to create a 
neurological input at the extremity of the patient. In the state of 
passive motion, when the applied force of the patient is in the 
direction of motion and above the determined threshold, the state 
of the device switches to the active assisted motion state. In the 
active assisted motion state, the system allows the patient to 
move independently of the position reference, but allows the 
patient to move the extremity applying a small amount of force 
(about 150g), by compensating forces such as limb weight and 
friction. If the applied force of the patient is in the opposite 
direction of motion and above the determined spasticity 
threshold, the state of the device switches to the spasticity state 
from the passive motion. In this case, the system changes the 
direction of exercise and moves the patient extremity in that 
direction as long as the patient applies force at that direction. 

III. SYSTEM MODEL 
 In the modeling and simulation studies, the whole system is 
taken into consideration firstly. A model is developed by 
considering the extremity of the patient as if it is an end-effector. 
Thus, when the angle of extremity is entered as an input to the 
system, the two pulleys are controlled simultaneously to move 
the patient's limb to the desired angle. This control approach has 
been tested by simulation in MATLAB/Simulink environment. 
Whereas the simulation was successful, position tracking errors 
have occurred in the experiments made with the real system. 
One of the main reasons of this situation is the imperfect and 
delayed acquisition of the angle of extremity. The angle sensor 
used in the real system has a delay of more than 100 ms due to 
the filters used. After experiencing this problem, instead of 
modeling the system as a whole and designing the controller 
based on that model, it was decided to examine the system in 
parts. In this direction, the pulley groups have been modeled as 
a separate system. In addition, it is decided that instead of the 
angle sensor, the encoders of motors can be used in the control.  

 
Fig. 2. The inner part of pulley group  

 The inner part of the pulley group is shown in Fig. 2. The 
roller, which is shown in yellow color and attached to the servo 
motor, is used to control the extremity of the patient through the 
tension force in the cable. The pulley group is simply modeled 
as a one-degree-of-freedom system as follows: 

	  (1) 

 Where, I is the total mass moment of inertia of the motor, the 
reducer and the pulley; Tm is the torque applied by the motor,  
is the angular position of the motor;  is the tension force 
on the cable; and r is the radius of the pulley. Compensating the 
friction and other disturbing effects in the system using a 
separate algorithm allows the pulley group to be modeled in this 
simple way. Note that, when this model is used, it is necessary 
to use an algorithm to compensate the movement of the elevator 
mechanism according to the position of the extremity.  

 As described previously, the elevators move to keep the 
angle between the patient's limb and the cable as close to 90 
degrees as possible during the exercise. The vertical positions of 
pulley systems set by the elevator motors can be found by 
geometric calculations. The illustration of the system are shown 
in Fig. 3. 

 
Fig. 3. Illustration of the system 

 The equations derived by using this geometric approach can 
be written as follows: 

 (2) 

 (3) 

Equations (2) and (3) are calculated instantaneously during 
system operation and sent to the controller used for the elevator 
motors. 

IV. CONTROL ALGORITHM 
There are four servo motors in the system in total. Two of 

them control the cables connected to the patient limbs, the other 
two control the movement of the elevator mechanisms. In the 
control system, the motors that control the rollers operate in the 
torque mode and the motors that drive the elevator mechanisms 
operate in the speed mode. It has been considered that the 
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impedance control is suitable to use as the control algorithm for 
the motors driving the pulleys. The reason is that the impedance 
control is an advanced method in terms of patient comfort, 
operation safety and allows instantaneous transition between 
passive and active assisted conditions depending on the active 
force applied by the patient. On the other hand, in some control 
tests, the PD control proved to be sufficient for controlling the 
motors of the elevator system. 

A. Pulley System 
The control formulation for the impedance controller can be 

defined as 

	  (4) 

where,  is the virtual mass coefficient,  is the virtual 
damping coefficient,  is the virtual spring coefficient, e is 
tracking error, and  is the external force. In (4), the tracking 
error is calculated by, 

 (5) 

where,  is the desired position of the motor. If (5) is derived 
twice with respect to time, the error in the angular acceleration 
is obtained as 

 (6) 

Substituting (6) into (4), 

	  (7) 

The angular acceleration of the motor can be obtained from 
the system model given in (1). Since the system is intended to 
move at a constant speed and very slowly during exercise, the 
desired acceleration value can be assumed zero. Thus, (7) can 
be written as follows: 

	 	 . (8) 

 By rearranging (8), the following equation is obtained: 

	 	 . (9) 

 This equation is the impedance controller formulation to be 
used for the pulley groups. 
 

B. Control Algorithm of Elevator Motors 
The calculation of the required heights of the elevator 

mechanism is given previously. However, these heights have to 
be calculated and updated in real-time according to the patient’s 
movement during the exercise. Servo motor drives used in the 
system do not allow reference changes in the position control 
mode in real-time. For this reason, the elevator motors are 
operated in the speed mode, which allows the change of 
reference instantaneously. The PD control algorithm used for the 
elevator mechanisms is shown below: 

	 	  (10) 

 (11) 

 where,  is the proportional coefficient,  is the 
derivative coefficient,  is the position error in height,  is 
the desired height, and h is the actual height. When determining 
the PD controller coefficients, it was aimed to make the 
movements as smooth as possible to ensure patient’s comfort. 
At the same time, approaching the desired height rapidly was 
an important criterion in determining the controller coefficients. 
The steady state error was neglected because it was too small to 
affect the exercise. For this reason, it is not necessary to add an 
integrator to the system. 

V. EXPERIMENTAL SETUP 

A. Test Apparatus 

Tests of the designed control algorithms were performed in 
the real system. At first, the experiments were done for 
controlling a single pulley. When positive results were obtained 
from these studies, the experiments for controlling the whole 
system was started. The test apparatus, which imitates a patient 
extremity, was developed in order to test and measure the 
performance of the device. The developed test apparatus is 
shown in Fig. 4.  

 
The test apparatus consists of one servo motor, a servo drive 

and a control unit. The interfaces of the software of testing 
apparatus was integrated into the interface of Romres to enable 
simultaneous control of the instrument during the tests. 

 
The software in the test apparatus allows the user to enter 

the magnitude and direction of the torque. If the user presses the 
button on test apparatus, the test apparatus will start to apply 
torque, and as long as the button is pressed, the test apparatus 
continues to apply the specified torque. When the button is 
released, the test apparatus stops applying the torque. In 
addition, the software of Romres keeps all data related to the 
operation of the device during the test. This data will then be 
used in the analysis of the tests performed, and thus, the 
performance of the device will be evaluated. 

 

 
Fig. 4. Test apparatus 
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B. Test Scenario 

The test scenario was decided as follows: At first, a high 
intensity force will be applied to the system by the test 
apparatus and it will be observed that whether the system can 
detect that force or not. In the next stages, this force is gradually 
reduced to see how much force the system can react at least. At 
the next stage, the behavior of the system in the case of 
spasticity will be observed by applying force to imitate the 
spasticity state. The experimental setup is shown in Fig. 5. 

 

 
Fig. 5.  The experimental setup 

The test apparatus applies no force to the device during the 
first cycle in order to test that the device can successfully 
perform passive motion. During that cycle, it is examined 
whether the system is false positive in determining the active 
movement or not. Then, the test apparatus applies force to the 
device in the direction of the joint motion. The system has been 
applied torque up to 30% of the nominal torque capacity of test 
apparatus in order to test whether the system can detect it or not. 
Then, that value is reduced to 10% and examined. At the 
beginning of the test, the active assisted motion state activation 
value is chosen high. This value indicates the threshold value of 
active force required to activate the active assisted state of the 
system. During the test, this value is gradually decreased, so 
that the system can react to lower active assistance forces. For 
the spasticity experiments, 40% and 70% values are tested in 
the opposite direction to the movement of test apparatus. In 
order to make the experiment more intense and diverse, changes 
are made while the test apparatus is applying torque.  

VI. EXPERIMENTAL RESULTS 
The graphs of the data collected in the tests are shown in 

Fig. 6-9. The plots show the time of histories of the joint angle 
and the strength. The joint angle is indicated by black color and 
its values are shown on the left side of the graph. The force 
values are shown on the right side of the graph. The force, 
which is applied by the test apparatus is shown as “Force of Test 
Apparatus” and indicated by a purple color. The force, which is 
calculated by system, is shown as “Calculated Force” and 
indicated by blue color. The threshold value, which is used to 
switch between the passive and active assisted motions, is also 
shown in Fig. 6. 

 

 
Fig. 6. The test results of the passive motion when the test apparatus did not 
apply any torque 

It is understood from this experiment that the system 
successfully achieved the passive movement. Moreover, the 
system did not give false positive in active motion detection at 
any stage in the experiment.  

When 30% torque of the nominal capacity of test apparatus 
(about 760 gf is applied by the splint) was applied, the system 
was able to sense the active motion and assisted the test 
apparatus to enable faster movement. The experimental results 
are shown in Fig. 7.  

 

Fig. 7. The test results of the active assisted excercise when %30 torque 
applied by test apparatus 

Similarly, when the torque of the test apparatus is reduced 
to 10% (~255 gf), the system has had difficulty in sensing the 
active motion. When the level of the active assisted motion 
activation value is lowered to the most precise level, the system 
was able to detect force values corresponding to 10% torque as 
active motion. The most sensitive value that the system can 
perceive as the active motion in the experiment is 6% (~150 gf). 
The results are shown in Fig. 8. 
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Fig. 8. The test results of the active assisted excercise when %10 torque 
applied by test apparatus 

Spasticity manifests itself as severe contractions.  For this 
reason, in order for the system to detect spasticity, it is 
necessary to apply a force of 1200 gf or more in the opposite 
direction to the motion.  It was observed that the system 
successfully detected spasticity at the applied 1780 gf and react 
according to the state of spasticity. Results are shown in Fig. 9. 

 
Fig. 9. The graph of spasticity torque imitating by test apparatus 

VII. CONCLUSION 
In this study, the design, working mechanism and control of 

a rehabilitation robot named Romres, which has a different 
structure among the rehabilitation robots found in the literature, 
were presented. An impedance-based control approach was 
developed for the system and tested on the real system. The 
experiments were made on the real system by using a custom-
engineered test apparatus. The experimental results showed that 
the designed control algorithm satisfies the desired exercise 
performance. The compensation of friction forces and other 
disturbing effects, and the rule-based control structure will be 
presented with more detailed control algorithm in the future. 
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Abstract— Life support devices developed for use in the 
treatment of respiratory insufficiency are called mechanical 
ventilators. Mechanical ventilators that mimic gas exchange 
between the respiratory system organs and the atmosphere using 
different methods are critical medical care devices that allow the 
patient to maintain respiratory functions. In this study, a 
mechanical ventilator prototype was developed for use in 
transferring intensive care infants between medical institutions. 
The ventilator prototype is designed to be used as a CPAP 
(Continuous Positive Airway Pressure) device for neonatal 
resuscitation if desired. Prototyping work has been carried out 
taking into account the safety precautions and sensitivity 
parameters specified in the relevant standards of the neonatal 
ventilators. The ventilator can be able to operate with pressure 
and volume control. 

Keywords— Mechanical Ventilation, NICU Ventilation, 
Transport Ventilator, Infant Ventilator, Cloosed Loop Control of 
Mechanical Ventilator, Medical Device Design 

I. PHYSICAL BASIS OF MECHANICAL VENTILATION
Respiration is the gas exchange activity between the human

body and the atmosphere and is normally carried out by the 
respiratory center of the brain under normal conditions. 
Mechanical ventilation, referred to as artificially performed 
inhalation, is the administration or support of respiratory 
functions from outside the body with the help of specialized 
machines. Gas exchange mechanism in the human body is 
shown in Figure 1.  

Fig. 1. Stages of gas change between the lungs and the atmospheric 
environment [1] 

Mechanical ventilators are medical devices used to produce 
artificial breaths.  

A. Types of Respiratory Support

There are two basic methods for maintain a successfully gas
exchange between the respiratory system components and 
atmospheric environment using a mechanical ventilator.  

Positive Pressure Ventilation: Respiratory support via 
effective pressure applied to the patient's airway opening. 
Shown in Figure 2. 

Fig. 2.   Positive pressure ventilation  

Negative Pressure Ventilation: Respiratory support is 
performed with help of vacuum pressure around the chest wall. 
Shown in Figure 2. 

Fig. 3.   Negative pressure ventilation  

Today, the ventilator type used in clinical practice and used 
as life support equipment is Positive Pressure Ventilator. 

Pressure loss due to airway resistance and elastance of lung 
tissue needs to be compensated in order to provide gas flow to 
the lungs by means of positive pressure. The mathematical 
expression of positive pressure ventilation is referred to as the 
equation of motion. The equation of motion is given in Equation 
1. (P: Pressure, R: Airway Resistance, E: Lung Elastance, V:
Tidal Volume, V: Volumetric Flow)

P(t)=E.V(t)+R.V(t)         (1)
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B. Areas of use for Mechanical Ventilators 

Some or all of the respiratory functions may become 
dysfunctional due to accidents or diseases that may corrupt the 
chemical and physical integrity of the body during its birth or 
during the life of the individual. In situations like this where 
human life can be threatened, breathing must be supported from 
the outside of the body with the help of specialized machines or 
it must be completely carried out by these machines. 

C. Goals of Mechanical Ventilation 

The main goals of mechanical ventilation support; 

• To provide and maintain adequate gas exchange in 
the lungs, 

• To minimize lung damage (VALI, VILI) during 
application, 

• Reduce the respiratory workload of a patient with 
respiratory support, 

• To maintain patient and ventilator interaction at the 
highest level [2]. 

D. Respiratory Mechanics 

The lungs and respiratory tracts where gas exchange 
activities are carried out in the body interact with the breathing 
gas mixture supplied by the mechanical ventilator in different 
forms. Those parameters interacting with the inhaled fluid are 
called respiratory mechanics. The three fundamental 
components of respiratory mechanics are Inertance, Resistance 
and Compliance. 

Lung Resistance - Airway Resistance (RL): Airway 
resistance due to the geometric structures of the lower and upper 
respiratory tracts. Unit is mbar / L.s-1 

Lung Compliance (CL): It is used to express the 
expandability of the lung. The air entering the lung during 
inhalation refers to the pressure that the volume creates within 
the lung. Unit is mL / mbar. 

Lung Inertance (IL): Indicates the inertia of air mass in the 
respiratory tract and lung tissue to gas exchange. Unit is mbar / 
L.s-2 

Another important parameter related to respiratory 
mechanics is Time Constant ( ). The minimum inspiration time 
required for the lung pressure to reach the desired reference 
pressure. Time constant is determined by multiplying the lung 
resistance and lung compliance. Unit is second. Given in 
Equation 2. The duration for the lungs to reach the targeted 
pressure is 5  [3]. 

=RLCL                                       (2) 

E. Components of An Artificial Breath 

Main components of a machine controlled positive pressure 
breath is shown in Figure 4. The artificial breath consists of two 
different phase. First phase is called Inspiration and second 
phase is Expiration. During inspiration phase mechanical 
ventilator creates a pressure gradient that produce air flow to 
lungs in order to transport oxygen (O2) enriched tidal gas 
volume. In expiration phase carbon dioxide (CO2) enriched air 

is thrown into the atmosphere. The sum of inspiration and 
expiration times is called the respiratory period. The amount of 
air that must be taken in one breath is called Tidal volume (VT). 
Tidal volume is vital for lung oxygenation.  Peak Inspiratory 
Pressure (PIP) is limit of the positive pressure value at the end 
of inspiration phase. Positive End Expiratory Pressure (PEEP) 
is the positive pressure created by the air remaining in the lungs 
at the end of the expiration. These components are setting 
parameters for a respiratory support. 

 
Fig. 4.  Artificial breath 

F. Types of Controlled Ventilation 

There are two basic control targeting scheme in mechanical 
ventilation. These are Pressure Controlled (PCV) or Pressure 
Targeted ventilation and Volume Controlled and Volume 
Targeted (VCV). In pressure controlled ventilation independent 
variable is pressure, tidal volume shows variance depending on 
lung compliance. On the other hand, in volume controlled 
ventilation process independent variable is tidal volume and 
lung pressure shows change due to lung compliance. The ideal 
waveforms of pressure and volume controlled ventilation are 
shown in Figure 5 [4]. 

 
Fig. 5.  Controlled ventilation waveforms  

II. THEORY OF OPERATION 
The mechanical ventilators supply the needed pressurized air 

and oxygen from the medical gas outlet provided centrally by 
the hospitals or pressurized gas cylinders. In addition, some 
intensive care and portable ventilators are designed to provide 
respiratory support through centrifugal fans that are fed from the 
internal battery in the device for use in cases such as patient 
transport or homecare. 

After settings the ventilation parameters (Tidal Volume, PIP, 
PEEP, Respiration Rate, Inspiration-Expiration Ratio etc.) by 
the expert clinician through the user interface are evaluated by 
the ventilator's control algorithm and an appropriate amount of 
air-oxygen mixture is delivered to the patient through ventilator 
pneumatic system and respiratory circuit. Following the 
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completion of the inspiration phase, carbon dioxide enriched 
waste gas coming from the patient is exhaled either actively or 
passively after passing through a bacterial filter. 

During the respiratory support provided by the ventilator 
pressure, flow and volume values of the patient's airway 
openings are measured and evaluated in real time by the 
embedded software of the device. Visual and audible alarms are 
activated when necessary situation to alert clinicians. Simple 
presentation of machine controlled ventilatory support is shown 
in Figure 6.  

 
Fig. 6. Machine controlled respiration process  

III. HARDWARE DESIGN 
In order to achieve the goals of ventilation therapy, special 

ventilation approaches should be applied to groups of adult, 
pediatric and neonate patients having physiologically different 
characteristics. 

Newborn babies are the group of patients that should be 
given the most attention during the development of ventilation 
strategies. Like all organs of a newborn baby at the beginning of 
his physiological development their lungs can easily be 
damaged. There is always the risk of situations that could put the 
baby's life in danger if the respiratory support is not done 
correctly.  

For these reasons, ventilator devices with specialized 
hardware units and breathing modes for newborns are often 
needed therapy devices in areas requiring special expertise, such 
as neonatal intensive care units [5][6]. 

The equipment of the ventilator system consists of 
electronic, pneumatic and mechanical components. The 
electronic system components consist of a graphical user 
interface, valve drivers, sensor circuits, lithium-ion battery and 
power supply. 

A. Pneumatic System 

The pneumatic system of the ventilator equipment includes 
regulators and valves that reduce and manipulate the high 
pressure (3 - 6 Bar) medical gas mixture entering the device into 
a safe level that can be applied to the patient. When selecting 
pneumatic components, the pressure and flow ranges, response 
times and alarm limits specified in international standards of 
newborn mechanical ventilators have been considered. There are 
two main pneumatic actuators used to create machine-controlled 
breaths. The first actuator is the Proportional Flow Control 
Valve that determines the PIP pressure or tidal volume by 
controlling the flow of the breathing gas. The second main 

actuator is the Piezoelectric Pressure Regulating Valve which 
controls the pilot pressure of the PEEP valve which determines 
the base pressure at the end of expiration. Ventilator pneumatic 
schematic is shown in Figure 7.  

 

 
Fig. 7.    Pneumatic schematic of  ventilator prototype 

B. Embedded System 

In embedded system design, LPC4088 and LPC1768 
microcontrollers with ARM CORTEX architecture belonging to 
NXP are used as GUI processor and main controller. The 
pressure and flow sensors used for feedback are selected from a 
group of sensors capable of operating with medical gases. In 
selecting sensors, products are preferred that have response 
times specified in the relevant standards. 

The software design of the ventilator prototype was 
performed in the Keil uvision IDE using the C ++ programming 
language. The software consists of two parts as main control and 
GUI software. The graphical user interface allows you to change 
the parameters of respiratory support (Respiratory Rate, PIP, 
PEEP, I:E Ratio etc.) and observe changes in the patient's 
airways. The main control software use data coming from 
pressure and flow sensors to manipulate the gas flow to the 
patient. Final ventilator prototype is shown in Figure 8.  

 

 
Fig. 8. Patient circuit connections and general view of ventilator prototype  

IV. COMPUTER MODEL OF VENTILATOR PROTOTYPE 
In this study a computer model was prepared to simulate 

interaction between the ventilator components and lung 
mechanics parallel the hardware and software design process of 
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the ventilator prototype. The physical modeling blocks that 
located in MATLAB/Simulink and Simscape libraries were 
utilized when creating the simulation models. Also, a special 
model library for mechanical ventilation has been designed 
using the Simscape programming language. Computer model is 
shown in Figure 9. 

 

 
Fig. 9. Computer model of mechanical ventilator prototype  

The PID controller coefficients to be used for the closed loop 
control of the mechanical ventilator have been optimized by the 
computer model and then transferred to the embedded software 
of the device. Two separate models have been developed for 
volume and pressure controlled ventilation. Figure 10 shows the 
simulation results of the pressure controlled ventilation model. 
Following setting parameters and values were used for 
simulation. 

• PIP = 12.0 mbar 

• PEEP = Atmospheric pressure 

• Respiration Rate = 40 BPM (Respiratory period = 
60 / 40 = 1.5 s) 

• I/E Ratio = 1:2 (TI = 0.5 s, TE = 1.0 s) 

• Lung Compliance = 2.0 mL / mbar  

• Lung Inertance = 0.001 mbar / L.s-2  

• Airway Resistance = 20.0 mbar / L.s-1 

 
Fig. 10.   Computer model PCV simulation results  

V. CLOSED LOOP CONTROL   
A real time PID (Proportional, Integral and Derivative) 

control algorithm was used. The control software works with a 
sampling time of 5 milliseconds. According to the different 
breathing patterns (Pressure Controlled or Volume Controlled), 
the controller tried to reach the reference value with the aid of 
the feedback signal from the patient proximal pressure line or 
patient flow sensor. The control signal is obtained by calculating 

3 terms based on the error value (E(n)) and control coefficients 
(Kp, Ki, Kd) during the execution of real time PID control. 
Mathematical representation of PID controller, proximal 
pressure signal moving average filter and output signal 
saturation functions are given in Equation 3 to Equation 12 (P: 
Pressure (mbar), V: Volume (mL), V: Volumetric Flow (Lpm), 
TS: Sample Time (s), TR: Respiration Period (s), N: Number of 
samples) 

PFeedback n
= 

1

5
 PUnfiltered n + j

4
j=0              (3) 

N= 
TR

TS
                                          (4) 

VFeedback n
= 	V n

n=N
n=0                       (5) 

E n =PReference n
- PFeedback n

                    (6) 

E n =VReference n
- VFeedback n

                    (7) 

P n = E n Kp                                (8) 

I n = E n
n
0 Ki                             (9) 

D n = E n - E n-1 Kd                     (10) 

PID n =P n +I n +D n                      (11) 

PWM(n)=
10,  PID(n	)	<	10

98,  PID n 		>	98
                 (12) 

 
 

The flowchart of the control software is shown in Figure 11. 

 
Fig. 11. PID software flowchart  

The control signals generated by the real time PID software 
are sent before the fitting function is applied to the valve drivers. 
Adjusted control signals are converted to electrical signals using 
the microcontroller's DAC and PWM modules. 

VI. RESULTS 
For testing performance of control software and the 

ventilator a passive lung simulator (Smartlung Infant, IMT 
Medical) was connected to ventilator gas exchange lines with a 
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neonatal respiratory circuit. Various PID coefficients and 
respiratory parameters were tested and results were obtained. 
The test results for the values given below are shown Figure 12 
and Figure 13. 

• Mode = PCV 

• PIP = 20.0 mbar 

• PEEP = 0.0 mbar 

• Respiration Rate = 40 BPM 

• I/E Ratio = 1:2  

 
Fig. 12. Experiment Result 1 

 
Fig. 13. Experiment Result 2 

The PID coefficients obtained from the computer model 
have been applied to the real system to remove steady-state 
errors and overshootings at the ventilator output. The results for 
this experiment are given in Figure 14. 

 

 
Fig. 14. Experiment Result 3 

VII. CONCLUSIONS 
In this study, a prototype of a ventilator device which is 

suitable for the mechanical ventilation of newborn babies and 
compatible with the biomedical device production standards has 
been developed. The aim of this study is to develop a device 
prototype for reducing the existing deficiencies in the academic 

literature on the hardware and software design of ventilator 
devices that can be used in the medical field. 
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Abstract— Judge the outcomes of rehabilitation processes 
in terms of the level of functional enhancements of affected 
upper limbs of hemiplegic children is one of the major 
difficulties in home-based rehab. The main purpose of this 
study is to develop a tool for making decisions depend on the 
outcomes of upper limb rehabilitation. The novint falcon 
haptic device is used as the main hardware along with virtual 
reality scenarios which have been developed for the active 
mode functional recovery training of affected upper limbs. A 
fuzzy logic strategy is developed in this active mode to collect 
the consumed time and the connection between the haptic 
device and the impaired upper limb during the rehab process 
to register the changes of the function motion of that limb. In 
order to provide the therapists with the parameters as an 
objective evaluation to help them make their decision about the 
following stage of rehab. Experimental results will be 
presented based on the application of this method on two 
children. 

Keywords—Upper limb rehabilitation, children with 
hemiplegia, haptics, fuzzy logic, active motion mode 

I. INTRODUCTION

Hemiplegia is defined as paralysis on one side of the 
body caused by brain damage, and it is a part of Cerebral 
Palsy (CP) [1]. Various abilities weaknesses have been 
reported as consequences of CP by different authors [2, 3]. 
Rehabilitation therapy has shown a significant improvement 
of Upper Limb (UL) functions. For example, task-oriented 
arm training significantly improves functional activities of 
the affected arm, also reduced its dysfunction [4]. 

The efficiency of a rehabilitation process is mainly based 
on the results which normally derived from impairment and 
functional assessment. The therapists use these results to 
build their decisions about the upcoming treatment plan, as 
well as judging the usability of a certain treatment. Those 
decisions mostly depend on the improvement level that has 
been noticed by using different assessment methods. In fact, 
there are wide methods of assessment such as 1) 
Performance Measures which contains of Action Research 
Arm Test (ARAT), Box and Block Test (BBT) Chedoke 
Arm and Hand Activity Inventory (CAHAI), Jebsen-Taylor 
Hand Function Test, Nine-Hole Peg Test, and Wolf Motor 

Function Test (WMFT). 2) Self-Report Measures which 
contains of Motor Activity Log (MAL) and Stroke Impact 
Scale [5]. 

A performance measure is a method in which the 
therapists rate and/ or time a certain set of UL actions which 
normally perform by patients. Whereas, self-report measure 
is a method in which, patients need to answer a set of 
questions which pre-prepared by the therapists. These 
methods are based on the experience of the therapists, and 
require the presence of those therapists to make the decision. 
But those therapists have indicated that they prefer to have a 
core set of measurement instruments which require less user 
intervention, instruction, and interpretation [6]. 

The routine of the assessment of impairments and 
performance improvement are critical for the therapists for 
decision making [7, 8]. There are many rehabilitation 
processes, which have used haptic devices as based 
equipment for the rehab [9, 10, 11], however, most of those 
devices are used to help patients to complete the desired 
tasks. Despite the fact that these systems have illustrated 
promising results for UL rehabilitation, most of those 
systems are unable to determine the level of difficulty and 
the level of enhancement, which the patients have achieved, 
of the rehab exercise; instead the therapists use the other 
assessments methods. 

Performance or self-report measures, which assess the 
progression of patients, are mostly performed by the 
therapists regularly at a certain amount of time. These 
assessments provide the therapist with the meanwhile range 
of motion, not the overall progression of the patients during 
all sessions of the therapy. This makes the judgment of the 
outcome of the therapy such hard work. 

    Therapists and medical doctors build their decision about 
the level of enhancement on both quality and quantity of the 
movement. In other words, they observe the speed and the 
velocity of the UL during the movement to decide about the 
quantity, and they observe the smoothness and the type of 
the performed movement to decide about the quality of the 
movement. The final decision is based on both observations. 
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In this work, we have developed an intelligent system which 
stimulates the therapists and medical doctors when making 
their decisions. This system uses the possible collected data 
such as the needed time to complete a task which represents 
the quantity, and number of collisions with virtual obstacles 
which represents the quality to build its decision about the 
level of enhancement based on both quality and quantity of 
the movement. This decision, that has been calculated based 
on the proposed fuzzy approach described in section II. d, is 
to be given to therapists to enable them to have the history 
of performance of each child during different attempts of the 
therapy process. Actually, fuzzy approach has been used in 
various aspects of assessment, such as in perceptual image 
quality assessment [12]. It has been also used to provide a 
valuable information or assessment about the real behavior 
of a machine system [13]. And both of them have shown the 
reliability of using such approach. 

    The application of this method will be a helpful 
practice in terms of an aggregation of possible objective 
judgment, based on the experience of the specialists in 
assessment field, and provide the therapists with the big 
picture of the quality and quantity of the movements. 

II. METODOLOGY 

In this section, we will present the experimental 
procedure which contains the participants, the protocol, and 
the procedure. 

A. Participants 
 Two children, 5/7 years old, 114/129 cm, 22/27 kg, boys 
(S1, S2) respectively, were participated. They were chosen to 
test the feasibility of the system and its usability for the 
therapists. Children were chosen based on their ability to 
practice all proposed joints’ recruitments and see if these 
movements have been correctly transformed to decisions. 

B. Protocol 
Subjects have used the novint falcon haptic device along 

with VR scenarios for five days, two times a day, and for 
five minutes each attempt, in order to practice all possible 
normal joints’ recruitments that needed to perform a relative 
ADLs in future. Each subject has played the two scenarios 
proposed in each session. In fact, subjects have experienced 
Shoulder and Elbow Flexion-Extension movements in the 
first scenario, and Shoulder-Lift Elbow-Extension in the 
second scenario. 

C. Setup 
Schemas cinematic were developed by using a 3D Virtual 

Reality (VR) application to control the behavior of the novint 
falcon haptic device which was used as the therapy 
hardware. This 3 degree of freedom (DOF) haptic device was 
used to determine the actual position of the impaired UL in 
the proposed scenario as well as the time consumed to 
perform one or more actions as can be seen in Fig. 1, the 
hand of the impaired limb apply an external force on the 
handle of the falcon to move the blue ball which represents 
the movement of the device in the VR scenarios, thus the 
external PC register the position and the time needed to reach 
that final  position or goal position, as well as the number of 

the connection between the hand and the force feed-back 
exerted by the falcon to redirect the hand in the proposed 
trajectory. And then use these parameters to find out the 
diverse enhancement of different possible categories (time, 
position, accuracy...). 

 

Fig. 1. Subject with VR scenarios (Fig.2, Fig.3) 

D. Procedure 
x Intitial position 

- For Shoulder-Elbow Flexion-Extension movements: 
The subjects were seated comfortably at a height-
adjustable table in order to have their shoulder flexion 
at ≈ 450, elbow flexion at ≈ 1350 with the hips and 
knees flexed 900 and both feet flat on the ground. 
Both elbows were rested on the table so that the 
shoulder was in the neutral position, the forearm was 
pronated, and the wrist was also held in neutral with 
the palms hold the handle of the falcon which was 
placed at certain height for each child in order to end 
up with 900 of shoulder extension at their maximum 
reach. They have used a comfortable seat belt to 
reduce the trunk compensation, knowing that small 
amount of this type of compensation in this period of 
age is normal. 

- Shoulder-Abduction Elbow-Extension movements: 
The subjects were also seated at a height-adjustable 
table in order to have their shoulder abduction at ≈ 
450, and elbow flexion at ≈ 900 with the hips and 
knees flexed 900 and both feet flat on the ground. The 
haptic device was positioned in the right hand side of 
the body to enable the children to perform the desired 
movements. They have also used a comfortable seat 
belt to reduce the trunk compensation. 

x Flexion-Extension movement: The purpose of 
multiple goals reach simulation is to improve bilateral 
shoulder and elbow movements, as well as reaching 
accuracy. The VR scenario shows a three-
dimensional floor, and roads with different spaces. 
Although Z axis will be fixed at a certain value and 
remains constant during performing this task, but 
different values of Z axis can be identified by 
producing several scenes with different degrees of Zs. 
However, X axis and Y axis of the novint falcon 
allow joints to perform shoulder and elbow flexion- 
extension movements. In addition, virtual obstacles 
impose the haptic device and then the UL to remain 
within the proposed trajectory, and make the 

1150

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



trajectory towards the goal object more constricted by 
the time, so joints will be constrained to coordinate in 
certain normal mechanism in order to reach the goal 
object and enhance reaching accuracy as can be seen 
in Fig. 2. 

 
Figure 2: Multiple goals reach scenario 

x Abduction-Adduction movement: The main interest of 
stairs climb simulation is to improve shoulder lift and 
elbow extension joints’ coordinate. As can be seen in 
Fig 3, subjects were practiced shoulder lift and elbow 
extension by trying to move the blue ball to the goal 
object. However, all unwanted movements (abnormal 
joint recruitment) would be prevented by determined 
certain trajectory to reach the goal. This trajectory 
allows changes in (X, Y, and Z) axis of UL’s joints. 
Virtual obstacles (stairs, walls, floor, and hidden sky) 
are developed to enable joints to move certain axis in 
each level of this scenario. Furthermore, climb a stair 
requires a successful shoulder/ elbow coordinate to 
move the blue ball to the next level, this coordinate 
was required each climb attempt with different Z axis. 

 
Figure 3: stairs climb scenario 

III. DATA ANALYSIS  
    In both scenarios, the time needed to complete a task 
represents the speed of the UL during movements. So, as less 
the needed time as fast the movement of the UL. In fact, if 
the movement of the UL is fast then it can collect more 
objects. Thus, we consider this data for the needed time as 
quantity of the movement. 

    The collision with virtual obstacles imposes the contact 
between the UL and the force feed-back of the haptic device 
to redirect that UL to stay within the proposed trajectory. 
Thus, the number of collisions with virtual obstacles 
increases when a child attempts to make other movements or 
attempts to make a compensation movement to reach the 
goal point. In other words, the number of collisions 
represents the accuracy and smooth of the movement of the 
UL. So, as less the number of collisions as better the quantity 
of the movement is.  

    Each assessment category such as time, and number of 
collisions, needs to be analyzed, based on the proposed fuzzy 
approach, in order to determine its affiliation to that category 
level as following: 

A. Patient enhancements: fuzzy approach  
Zadeh has defined the fuzzy set as a generalization of 

crisp set [14]. Each individual in a fuzzy set has a certain 
degree of membership, which illustrates the level of 
compatibility of that individual with the concept of that fuzzy 
set. Each fuzzy set, F, is defined by the set of elements, X, 
which contains of each element (x) that verify the function 
F(x), in the closed interval [0, 1]. So, the degree of 
membership of x in F can be defined as: µF(x): x → [0, 1]. 
The fuzzy set F is normal if supxµF(x) = 1, so we distinguish 
two kinds of membership functions depend on the degree of 
membership, triangular form, and trapezoidal form to 
represent our assessment categories as follows:  

B. Fuzzification 
    Inputs for the fuzzification are the time needed to 
complete a task (T), and the number of contact with the force 
feed-back or the number of collisions with virtual obstacles 
(N) which comes from the haptic device. T shows the 
movement progression in respect of time, for example as 
much the time is small as much the ability of that UL is 
increased in terms of the quantity. Whereas N shows the 
accuracy of that movement, because as much the patient 
performs the movement without the aid of the haptic device 
(less number of N) as much the accuracy is. In this section 
we have used 5 fuzzy sets for each input: very small VS, 
small S, medium M, big B, and very big VB to include all 
possibilities for evaluating the movements. We choose 
triangular form and trapezoidal form to represent the 
different fuzzy sets as following:  

For the triangular fuzzy member:  

                         ��� 

    For example, as can be seen from Fig 4. The fuzzy set, S, 
which represents the small values for the time, contains the 
following parameters: a=5, b=10, c=15. So the relation 
would be as follows: 

                     ���       

    In our case, if the needed time to complete a task was a 
number between 5 and 15 seconds, so this particular time is 
judged as small. Then, we calculate its affiliation to that 
small area based on the calculation shown in (2).  
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Figure 4: Overall expected levels of the proposals calculated when the 

maximum time is 40 

For the trapezoidal fuzzy member: 

                          ��� 

    For example, as can be also seen from Fig 4. The fuzzy 
set, M, which represents the medium values for the time, 
contains the following parameters: a=10, b=15, c=20, d=25. 
So the relation would be as follows:  

                   ���       

    In our case, if the needed time to complete a task was a 
number between 10 and 25 seconds, so this particular time is 
judged as medium. Then, we calculate its affiliation to that 
medium area based on the calculation shown in (4).                         

    The number of collisions levels and the level of 
enhancement are presented in Fig 5 and Fig. 6 respectively.  

 
Figure 5: Overall expected levels of the proposals calculated when the 

maximum number of force feedback is 80 

 
Figure 6: Overall expected levels of enhancement 

C. Inference  
    In this section we have used Mamdani method depend on 
the rules shown in table 1. And based on the schema general 
for fuzzy system which presented in Fig. 7.  

 
Figure 7: Schema general for fuzzy system 

                     
T 

  N 

VS S M B VB 

VS VB VB M S S 
S VB B S S VS 
M B M S VS VS 
B M M S VS VS 

VB M M VS VS VS 
Table 1: Fuzzy rule table 

From Table 1, T is the needed time to complete a task, 
and N is the number of contact with the force feed-back 
during that task. This table is created based on the experience 
of the medical doctors who have the ability of judging 
movements. For example: If the time (T) is very small (VS) 
and the number of force feed-back (N) is very small (VS) 
then the decision (enhancement) is very big (VB), also If the 
time (T) is very big (VB) and the number of force feedback 
(N) is very big (VB) then the decision (enhancement) is very 
small (VS), and so on. Each field, for example VS, has limits 
form start point to end point. This period gives the possibility 
to determine the degree of affiliation of certain movement to 
that field as can be seen in section 5. 

D. Defuzzification  
    Fuzzy outputs are combined into discrete values needed to 
drive the decision mechanism. And by applying the centroid 
method, we can find out the percentage of enhancement, this 
percentage helps the therapists to make their final decision as 
following:  

³
³ 

dEE

EdEE
E

).(

).(
*

P

P

                                       ���                                       

    Whereas 
*E , )(EP  are the enhancement level and the 

output of the inference rule respectively, for a given 
consumed time and number of force feed-back received 
during a movement.  

    In our case, we combine the two areas of assessment 
which are T and N. Then we calculate the center of that new 
area to find the percentage of the level of enhancement of 
each movement.  
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IV. EXPERIMENTAL RESULTS  
x For the multiple goals reach:  

    Both children were performing the suggested multiple 
goals reach scenario. By the time, the related data, such as 
the time needed to complete the task and the number of 
contact with the force feed-back, were collected by the 
system. Those collected data are used as inputs to the 
Fuzzification. And then we have applied the proposed fuzzy 
logic strategy to have the final decision. This decision 
depends on inputs parameters presented in Fig. 8.b. After 
several attempts of this particular movement a line chart, that 
illustrates the comparison between the quality and the 
quantity of this movement in the different attempts, was 
drawn to help the therapists to make their choice about the 
following stage in the therapy process as can be seen in Fig. 
8.c.  

    The different positions of the handle of the Novint falcon, 
from the start point to the end point, were collected to draw 
the trajectory that represents the movement as can be seen in 
Fig. 8.a. An ideal trajectory was drawn for each type of 
movement. This ideal trajectory represents the correct joint 
recruitment from the start point to the end point without 
collisions with the virtual walls or haptic feed-back. The 
ideal trajectory was drawn by the developers to be compared 
with other trajectories of children when performing the same 
scenario.  

    Achieved trajectories from different attempts by children     
were compared with the ideal trajectory drawn in green, to 
see the level of movement accuracy at each attempt. At each 
trail, the drawn trajectory was compared with the relevant 
decision, which was come from the fuzzy strategy, to see the 
harmony between these two methods of assessment.  

    First of all, we are going to apply the fuzzy approach on 
the attempt number five as an example. As can be seen from 
Fig. 8. b, and c, T=21.7s, and N=33. First of all fuzzification 
needs to be performed as following: For the given T, and 
from the Fig. 4, we find that this particular time is related to 
two memberships Medium (M), and Big (B). The next step is 
to find the degree of affiliation of this time T to each 
membership as following:  

For T: With medium we are going to use trapezoidal fuzzy 
member because Medium membership is trapezoidal   

66.0
2520
257.21)7.21(  

�
�

 MP
 

And use the triangular fuzzy member for the Big 
membership because of that the Big membership is triangular  

34.0
2025
207.21)7.21(  

�
�

 BP
 

 

 
a)  

 

 

 
b)  c)  

Figure 8: (a) Different trajectories for VR scenario shown in Fig.2. (b) Time 
and number of contacts with the force feedback. (c) The line of enhancement 

for all attempts 

    From the concept of our fuzzy approach, we found that the 
other fuzzy members are equal to zero for this time T. 

0)7.21()7.21()7.21(    VBSVS PPP  

    In other words, this time T is not related to Very small 
(VS), Small (S), or Very big (VB) memberships.   

    For N: This related just to Medium (M) membership 
which needs to be counted by using trapezoidal fuzzy 
member as the Medium membership is trapezoidal 

1)33(  MP  

    N for the other memberships VS, S, B, and VB is zero. So, 
this number for collision relates completely to the Medium 
membership.  

    Secondly we are going to perform the inference which will 
give us the exact area of all related memberships to this 
movement as following: 

Rule1: T is medium (M) and N is medium (M) then the 
enhancement E is small (S). This results (S) has come from 
Table 1, and depend on the medical doctors’ experience.   

OR 

Rule2: T is big (B) and N is medium (M) then the 
enhancement E is very small (VS).  

    By now, we have combined the relations between: 1) The 
degree of affiliation of T to (M) membership with the degree 

1153

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



of affiliation of N to (M) membership. And, 2) The degree of 
affiliation of T to (B) membership with the degree of 
affiliation of N to (M) membership.  

By applying the results on these rules we found: 

Rule1: 0.66 * 1 which has been changed from the general 
case shown in Fig.9, for the Small membership in the 
enhancement level presented in Fig. 6. To the special case 

related to rule 1 when 66.0)7.21(  MP  as shown in Fig.10. 

  
Figure 9: The normal member      Figure 10: The related member 

 
OR 

Rule2: 0.34 * 1 which has been changed from the general 
case shown in Fig.11, for the Very small (VS) membership 
in the enhancement level presented in Fig. 6 in the 
enhancement level. To the special case related to rule 2 when 

34.0)7.21(  BP  as shown in Fig.12. 

  

Figure 11: The normal member       Figure 12: The related member 

    Now, we need to determine the related area to both rules 
in order to build the final decision about the enhancement 
level. This final related area ensures that the upcoming final 
decision is built on all related memberships to this 
movement. In order to achieve this goal, the max of the 
results between rule1 and rule2 needs to be calculated as 
following: 

 
Figure 13: The complete related member 

    Finally, the deffuzzification needs to be applied to obtain 
the decision of enhancement for this attempt. In our case, the 
deffuzzification gives us the center point of this final area of 
memberships.    

B
A

dEE

EdEE
E   

³
³

).(

).(
*

P

P

 

From Fig. 13 we will start with A = 5942.416).(  ³ EdEEP  

Which was calculated by: 

³ ³ ³ �
�

���
�5.8

0

25

5.8

50

25

222 )*32.1*
25
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25
66.0()*34.0*

25
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And then find the other equation B = 945.17).(  ³ dEEP  

Which was calculated by: 

³ ³ ³ �
�

���
�5.8

0

25

5.8

50

25

)32.1*
25

66.0()*
25
66.0()34.0*

25
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    This finally gives us the decision about the percentage of 
the level of enhancement for this attempt as following: 

%215.23
945.17
5942.416*   E

 
    This percentage comes from the application of the fuzzy 
approach to the obtained data from the system T, and N 
during performing the fifth attempt of Flexion-Extension 
movement. 

x For stairs climb: 

    Fig. 14 presents the collected data of stairs climb 
scenario. Those data consist of the needed time to complete 
the task and number of contact with the force feed-back. The 
collected data were used to make the final decision about the 
combined quantity and quality of this movement, based on 
the inputs to the proposed fuzzy strategy as can be seen in 
Fig. 14.b and c. Also, the drawn trajectories in this type of 
movement have been collected as can be seen in Fig. 14.a.  

 
a)  

  
b)  c)  

Figure 14: (a) Different trajectories for VR scenario shown in Fig.3. (b) Time 
and number of contacts with the force feedback. (c) The line of enhancement 

for all attempts 
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V. DISCUSSION  
    Each subject completed the proposed training activities 
which concern their ULs. Fig. 8 illustrates the flexion 
extension movement applied by the subject S1. In the first 
attempt, which was the worst one for that child, the decision 
showed a little enhancement of this type of movement 
(8.755%) based on the related inputs of this attempt, which 
were (T=40.0s, and N=48), also the related trajectory was 
not compatible with the ideal trajectory of this movement. In 
other words, in this particular movement the joints of the 
targeted UL were constrained by the haptic feedback 
coming from the haptic device to reach the goal. So, the 
level of enhancement of this flexion extension movement 
was not good at 8.755%. This percentage has arrived from 
the degree of affiliation of this movement to the time and 
the number of contact with the force feedback. Whereas, in 
the eighth attempt, which was the best attempt, the decision 
showed a very big enhancement (80.89%) based on the little 
consumed time (T=7.3s), and the very small number of 
contact with the force feedback (N=8). In other words, the 
joints of the affected UL have performed this flexion 
extension movement with little help from the haptic device, 
which means that the movement has been performed almost 
by the UL itself. Similarly, the related trajectory, shown in 
blue, was the closet one to the ideal trajectory which 
confirms the decision obtained from the fuzzy strategy. 
However, Fig. 14 shows shoulder lift and elbow extension 
movement. By applying the same analysis, we can see the 
harmony between the different decisions and the related 
trajectories.  

    As can be seen from Fig. 8.c and Fig. 14.c, the therapists 
can observe the overall line of enhancement at each attempt, 
or the history of the performance of this particular 
movement, which helps them to make the proper conclusion 
about the therapy process, because depending on just one 
session of assessment, like in traditional assessment 
methods, might be not enough for such decisions. 

    Although different decisions were build based on the 
fuzzy rule table, shown in table 1, which contains the 
experience of the therapists, who work in the hospital of 
rehabilitation, the final decision of the next step of therapy 
still returns to the therapists. Also, other movements, such as 
rotation and supination pronation, still need to be considered 
in order to increase the reliability of this strategy. 

VI. CONCLUSION AND PERSPECTIVE  
 

    The therapists normally based on the results of the 
measurement method to take the critical decisions about the 
level of enhancement at any type of movement. Use the 
traditional clinically measurement, or use measurement 
devices are the most common methods which help the 
therapists to make those decisions. This implies that the 
presence of the therapists and/ or use the measurement 
device which is difficult in home-based rehabilitation. For 
these reasons, this work suggests a basic fuzzy logic 
decision making approach. This approach is based on the 
time needed to complete a task, and the number of force 
feed-back needed to keep the UL within the proposed 
trajectory, in order to provide the therapists with the 
percentage of improvement in that particular type of 

movement to help them make their decision about the 
suitable next step in the rehabilitation process. The gained 
results from the case study illustrate the percentage of the 
level of enhancement at each attempt based on the inputs of 
those attempts. This also provides the therapists with the 
history of enhancement for each child, which is not possible 
when they do the traditional assessment from time to time. 

    In this work, we have used different methods in order to 
achieve the fuzzification, inference, and defuzzification, 
which we judge as the most suitable. Investigation of the 
effect of using the other methods on the accuracy of the 
final decision needs to apply.  
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Abstract— This contribution presents a concept for the 
measurement of flow with laser sensor and magnetic levitation in 
microfluidic systems. Modelling of the flow and physical property 
diagnosis is crucial in microfluidic system design. The system is 
based on the displacement measurement of a levitated magnet in 
a channel with a laser sensor. On a pyrolytic graphite in the 
channel, levitation of the magnet in the channel is fixed by a ring 
magnet (NdFeB). The ring magnet is controlled by a micro stage 
that allows movement in z axis. Displacement in x axis is 
observed when variant flow rates are applied to the levitated 
magnet. Displacements are determined via laser sensor. Pressure 
and displacement values under flow and magnetic field are 
determined with multiphysics via FEM program (COMSOL). 
Displacement of the magnet is detected by the designed flow 
sensor; and the flow rate is detected by numerical analysis 
method using the data taken from the laser sensor with a C# 
program. 

Keywords— microflow, microflow sensor, sensor, magnetic 
levitation, diamagnetic levitation, pyrolytic graphite. 

I. INTRODUCTION 

Using micro robots which are levitated by magnetic forces is a 
very useful method for many chemical and biomedical 
applications such as cell manipulation in micro channels [1]. 
The vast majority of MEMS implemented in biomedical 
applications are sensors for monitoring many physical 
parameters such as pressure, acceleration, and fluid flow 
amongst others [2]. Several kinds of flow sensors are used for 
this purpose. Lab-on-a-chip technologies, which increased 
significantly in recent years, are based on manipulating the 
flow in a micro channel and movement of particles in the flow 
principle. That is why effective controlling of microfluidic 
systems are very important. Modelling of physical and 
mechanical properties of the behavior in micro channel is a 
very important issue for efficiently designing microfluid 
platforms. Measurements of physical properties like flow rate 
in micro channel, viscosity and density are relatively 
challenging. Micro systems with limited geometry invalidates 
conventional methods. Hilber and his team measured fluid 
density and viscosity in microfluidic systems by diamagnetic 
levitation, using “hall effect” sensor [3]. The research 
investigates the relationship between viscosity and density of a 
fluid and the damping of the resonance curve, and suggests a 
scaling device utilizing this relations. Lammermk and his team 
developed a microfluid flow sensor based on thermic 
anemometer principles[4]. Abadie and his team observed that 

a passive levitated seismic mass does standard spring 
oscillation in passive low frequency nano force sensor design 
utilizing diamagnetic levitation [5]. Because rigidity is 
moderately close to linear; it is obvious that force can be 
measured by changing the input value. The spring-mass model 
that Abadie and his team observed has been seen in our system 
also [6]. Literature studies have shown that most of the 
research is viscosity and density oriented. In contrast, flow 
rate in the channel is detected using laser tracking with 
diamagnetic levitation and measured without mechanical 
contact in our study. Movement of the magnet in micro 
channel is caused by the interaction of the magnet with the 
flow and magnetic field. In the suggested system, the flow is 
laminar and between 100 µl/min - 7000 µl/min. 

II. SYSTEM  METHODOLOGY
Pyrolytic graphite in an acrylic container and the channel is 
shown in Figure 1. Magnet is in the channel. NdFeB 
(neodymium) ring magnet functions as lifter magnet in the 
system connected to micro stage. Micro flows between the 
flow rates 100 µl/min and 7000 µl/min are applied to 
diamagnetically levitated magnet in the channel via syringe 
pump. Deionized water is used as the fluid. x-z axis 
displacement of the magnet is measured with Micro-Scanner 
brand laser sensor. Levitation height is found between 1.25-
1.4 mm in conclusion of experiments and analysis. Olympus 
SZX-7 microscope and Point Grey GS3-U3 camera is used for 
levitation confirmation. 

Figure 1. Figure shows the experimental setup. Flow rate in micro 
channel is detected with diamagnetic levitation utilizing laser 
tracking. 

This project supported by TUBITAK 116E743 Project.
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III. MATHEMATICAL MODEL 
This chapter covers the issue of mathematical parameters. 
Forces applied to the magnet in channel on z axis is shown. 
Glass channel is put on pyrolytic graphite which is in an 
acrylic container. Displacement of diamagnetically levitated 
(via lifter magnet) magnet when 100-7000 µl/min flow rate is 
applied is detected with laser sensor. Some of the system’s 
parameters are shown in Table 1.  

Figure 2 Figure shows the z axis levitation of the magnet in the 
channel and forced applied to it. Figure 2-b shows free body diagram 
of the object. 

When flow dynamics are generated, flow rate is found to be 
between 0.2 mm/s-16.66 mm/s. Reynolds number is quite low 
in this rate; which allows us to express the system flow with 
Navier-Stokes equations freely. Flow limits are expressable 
with Navier equations. Because M<0.3, the fluid is 
incompressible. So the fluid is constant and not dependent on 
time. When the forces applied on pyrolytic graphite is 
calculated, it has been benefitted from Demircali and his 
team’s method of finding optimum parameters under micro 
robot control. According to given calculations, a pyrolytic 
graphite which has the measurements of 40x50x4.83 applies a 
force of 75µN [7]. Because our system has the pyrolytic 
graphite with same measurements, diamagnetic force is 
accepted as 75µN. The total force acting on the magnet is 
calculated as 3.23μN when the forces acting on the magnet 
given in Figure 2 are calculated.	

  
Continuity equation: 

.u=0                              (1) 

Reynolds Number : 

                            (2) 

Conservation of momentum in laminar flow: 

                                                     (3) 

In this equations v represents flow area,  represents density, μ 
represents viscosity and p represents pressure in the fluid. 
Another physic of the system is magnetic forces. When the 
force applied by lifter magnet on the magnet in the channel is 
measured, magnetic force that effects on infinitely small 
volume (dV) of the magnet is shown by Kevin Formulation in 
equation (4). 
                                                                 
(4) 
 
Here; M represents magnet’s magnetization, H represents 
magnetic field strength. Total force on magnet: 

                                                              (5) 

Forces in case of cylindrical coordinate axis: 
(Z axis)                               (6) 

(X axis)              

(7) 

(Y axis)                              (8) 

In calculation of diamagnetic force, assuming used material is 
uniform, calculation is shown in (9) for every unit volume dv. 

Table 1 : Used Parameters 

Symbol Parameter Unit 

FM Magnetic Force N 
FDM Diamagnetic Force N 
FG Force of Gravity N 
FF Input Force of Water N 
FS Force of Friction N 
FB Buoyancy Force N 
Ma Mach Number - 
R Reynolds Number - 
A Cross-Sectional Area m2

µ0 Magnetic Conductivity Number Wb/Am 
µr Magnetic Permeability of Space - 
H Magnetic Field   
Mdia Magnetization Vector  
 Magnetic Resistivity Factor - 

B Magnetic Flux Intensity T 
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. 
  (9) 

 
Thus the diamagnetic force between pyrolytic graphite and the 
magnet can be expressed as (10-12). 
 

, 	                                           (10) 

, 	                                           (11) 

 , 	                                      (12) 

Force of gravity, buoyancy force and drag force applied to the 
system is shown at equations (13-15). 

																																																																																 	
																																																																	 	

																																																																							 	

It has been seen in experiments that when given flow rates are 
applied, micro magnet in micro channel under magnetic field 
demonstrates spring-mass-damper model.  

 

 

 

 

 

Figure 3 Modelling of micro magnet in channel as spring-
mass-damper.  

Abadie and his team’s research shows the same results. This 
study supports our  system model. MATLAB Simulink is used 
when creating system’s dynamic model. Forces applied on the 
object are acquired from analysis results, and used as input for 
spring-mass-damper model. It is seen in numerical model that 
the magnet makes an angle with the lifter magnet. During 
experiments,  changes due to magnet’s position as to lifter 
magnet. Harmonic oscillations that occurs with the flow 
change with the angle. Correspondingly, system period 
changes and that affects displacements directly.                                                               

Before mass m is linked to spring k (magnetic field effect), 
spring is in undeformed free position. After micro magnet is 
placed in the system, spring statically deflects and with F(t) 
(force of the fluid over the object) applied, x dynamic 
displacements occur.  Therefore, total displacement of mass m 
can be expressed as x(t)=xs+xd, total of static and dynamic 
displacements. 

                                                           (17) 

Force in systems in motion as Newton’s 2nd law necessitates: 

                                                                           (18) 

                          (19) 

Thus motion equation of mass m is: 

                                                  (20)  

Hereby, in order to determine the displacement of the magnet 
in the channel; forces applied on the magnet is defined using 
Newton’s 2nd law. 

IV. SIMULATION WORK 

This chapter analyzes flow applied on diamagnetically 
levitated magnet and the effects of magnetic field. Simulations 
are created using COMSOL Multiphysics. Flow module is 
used for modelling flow area and boundary conditions, 

AC/DC module is used for the effect of magnetic field on the 
object. 
Figure 4 : Forces generated by the flow on micro magnet and 
the flow rate which it loses the state of levitation 

Flow rates between 100 µL/min-8000 µL/min are applied on 
diamagnetically levitated magnet in the channel. Figure 5 
shows that micro magnet suddenly accelerates at 5000µL/min 
as a result of COMSOL flow analysis. Sudden acceleration is 
also observed in experimental results at 5000µL/min. When 
generating the flow model, ALE (Arbitary Lagrangian-
Eulerian) is used as a numerical method. Movement of magnet 
in channel occurs in result of  interaction in between micro 
flow area and magnetic field. 
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Figure 5: Flow force effected on the magnet between flow 
rates 100 µL/min-5000 µL/min 

 
Figure 6 A) System dimensions used in the Comsol analysis 
are shown. Lifter magnet and permanent magnet are aligned to 
the center of the lifter magnet while pyrolytic graphite is 
placed on the bottom surface.B) shows that magnetic flux 
density between Ring Magnet and magnet in the channel 

V. EXPERIMENTAL WORK 
This chapter analyzes experiments and experimental setup. 
Within the experiment, flow rates between 100-8000 µL/min 
are given to a channel containing diamagnetically levitated 
cylindrical magnet. Displacement of accelerated magnet is 
measured utilizing laser sensor. 

 

Figure 7: Experimental setup 
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Figure 8: Images captured from Point Grey microscope camera 
during the experiment. Figures A-B-C-D show the amount of 
displacement depending on the flow rate. a-b-c-d shows the applied 
flux-dependent behavior of the magnet. 

 
Due to experimental results, magnet moves between 0.00155 
and 3.288 mm. 0.00155-1.5 mm displacement was measured 
at a flow rate range of 1000-3000 μL / min. The displacement 
amount in the range of 3000-5000 μL / min flow rate is 
measured as 1.5-2.25 mm. At flow rates above 7000μL / min, 
the levitation of the magnet deteriorated. This means that the 
recommended sensor system can receive data up to a 
maximum of 7000μL / min.  
 

 
Figure 9  Flow rate as a fuction of displacement 
 
Experimental results and the data from the mathematical 
model is compared in Figure 9. Correlation coefficient (R2) for 

the displacements is found as 0.938 when calculated based on 
flow rate, from the experimental data. Best parameter for 
determining how close the experimental data is to a linear 
curve is determination coefficient (R2), which was calculated 
at regration analysis. As shown in the figure; R2 being close to 
1 in different experiments is a proof that experimental data 
provides a perfect linear curve. This increases the precision of 
the flow sensor measurements.  
 

VI. CONCLUSION 
In conclusion, magnet’s levitation collapses when 
approximately 7000µL/min flow rate is given, thus 
measurements can’t be made. In contrast sensor measured a 
constant value (0.0155mm) between 100-1000µL/min, 
because sensor’s measurement sensitivity is below measuring 
range. This marks the levitation limits of a cylindrical magnet 
with 1 mm diameter and 0.3 mm height, in a rectangular 
channel with the measurements 2x4 mm. Experimental results 
are compatible with mathematical and simulation results. As 
seen in experiments, over a certain flow rate magnet oscillates; 
this shows the similarity of our system and spring-mass-
damper system. . A sensor system which can sense 7 times 
lower flow rates as opposed to other flow sensor systems in 
literature is designed. Uncertainty of the flow rate is found as 
%3.6 based on the used equipment, as shown in mathematical 
model. 
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Abstract—In this paper we propose a novel Exact Kalman
Filter for state estimation of quasi-periodic signals such as respi-
ratory motion. Nonlinear functions of interest are approximations
as truncated Fourier series. Instead of relying on approximations
provided by Extended Kalman Filter or Unscented Kalman
Filter, our filter performs exact calculation of the mean and
covariances of interest. We then compare, through simulations,
the performance of our filter to the two. Our results show that
the theoretically derived mean and covariance calculations result
in either comparable or better estimation performance depending
on the circumstances.

Keywords—Approximate Nonlinear Kalman Filtering, Monte

Carlo KF, Exact Kalman Filtering.

I. INTRODUCTION

The objective of our work is to detect internal movements
of kidneys at a precise level to help laparoscopic kidney stone
removal operations by tracking respiratory motion. Respira-
tory motion is one of the quasi-periodic bodily disturbances
that create challenges for other medical operations as well;
examples to these operations which demand high precision
are, among others, cardiac inverventions, radiotheraphy and
urologic surgery [1]. This respiratory induced organ motion
causes internal organ movements up to several centimeters
in the upper abdomen, severely in excess of the required
precision. As an example, Pham et al. [2] reported that
kidney motions up to 85 mm were observed under deep
breathing, while the percutaneous access to kidneys requires
subcentimeter accuracy (0.5 cm to be exact). That is why this
motion needs to be compensated for in autonomous or semi-
autonomous surgeries.

There are various techniques to diminish the effect of
respiratory motion. Most of these techniques are based on
voluntary or assisted breath hold methods. However, such
approaches limit the accuracy of the operation to how well the
patient can follow the instructions and the duration of breath
hold may not exceed several seconds [3]. Alternatively, the area
of interest can be tracked constantly and the treatment can be
applied only at certain phases of respiration, which is referred
to as respiratory gating. In doing so, both the current and
future position estimates can be obtained in order to account
for the system latencies such as the physical actuation, data
acquisition and processing delays [4]. A general approach to
track internal respiratory motion is to track external motion
and build a correlation model between the internal and external
one. Our specific goal in this paper is to address the former.

Respiratory motion tracking algorithms can be categorized
into two approaches: model-free and model-based approaches,
although a combination of these is also possible [4]. Artificial
neural networks, Gaussian processes and support vector ma-
chines are among the model-free methods. Although they have
been used successfully for modeling, their high computational
demand makes them impractical for real time tracking. This
fact makes them useful only in offline processing, say, for mo-
tion blur removal of PET scans [5]. Model-based approaches,
on the other hand, use much less computational resources,
overcoming the disadvantage of model-free methods. Some
common model based approaches are finite state machines,
sinusoidal models and linear & nonlinear Kalman filters.

In this paper, two traditional Kalman filters, KF, (a second
order Extended Kalman Filter, EKF, and an Uncented Kalman
Filter, UKF) will be used for respiratory motion prediction.
Note that both methods have been used for this problem;
however, to the best of our knowledge, only the first order
EKF [6] has so far been examined and UKF [7] was used for
a simple nonlinear system with a single harmonic. The main
contribution of this paper is the development of an exact KF
for quasi-periodic systems and show its superior performance
when compared to the traditional nonlinear KFs. Depending
on different circumstances, the new filter has performed on
par with or better than EKF and UKF. In our trials, we have
observed that both of these filters may converge to a wrong
model instead of the underlying one. However, our filter is able
to avoid such apparent convergences by evading covariance
underestimation. These two clearly justify the need for the
development of a new filter.

II. BACKGROUND

A. Nonlinear Filtering

Standard Kalman filters are optimal (in minimum mean
square error sense) for state estimation in linear systems (linear
both in measurement and state transition) with additive Gaus-
sian process and measurement noise. However, this linearity
requirement makes KFs applicable to a very limited number of
problems [8]. To overcome this requirement, its extensions into
nonlinear filtering are used. They are sub-optimal algorithms
that try to approximate the nonlinear transformations of Gaus-
sian state vectors by going through different approximations.
Most commonly used ones for this purpose are First Order
Extended Kalman Filter (EKF1), Unscented Kalman Filter and
less commonly known counterpart of the former, Second Order
Extended Kalman Filter (EKF2) [9]. Extended Kalman Filter
uses analytical linearization approaches to approximate the
mean and covariance of the output. On the other hand, Un-
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scented Kalman Filter uses a deterministic sampling technique
for the same purpose. Gaussianity assumption is then used in
all methods to calculate required parameters. These different
techniques will be mentioned next.

B. Extended Kalman Filter (EKF)

Regular Extended Kalman Filter (EKF1) is by far the most
widely used approximation in nonlinear Kalman filtering [8]. It
is based on the approximation of the nonlinear function based
on its Taylor series expansion. Depending on the severity of
the nonlinearity involved, one may have to adopt to the its
extension, a second order EKF (EKF2), for a better approx-
imation of the transformed variable at the cost of increased
computational complexity. Overall calculations of both EKF1
and EKF2 can be found in [10].

C. Uncented Kalman Filter (UKF)

Unscented transform constitutes the basic idea of the UKF,
where a carefully selected deterministic set of sigma points are
generated around the current mean with their spread controlled
by the current uncertainty. These sigma points are then passed
through nonlinearity and weighted average of these are used to
calculate the mean and variance of the output. Standard UKF
equations are given in [11].

There are three tuning parameters for UKF which are ↵

(primary scaling parameter),  (secondary scaling parameter
usually chosen as 0) and � (parameter incorporating our prior
knowledge of input distribution, usually chosen as � = 2

for Gaussian distributions). It should be noted that tuning
the parameters of UKF is problem specific. For sinusoidal
functions with  and � set to their default values, ↵ should
be chosen as 1, as was demonstrated in [9], provided that the
input covariance is bounded by 4.

D. Monte Carlo Kalman Filter (MCKF)

The Monte Carlo Transformation [10] can be used for the
mean and covariance estimation of any nonlinear function.
Given a sufficiently large number of samples, MCT is asymp-
totically the best transformation in calculating these parameters
of interest thanks to the law of large numbers. ”Given a
sufficiently large number of samples” is naturally the root
cause of its computational burden. However, the idea behind
is quite simple and it is to generate a large number of samples
from a desired distribution, pass them through the nonlinearity
and calculate the sample mean and covariance without any
weighting as done in the UKF. Then, KF equations are readily
applicable.

E. Exact Kalman Filter (ExKF)

EKF approximations are based on linearization of nonlinear
functions around the current mean without considering the
uncertainty, or spread, associated with the current estimates.
This may lead to inconsistent covariance estimates; that is, they
may underestimate covariance and this may lead to filter diver-
gence. UKF addresses this problem by evaluating the nonlinear
function by taking into account the uncertainties associated
with the estimates. However, UKF might provide overestimate
covariance [9], resulting in slower convergence, although un-
derestimation is still possible with wrong parameter tuning.

Moreover, tuning the parameters of UKF is not straightforward
and intuitive. MCT based Kalman filters possibly have the best
estimation performance with Gaussianity assumption [10], but
it is not possible to implement MCT for real time tracking.
Better filtering performance of the aforementioned filters is
explained by their ability of getting closer to the true mean,
µ

y

, and covariance, ⌃
y

, of the nonlinear mapping y = f(x).
Even in the original introduction of the UKF, the unscented
transform was justified as more useful than EKF for this same
reason. This was the motivation for what are the so called
Exact Kalman Filters(ExKF) .

The first work regarding ExKF was done by Luca et al.
[12]. They have developed a general framework for polynomial
systems and have given analytical expressions for mean and
covariance transformation through Chebyshev polynomials of
order up to 4. They demonstrated, through simulations that,
both the UKF and EKF underestimated the associated co-
variances. In a separate work, Saha et al. [13] independently
developed what is actually the same filter, and they have also
showed that this filter has far better RMSE in state estimates
than EKF/UKF. They found that their filter is comparable to
Unscented Particle Filter with much less computation time.

In a completely separate work, Rhudy et al. [9] revisited
ExKF problem with the addition of scalar sinusoidal functions.
Their derivations started with a zero-mean x and extended this
to non-zero mean case using trigonometric identities. In the
following section, we aim to extend their method for non-
scalar state space formulation with a different approach.

F. State Space Model

There are two options for tracking the frequency and
Fourier series coefficients of a quasi-periodic system: either use
a nonlinear state transition matrix and make the measurement
equation linear or use a linear state transition matrix with a
nonlinear measurement model. It was stated that linear time
invariant system assumption is needed to have an exact DT
state noise propagation [14] without any numerical approxi-
mations; that is the reason why we will be adapting the latter.
The other choice is whether to use rectangular coordinates
or polar ones. Rectangular coordinates were shown to have
a superior performance for tracking tremor, another quasi-
periodic bodily disturbance [15]. This seems reasonable when
one considers the fact that more number of states pass through
the severe nonlinearity of a sinusoidal function, making the
approximations more prone to being lousy.

Treating the Fourier series amplitude coefficients as ran-
dom walk processes and the angle ✓(t) as a constant velocity
model in continuous time, discretized state space equations can
be obtained as listed below. Note that the redundant state b

1,k

has been removed as its information can be captured by ✓

k

.

x

k+1

=

2

4

I
2m⇥2m

0
2m⇥2

0
2⇥2m

1 T

s

0 1

3

5

x

k

+ w
k

(1a)

y

k

= h(x

k

) + v(k) = a

0,k

+ a

1,k

cos(✓

k

)

+

m

X

i=2

⇣

a

i,k

cos(i✓

k

) + b

i,k

sin(i✓

k

)

⌘

+ v

k

(1b)
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where

x

k

= [

a

0,k

. . . a

m,k

b

2,k

. . . b

m,k

✓

k

!

k

]

T 2 R(2m+2)

(1c)

Q
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=

2

4

Q
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T

2

s
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q

w

T

2

s

/2 q

w

T

s

3

5 2 R(2m+2)⇥(2m+2)

Q

ab

= E
�

(A� µ

A

)(A� µ

A

)

T

 

for

A = [

a

0

a

1

. . . a

m

b

1

. . . b

m

]

T

v

k

⇠ N (0, R) and w
k

⇠ N (0,Q
k

)

(1d)

III. PROPOSED METHODOLOGY

In this section, we will derive an ExKF for the system
described in (1a)-(1d). From now on, our proposed method
will be explained step by step. According to our state space
formulation, state transitions equations are linear. That is why
we applied a standard KF prediction straightforwardly as in
(2a) & (2b).

x̂

k+1|k = F

k

x̂

k|k (2a)
⌃

k+1|k = F

k

⌃
k|kF

T

k

+Q

k

(2b)

Calculation of the ŷ, ⌃

y

and ⌃
xy

, which are needed at
the update stage of the KF, is a bit more involved. We will
prove only a couple of them, the rest requires only slight
modifications to the proof. We will also drop time subscripts
for clarity but to provide them once here: ŷ = ŷ

k+1|k,
⌃

y

= ⌃

y,k+1|k and ⌃
xy

= ⌃
xy,k+1|k. Expected value of the

measurement function, ŷ is given by (3a).

ŷ =

m

X

i=0

E {a
i

cos i✓}+
m

X

i=2

E {b
i

sin i✓} (3a)

where

E {a
i

cos i✓} = (µ

a

i

cos iµ

✓

� i⌃

a

i

✓

sin iµ

✓

)e

� i

2⌃
✓

2 (3b)

E {b
i

sin i✓} = (µ

b

i

sin iµ

✓

+ i⌃

b

i

✓

cos iµ

✓

)e

� i

2⌃
✓

2 (3c)

Proof: Moment generating function of a Gaussian ran-
dom vector is given by (4a) [16]. Letting x = [

a

i

✓

]

T ,
t = [

t

1

t

2

]

T , taking the partial differentiation w.r.t. t
1

and
evaluating at t

1

= 0 yields (4b). Letting t

2

= ji where
j =

p
�1 and i is an integer, we found the desired results

by equating the real and imaginary parts.

M

x

(t) = E
n

e

t

T
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= e
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T
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1
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� 1
2 i

2
⌃

✓ (4c)

Working on a bit more complicated scenario, we will show
that cov(x, a

k

cos k✓) is given by (5a). Variable x can be equal

to any one of the state variables.

cov(x, a

k

cos ✓

k

k) =

⇣

(⌃

xa
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� k
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Proof: Again we started with a general MGF of a Gaussian
vector with x = [

x a

k

✓

]

T , t = [

t

1

t

2

t

3

]

T . Differenti-
ating w.r.t. t

1

and evaluating at t
1

= 0 yields (6a); repeating
the same for t

2

gives (6b). Finally, setting t

3

= jk, separating
real & imaginary parts as before and subtracting µ

a

i

µ

a

k

cos k✓

results in (5a).
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b
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Then, we found state and output correlation vector given
as below.

⌃
xy

=

m

X

i=0

2

6

4

cov(a

0

, a

i

cos i✓)

...
cov(!, a

i
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3

7

5

+
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2

6

4

cov(a

0

, b

i

sin i✓)

...
cov(!, b

i

sin i✓)

3

7

5

(7)

Finally, we calculated the last parameter needed to com-
plete the filtering equations, which is ⌃

y

= var(y). The trick
used at the last step is similar to the one used in [9], where the
multiplication is converted into addition using trigonometric
identities. Expectations in (8b) ban be obtained from (6b). The
same has to be done for other terms but will be skipped here
due to space limitations. Overall filtering equations are then
given in Fig. 1.

⌃
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+ 2
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i
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Fig. 1. Our Exact Kalman Filter’s Equations
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IV. EXPERIMENTAL RESULTS

In order to show the usefulness of ExKF, we will test it
against the UKF and EKF2 under different conditions with
artificially generated data for a second order Fourier series
approximation with m = 2. For reproducibility of the results,
sampling frequency is chosen as 20Hz, fundamental period or
”breathing period” is chosen as 5 seconds, number of data
points as 1000 and number of Monte Carlo simulations is
N = 10000 in all cases. The first test case will be devoted
to examine the convergence properties of these filters. Process
noise variances are intentionally set to small values so that
no great variations occur in x. Measurement noise variance
is chosen small as well so that ⌃

y

calculation is dominated
by the nonlinearity. Initial uncertainty is chosen as 1 standard
deviation away from each state. As can be seen in Table I,
UKF decreases RMSE of the predicted output roughly by
25% as compared to EKF2 (making EKF2 more prone to
large initialization errors). ExKF, on the other hand, has an
approximate improvement over EKF2 by 83%. This result
shows that ExKF is more robust against initial parameter
estimation errors than the other two.

When the measurement noise variance is increased as in
Case 2, RMSE improvement of ExKF over EKF2 drops to
73%, and RMSE deterioration of UKF has reached 21%. Their
estimation performance (in terms of output RMSE) converges
towards each other, with ExKF still having the lowest RMSE.
However, decreased RMSE of EKF2 is not expected with
increased measurement noise. That is why further evaluation of
the results is needed. To do so, mean state errors for the states
✓ and a

1

can be seen in Fig. 2. EKF2 has state convergence
problems while UKF cannot track some of the true states in
both cases. ExKF, on the other hand, is able to track the states
and only its convergence speed was reduced with a larger R.
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Fig. 2. Mean State Errors for Case #1 (Top) and Case #2 (Bottom)

TABLE I. SIMULATION RESULTS

Case # RMSEEKF2 RMSEUKF RMSEExKF
1 0.8409 0.6323 0.1452

2 0.7144 0.8625 0.1981

3 0.0301 0.0377 0.0305

4 0.0524 0.0525 0.0535

5 0.0647 0.0449 0.0415

6 3.43 · 106 0.6650 0.8997

With a fair initial estimate as in Case 3, no meaningful error
differences were observed for EKF2 and ExKF, and even in
this case UKF is worse than the two. All of the filters are able
to converge to true states, with UKF having the slowest and
EKF2 having the fastest convergence. Estimation performance
of all the filters are almost equivalent in Case 4, with added
process noise. Mean state errors can be seen in Fig. 3.

Let us now try to turn the tide in favour of the UKF.
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Fig. 3. Mean State Errors for Case #3 (Top) and Case #4 (Bottom)
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When the variance of the parameter passing through the severe
nonlinearity of a sinusoidal function is increased (increasing
q

!

as in Case 5), performance results change immensely.
RMSE of EKF2 is considerably larger than the other two.
This is as expected since higher order harmonics at Taylor
series expansion become more important and second order
approximation becomes insufficient. A properly tuned UKF
avoids this and performs sufficiently well. However, the ExKF
still has the minimum RMSE, with an approximately 6.5%

improvement over UKF.

The last case, Case 6, is devoted to wrong convergence
results provided by UKF, a single run of tracking results
can be seen in Fig. 4. This case corresponds to the one that
the ExKF has its real superiority over UKF. Both the EKF2
and ExKF can detect the results are divergent, when EKF2
unnecessarily increases the estimated mean and variance. UKF,
on the other hand, tries to converge to a model that does not
fit the underlying one. It clearly has less RMSE than the other
two filters, but the state estimates do not behave as expected;
see Fig. 5 for wrong state estimates where the estimates do
not show a random walk behavior. ExKF, on the other hand,
clearly detects the divergence and gives stable but divergent
results.

The parameters that are used in different test cases are as
follows:

• Case 1:

Q

ab

= diag(0, 0, 0, 0), q
!

= 0

R = 0.012,x0 =
⇥

0 1 0.5 0.5 ⇡/2 2 ⇤ ⇡/5
⇤

T

x̂0 =
⇥

0 0 0 0 0 2 ⇤ ⇡/5
⇤

T

,P0 = diag(x0 � x̂0)
2

• Case 2: Case 1 with R = 0.12

• Case 3: Case 1 with x̂0 =
⇥

0.75 ⇤ x0,1�5 x0,6

⇤

T .

• Case 4: Case 3 with q

!

= 0.001

2 and
Q

ab

= 0.05

2

diag(0.1, 1, 1, 1).

• Case 5: Case 4 with q

!

= 0.05

2 and
Q

ab

= 0.001

2

diag(0.1, 1, 1, 1).

• Case 6: Case 4 with x

0

= diag(0, 0, 0, 0, 0, 0).

What follows next is the demonstration of filtering perfor-
mances on real patient data provided by Elmed Electronics
& Medical Industry & Trade Incorporated. The order of
the model is chosen as m = 5 and measurement standard
deviation is empirically set to

p
R = 0.001. As for the tuning

of the process noise, angular velocity variance is set to a
small value to reflect our belief in almost exact periodicity
under fully mechanical respiration (

p
�

!

= 0.0001) and
coefficient covariances were gradually decreased under random
walk behavior were observed for all coefficients. Initial state
estimates follow a similar pattern as in the simulations (i.e.
⇥

0 1 0.5 0.5

2

. . .

⇤

) and initial standard deviations for
coefficient estimates are given a large value of 0.2. Breathing
frequency is !

0

=

10⇡

60

(for 5 breaths per second) with high
confidence (⌃

0,!

= 10

�4) and initial angle estimate is ✓

0

= 0

with a confidence level that bounds it between �⇡ and ⇡

(⌃
0,!

= (

⇡

3

)

2). The results can be seen in Fig. 6. EKF2
could not handle wrong initial state estimates, prematurely
converging to a wrong model apparent from the behavior of

EKF2
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Fig. 5. UKF Incorrect Convergence, Estimated Output (Top), Estimated States
(Middle), True States (Bottom)

a

1

. UKF managed to do so only in about t = 10 seconds while
the ExKF could capture the exact output around t = 5 seconds.
One last comment should be made here. Note that the choice
of a finite model with m = 5 is an approximation; therefore,
it is observed that the last coefficient a

5

is not a representative
of a random walk model as can be seen in Fig. 6, bottom left
plot.
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Fig. 6. Experimental Results on Real Data - Correct Angular Frequency
Estimate, Predicted Outputs (Left) and Predicted States (Right)
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Fig. 7. Experimental Results on Real Data - Correct Angular Frequency
Estimate, Predicted Outputs (Left) and Predicted States (Right)

A second trial was performed for estimating the breathing
fundamental period incorrectly as 0 with all other parameters
as stated before. As can be seen in Fig. 7, ExKF and EKF2
show divergent estimates while the UKF tries to track the
output by altering the coefficients. Its divergence can only be
detected by looking at the sequence of state residuals and check
whether they show a chi-square distribution, which would
increase both the memory and computational requirements.
As a final remark, note that the measurements y in ExKF
predictions (bottom left plot in Fig. 7) frequently fall outside of
the 3� range unlike the case in our simulations. This indicates
that process noise tuning is incorrect for some states, which is
expected as the manual filter tuning is prone to errors.

V. CONCLUSION

In this paper, we presented a nonlinear Kalman filter for the
estimation of quasi-periodic systems. We have demonstrated
that it is more robust than both UKF and EKF2 to errors
in initial estimates. It can handle propagation through severe
nonlinearities better than UKF, and a lot better than EKF2.
Moreover, thanks to the exact calculation of the covariances,
it can detect whether it converges to the true underlying model
or not by only looking at the output, where UKF fails to reflect
the underlying uncertainty to the output. With such advantages
in mind, ExKF can be argued to be a better alternative than
UKF or EKF2 for tracking respiratory motion and, in general,
quasi-periodic systems.
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Abstract— Development of intelligent care system for elder 
people have been investigated in recent years. In this study, to 
detect emergency situations for elder people, activity classification 
was aimed using on body sensor data. Multi-layer perceptron, 
radial basis function networks, k- nearest neighbor and support 
vector machines were used in classification. In feature selection 
process principal component analysis and ReliefF were used. 
Accuracy of classification was above 85% for every classifier and 
the best performance was acquired with 3-NN with 99.8% 
accuracy. When feature selection was applied 5- NN was showed 
the highest performance with 99.4%. This study shows that it is 
possible to develop remote care system by using sensors and 
classifiers for a more secure life for elder people.  

Keywords—classification; feature selection; PCA; ReliefF; on 
body sensors; MLP; RBF; k-NN; SVM 

I. INTRODUCTION

Recently, development of remote access care system for 
elderly people is very popular. These systems are mostly based 
on human activity recognition. Issue of human activity 
recognition have been frequently studied in recent years. For 
example, a care system for elderly people which consist of 
accelerometer on body parts for the purpose of detecting falls 
and decrement on daily activities of elderly people and alarm in 
case of existence of a problem is proposed [1]. By classifying 
triaxial sensor data, it is possible to detect falls of an elderly 
person [2]. In another study, fall detection can be completed by 
classification of motions of a person with sensors on his joints 
[3].  

In human activity recognition system, sensors which can be 
placed both on body and in the environment allow to tracking 
person’s activities. Various types of sensors can be used in the 
system such as accelerometer, position sensor, pressure sensor 
etc.  In the recognizer part of the system, activities are classified 
by machine learning and artificial neural networks. In 
classification process, large amount of data need to be handled. 
After classification is completed, an alarm system can be used 
to inform caretaker for hazardous situations [1]. 

In this study, Localization Data for Person Activity Data Set 
which is shared in UCI Machine Learning Repository was used 
[4]. There are nearly 160000 instances in the dataset. Instances 
were collected from five different person in five different 
recording times. Sensors were placed in left and right ankle, 
chest and waist of donor. Activities categorized in eleven 
different groups. This dataset was used in different studies. In 
[1], Random Forest Classifier, expert knowledge agents and 
Hidden Markov models were used. Accuracy of these 
techniques are %72, %88 and % 91 respectively as it was 
reported by authors. In another study, this dataset was classified 
by non-private principal component analysis (PCA), private 
PCA and sub linear queries [5]. Accuracy of classification is 
%100, %100 and %97.06 respectively.  

Since the instances are not equally distributed for all cases in 
the original data set, equal amount of instances of each class 
were taken to prevent bias problem. 5-fold cross validation 
technique was used in classification process. Different 
algorithms such as multi-layer perceptron (MLP), radial basis 
function network (RBF), k-Nearest Neighbor (k-NN) and 
support vector machines (SVM) were used. Furthermore, feature 
selection methods such as principal component analysis (PCA) 
and ReliefF were used. 

II. CLASSIFICATION AND FEATURE SELECTION

In this study, human activities need to be classified by 
classifiers. Classifiers used in this project are listed as MLP, 
RBF, k-NN and SVM. In feature selection process, PCA and 
ReliefF were used. 

A. Multi Layer Perceptron (MLP)

MLP is a multi-layered feedforward artificial neural network
topology which can be represented by weights between neuron 
inputs and corresponding outputs. In multi-layer perceptron, 
there are hidden layers between input layer and output layer. 
Information flow in MLP is one directional since output of a 
layer acts as an input to next layer.  
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In training MLP, back propagation algorithm is used. Error 
function tends to decrease from output to input in back 
propagation algorithm. Supervised learning structure is used in 
back propagation. Weights can be updated by (1). 

                                w1i,j n = *δ1j n *z1i n                   (1) 

In this equation , ,  represent learning ratio, error from 
jth layer neurons and previous layer outputs respectively. 

B. Radial Basis Function Networks (RBF) 

RBF network is an artificial neural network structure whose 
activation function is radial based. In radial based functions 
there is dependence to the distance from a center vector. In RBF 
networks layer output can be calculated by product of radial 
basis function and related weights. In (2), these quantities are 
expressed by , ,  respectively. 

                            hn x =WT*Sx wisi(x)                     (2) 

C. K-Nearest Neighbors (k-NN) 

K-NN is one of the most frequently used classification 
method in artificial neural networks. k-NN aims predicting the 
class of a new sample point with using data set of classification 
of previous samples.  

k-NN is a non-parametric method which means it does not 
make any assumption for database. Distances between new 
sample and previous samples in the data set are measured for 
determining similarity of features. K is the number of nearest 
neighbors used in classification which is measured by distance 
functions. 

Class of new sample is assigned up to the mostly observed 
class between K nearest neighbors of the new data point in the 
output of k-NN. 

D. Support Vector Machine (SVM) 

Support vector machine (SVM) is a supervised machine 
learning algorithm which can be used in classification. If 
number of features in the classification problem is represented 
by N, SVM tries to find a hyper-plane that separates two classes 
in N-dimensional space. 

In SVM algorithm, margin can be expressed as the distance 
between hyperplane and nearest data point. Accuracy of 
classification is directly proportional with margin. SVM aims 
to find hyperplane with maximum margin. 

 SVM algorithm provides high accuracy works well on 
smaller dataset but its efficiency on noisy data is less. Beside of 
classification SVM can be used in regression. 

For multi-class classification problem, different approaches 
such as One-Against-All, One-Against-One, and Directed 
Acyclic Graph Support Vector Machines (DAGSVM) methods 
[6, 7] can be implemented to SVM. 

E. Principal Component Analysis (PCA) 

PCA is a feature selection technique which provides the 
advantage of reducing the dimensions in the data set. Aim of 
PCA is to represent the data set with less amount of features 
without losing too much information.  

 In PCA, principal components are determined with the help 
of correlation of variables. Data are represented with the less 
amount of uncorrelated variable instead of larger amount of 
correlated variable. If strong correlation between two data is 
detected, it is good to eliminate one of these data.  

To achieve projection of higher dimensional data into a 
smaller subspace, eigenvectors are computed and stored in 
projection matrix. Eigenvectors represents the principal 
components. It is logical to apply PCA while detecting a 
significant difference between correlated eigenvalues. 

F. ReliefF  

ReliefF can be used for feature selection. Robustness and 
ability to deal with noisy and incomplete data are advantages of 
ReliefF. Moreover it can be used for data which have more than 
two classes [8]. 

In ReliefF algorithm, all weights set as zero initially. Then 
searching k nearest neighbors of selected instance for the data 
which belongs to same class called as nearest hits and for the 
data which belongs to different classes called as nearest misses 
is completed. Weights are updated with respect to the selected 
instance, nearest hits and nearest misses. 

III. SIMULATION AND RESULTS 

In the data set instances were not equally distributed for each 
person and for each sensor so maximum number of instances 
from each person was selected to apply 5-fold cross validation. 
After this preprocessing the number of instances for each person 
is given in Table 1. 

TABLE I.  NUMBER OF INSTANCES FOR EACH PERSON 

Person Number of Instances 
A 1000 

B 720 

C 760 

D 840 

E 680 

 

 The x, y, z coordinates of each sensor area (chest, waist, left 
and right ankle) are selected as features. In the classification 
process firstly MLP, RBF, k-NN and SVM were applied without 
using a feature selection algorithm.  

For SVM, one against all algorithm was chosen for multi-
class classification. Test performance of classifiers with all 12 
features can be seen from Table 2. 
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TABLE II.  TEST ACCURACY OF CLASSIFICATION 

Person Classifiers 
MLP RBF 1-NN 3-NN 5-NN SVM 

A 99 97.9 99.2 99.8 99.6 99.25 
B 92.08 92.64 95.13 95 95.83 98.51 
C 93.81 97.76 98.42 98.42 98.42 99.82 
D 91.66 84.05 94.16 92.21 92.73 91.08 
E 93.82 93.09 95.88 95.88 94.55 99.39 

 

Most accurate classification was completed by SVM 
algorithm.  It is remarkable that minimum test accuracy for these 
classifiers is 84%. Spread is selected as 0.9 in RBF since it leads 
the most accurate classification. In k-NN algorithm, accuracy 
results are close to each other for different k values but 3-NN is 
provides slightly better classification. In MLP, two hidden layers 
were used. Number of neurons in these layers were selected as 
24 and 12 respectively. Learning rate and momentum coefficient 
were selected as 0.2 and 0.5 respectively. Accuracy of MLP is 
observed greater than 91%. 

After classification was completed, feature selection was 
applied. Methods were PCA and ReliefF. After PCA completed, 
dataset were expressed with ten features for MLP, RBF and k-
NN and seven features with SVM with the range of test accuracy 
above 85% for each classifier. It is remarkable that test accuracy 
for A and B is above 80% for each classifier with three features. 
Test accuracy results with PCA are given in Table 3.  

TABLE III.  TEST ACCURACIES OF CLASSIFIERS WITH PCA 

Person Classifiers 
MLP RBF 1-NN 3-NN 5-NN SVM 

A 97.4 97.9 99.2 99.3 99.4 98.07 
B 95.4 91.8 97.63 97.36 96.94 97.73 
C 89.07 97.5 98.28 98.42 98.42 98.52 
D 87.26 85.83 93.21 92.5 91.19 88.26 
E 86.76 91.76 94.7 95.58 94.11 97.51 

  

As it can be seen from Table 4 ReliefF algorithm provides 
similar test accuracies with less features. Number of features 
used in classification is selected as 10, 8, 7 and 6 respectively 
for MLP, RBF, k-NN and SVM. Also test accuracies for each 
classifier with three features is above 85%. 

TABLE IV.  TEST ACCURACIES OF CLASSIFIERS WITH RELIEFF 

Person Classifiers 
MLP RBF 1-NN 3-NN 5-NN SVM 

A 98.4 97.7 98.9 99.2 99.1 98.92 
B 90.69 87.36 92.08 92.22 92.08 97.13 
C 97.23 94.6 97.76 98.15 98.02 98.35 
D 87.38 83.09 92.14 93.33 93.09 88.38 
E 93.97 91.91 93.23 92.35 92.5 98.19 

IV. CONCLUSION  

In this study, recognition of human activity with 
classification and feature selection methods using on body 
sensor data was aimed.  

Best classification performance was 99.8% with 3-NN and 
when feature selection was applied, the performance of the 
classifier slightly decreased by 0.4% so it was 99.4%.  

It is possible to create a remote controlled care system which 
informs the relatives of elder people or caretakers from a close 
hospital when hazardous situation such as falling and fainting 
occurred and assigns a medical emergency unit to the 
corresponding address with using these detected activities as 
system inputs.  

Moreover by recording enough amount data of physical 
activities, it is possible to determine whether the person is sick 
or healthy.  

Hence, effects of dangerous situation can be reduced by early 
intervention advantage which is provided by classifiers and a 
dedicated developed system. 
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Abstract—This paper proposes a method for the scaled bilat-
eral teleoperation with continuously variable position and force
scaling. In the proposed method, the controller is reformulated
to synchronize the forces and velocities which provides the
operator with the ability to change the scaling gains during
operation. For the derivation of the controller, exponentially
decaying error dynamics are preferred over the assumption of
disturbance compensation with Disturbance Observers (DOB).
Following the mathematical derivation, the algorithm is tested
on a setup containing single DOF master and slave robots
with the ability of giving force feedback to the operator. In
order to provide a complete analysis, several different sets of
experiments are made with sinusoidal velocity and force scales
having different amplitudes and frequencies. Experiment results
illustrate the successful tracking responses and stable operation of
the proposed control scheme for the continuously varying velocity
and force scales.

Index Terms—Bilateral Control, Continuous Scaling, Variable
Scaled Teleoperation, Motion Control

I. INTRODUCTION

Application of robotic technologies, ranging from medical
sciences to manufacturing and construction have recently
become an integral part of our lives. One of the hot topics in
robotics is the bilateral teleoperation which enable the transfer
of the sense of touching to remote places. The main objective
of a teleoperation system is to enforce synchronization of
motion (i.e. positions and forces) between a pair of robots
commonly referred as the master and the slave systems.

Since the first proposal of the idea, problems of bilateral
teleoperation systems have been studied extensively by many
researchers [1]–[3]. Early studies were mainly concentrated
on the solutions of the time delay problem [4]–[6] and on
the issues of stable operation under random network delays
[7]–[9]. Recently, some studies focused on the performance
aspects of teleoperation systems and addressed the real time
processing speed. Implementation of bilateral control algo-
rithms on field-programmable gate arrays (FPGAs) has been
studied aiming at improving the force and position tracking
performances [10], [11]. In order to augment the vivid force
perception, the Oblique Coordinate Control has been proposed,
which decouples the force and position responses of a bilateral

This research is partially supported by the Internal Research Grant
2017.01.004 of Istanbul Bilgi University

control system and hence allows independent tuning of the two
control objectives [12], [13].

Besides the problems related to the time delay and teleoper-
ation performance, many researchers also focused on the issue
of bilateral control with different position and/or force scaling
[14]–[16]. The existence of scaling in a bilateral control system
helps augmentation or attenuation of the motion in such a
way that a micro or a macro system can be manipulated using
a master robot exhibiting motion compatible with that of a
human hand. The conventional perception in scaled bilateral
control systems is to keep the position and force gains at pre-
defined constant values [17]. However, with constant scaling,
the users are bounded with limited workspaces which narrows
the overall application range.

In order to tackle with constant scaling problem, recently,
some researchers proposed the micro-macro bilateral control
algorithms with variable scaling [18]–[20]. In [18], the authors
formulate a variable scaling bilateral control algorithm by
converting the problem to a robust output feedback constant
scaled H∞ problem. However, this study only considers the
scales with magnitudes greater than one and does not show
any result for down-scaling during operation. The study given
in [19] formulates a control method where the operator can
change the scale factor during operation. The formulation
given in that paper is made on the assumption of using the
same scaling factor for both of the force and the velocity and
does not discuss the effect of different variable scaling for
these two signals. The study given in [20] proposes a method
to amplify reaction force only when the slave robot con-
tacts with environment and does not consider the continuous
variation of scaling during operation. Considering the current
state of the art, there is still big gap on detailed formulation
of disturbance observer based scaled bilateral control with
continuously variable scaling. In other words, variation of the
scaling in position and/or force during real-time operation is
still an open research field of the bilateral control systems.

Addressing the problem mentioned above, this paper pro-
poses a method for macro-micro bilateral control structure
with continuously variable position and force scaling. In the
proposed method, reformulation of the controller is made
to synchronize the forces and velocities in order to provide
the operator with the ability to change the scaling gains
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during operation. The proposed algorithm is tested on a setup
containing single DOF master and slave systems consisted of
direct drive linear motors. Experiment results illustrate the
successful stable operation of the proposed control scheme.
The organization of the paper is as follows: In Section II,
the mathematical derivation of the proposed control algorithm
and the assumptions for the remote environment model are
presented. Section III, the experiment platform, setting of the
experiments and the results obtained from the experiments
are presented. Finally in Section IV, concluding remarks are
summarized.

II. DERIVATION OF THE BILATERAL CONTROLLER

This section is reserved for the mathematical derivation
of the proposed bilateral control algorithm with continuously
variable scaling. The formulation is made for single degree of
freedom (DOF) master and slave systems whose disturbances
are compensated via a Disturbance Observer (DOB) [21]. The
derivation first requires the identification of the objectives of
the controller. Unlike the conventional scaled bilateral control
architectures, where the positions are to be synchronized, here
the authors modify the control objectives and introduce the
synchronization of velocities as also proposed in [18] and [19].
Originating from this idea, control objective of the system
under consideration can be given as;

ẋm(t)− α(t)ẋs(t) = 0 (1)
fm(t) + β(t)fs(t) = 0 (2)

where ẋm(t) and fm(t) are velocity and force responses of
the master system and ẋs(t) and fs(t) are velocity and force
responses of the slave system, respectively. In (1) and (2), the
terms α(t) and β(t) respectively stand for the continuously
variable coefficients of the velocity and the force scales. In
the following two subsections, the velocity and force tracking
errors for the satisfaction of these two control objectives are
defined and the controllers to compensate these tracking errors
are derived. The derivation is made following the acceleration
control framework as described in [22], where systems with
DOBs trace the desired accelerations in closed loop control.

A. Formulation of the Velocity Control

In the remaining part of the derivation, the terms (t) of the
time-dependent variables are dropped in order to provide a
simpler mathematical notation. Satisfaction of the objective
given in (1), can be made by defining the following velocity
tracking error:

εx = ẋm − αẋs (3)

The error given in (3) can be forced to converge to zero with
the following exponentially decaying dynamics:

ε̇x +Kxεx = 0 (4)

where, Kx > 0 is the convergence rate of the velocity
tracking error. Substituting (3) to (4), one can extract the first
relationship for the desired accelerations as:

ẍm − αẍs = Cv1ẋm + Cv2ẋs (5)

where Cv1 = −Kx and Cv2 = (α̇ + Kxα) represent the
feedback gains for the velocity control loop.

B. Environment Model

Before moving on with the derivation of the force controller,
one needs to first identify the interaction force model. As in
most of the studies, the generalized physical model of the
environment can be taken as:

f = δmeẍ+ beẋ+ keδx (6)

Here, δme, be, ke and δx stand for the inertia of the displaced
environment, the damping of the environment, the stiffness of
the environment and the amount of the deflection, respectively.
In equation (6), the environment contact position xc of the
identity δx = (x−xc) is assumed to be constant, respectively
yielding in δẋ = ẋ and δẍ = ẍ when differentiated one and
two times. Analyzing the content given in (6), one can also
realize the common relationship |ke| ≫ |be| ≫ |δme| for the
parameters of the interaction force. Using this assumption, it
can be concluded that the force due to the interaction with the
environment is mostly dominated by the spring forces. Hence,
without loss of generality, the interaction force model can be
simplified to:

f = keδx (7)

Under the assumption of constant environment contact po-
sition, the following relationships can be defined for the
dynamics of the interaction force:

ḟm = kmẋm (8)
f̈m = kmẍm (9)
ḟs = ksẋs (10)
f̈s = ksẍs (11)

where, km and ks represent the stiffness coefficients for
the interaction force for the master and the slave systems,
respectively. The derivation of the force control loop can now
be made using identities (8)-(11).

C. Formulation of the Force Control

The formulation of the force control follows a similar approach
to that of the velocity control loop. In that sense, one can define
the force tracking error as:

εf = fm + βfs (12)

In order to have transparent operation, the error given in
(12) should be pushed to zero value with the controller.
However, unlike the velocity control, the desired accelerations
for the force control can not be extracted using the first
order dynamics as in (4). Hence, the following second order
dynamics is preferred for the enforcement of error convergence
to zero value:

ε̈f +Kf1ε̇f +Kf2εf = 0 (13)
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Here, proper selection of the coefficients Kf1 and Kf2 (i.e. se-
lecting real left-hand side poles) results in stable convergence
of error without oscillations. Substituting (12) to (13) gives:

f̈m + βf̈s = −Kf2fm −
(
β̈ +Kf1β̇ +Kf2β

)
fs

−Kf1ḟm −
(
2β̇ +Kf1β

)
ḟs (14)

Acquisition of the accelerations can now be made by substi-
tuting identities (8)-(11) to the expression given in (14) as:

kmẍm + βksẍs = −Kf2fm −
(
β̈ +Kf1β̇ +Kf2β

)
fs

−Kf1kmẋm −
(
2β̇ +Kf1β

)
ksẋs (15)

Since km > 0, dividing both sides of the expression (15) by
km yields in the following simplified identity:

ẍm + βγẍs = Cf1fm + Cf2fs + Cv3ẋm + Cv4ẋs (16)

where Cf1 = −Kf2/km, Cf2 = −(β̈ +Kf1β̇ +Kf2β)/km,
Cv3 = −Kf1 and Cv4 = −(2β̇ +Kf1β)γ represent the force
control feedback gains with γ = km/ks.

D. Overall Controller

The identities given in (5) and (16) depict the relationship
of accelerations obtained from the two control loops. In order
to extract the desired master and slave accelerations, ẍdes

m and
ẍdes
s , these two equations can be recast in a matrix equality

as:

[
1 −α
1 βγ

] [
ẍm

ẍs

]
=

[
Cv1 Cv2 0 0

Cv3 Cv4 Cf1 Cf2

]
⎡

⎢⎣
ẋm

ẋs

fm
fs

⎤

⎥⎦

(17)

Since the determinant of the matrix on the left side of this
equation is always positive (i.e. 1/ (βγ + α) > 0), one can
multiply both sides by the inverse of that matrix and come up
with the following desired accelerations:

[
ẍdes
m

ẍdes
s

]
=
[

1 −α
1 βγ

]
−1 [ Cv1 Cv2 0 0

Cv3 Cv4 Cf1 Cf2

]
⎡

⎣
ẋm

ẋs

fm
fs

⎤

⎦

(18)

Carrying out the necessary algebra, one can finally obtain the
desired accelerations respectively for the master and the slave
systems as:

ẍdes
m = µ1ẋm + µ2ẋs + µ3fm + µ4fs (19)

ẍdes
s = η1ẋm + η2ẋs + η3fm + η4fs (20)

The controller gains, µi and ηi for i ∈ {1, 2, 3, 4}, of equations
(19) and (20) are compiled below in Table I. In order to
provide further insight, a block diagram depiction of the
proposed control scheme is provided below in Figure 1.

Parameter Value

µ1
−αK

f1−βγKx

α+βγ

µ2
βγ(α̇+αKx)−αγ(2β̇+βK

f1)
α+βγ

µ3
−αK

f2

km(α+βγ)

µ4
−α(β̈+β̇K

f1+βK
f2)

km(α+βγ)

η1
Kx−K

f1

α+βγ

η2
−(α̇+αKx)−(2γβ̇+γβK

f1)
α+βγ

η3
−K

f2

km(α+βγ)

η4
−β̈−β̇K

f1−βK
f2

km(α+βγ)

TABLE I: Summary of Gains for the Proposed Control Archi-
tecture

III. EXPERIMENTS

A. Experiment Platform

The proposed controller is tested in a series of experiments.
For the experiment setup, a couple of direct drive linear
actuators are preferred due to their ability to directly transfer
the reaction forces. The motors, respectively standing for the
master and the slave systems, are selected from Faulhaber
LM2070 series which are supplied by appropriate drivers.
The motors are equipped with linear optical encoders from
Renishaw RGH41 series with 500 nm resolution. The real-
time operation of the proposed algorithm is made on a real-
time control board from Dynomotion running at 2 KHz using
appropriate C codes. The estimation of reaction forces are
made by Reaction Force Observer (RFOB) method as also
implemented in many other studies [23]. In order to comple-
ment the discussion, a picture of the experiment platform is
provided in Fig. 2

Fig. 2: Depiction of the Experiment Setup

B. Setting of Experiments

In the experiments, the master system is manipulated by
a human operator and the slave system is enforced to have
both free motion and contact motion. In order to acquire a
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Fig. 1: Block Diagram of the Proposed Control Architecture

wide range of results, the scaling coefficients α(t) and β(t)
are continuously modified by selecting sinusoidal functions
with varying frequencies during the experiments. The selected
values of these parameters in four different experiments are
listed below in Table II.

Experiment α(t) β(t)

Exp. 1 1 + 0.5sin(0.5t) 1 + 0.2sin(0.5t)

Exp. 2 1 + 0.5sin(0.5t) 1 + 0.5sin(0.5t)

Exp. 3 1 + 0.5sin(0.5t) 1 + 0.5sin(3t)

Exp. 4 1 + 0.5sin(3t) 1 + 0.5sin(0.5t)

Exp. 5 1 + 0.5sin(3t) 1 + 0.5sin(3t)

TABLE II: Variation of Scales α(t) and β(t) in the Experi-
ments

The setting given in Table II covers all of the possible
variations between the velocity and the force scales (i.e. α(t)
and β(t)). Further, considering the variations in the rates of
scales (i.e. α̇(t) and β̇(t)) experiments provide insight about;

• the effects of different scaling gains (Exp. 1),
• simultaneously having the same scaling factors and the

same rates of scales at low frequencies (Exp. 2),
• having low frequency changing velocity scale and high

frequency changing force scale (Exp. 3),
• having high frequency changing velocity scale and low

frequency changing force scale (Exp. 4),
• simultaneously having the same scaling factors and the

same rates of scales at high frequencies (Exp. 5).

C. Experiment Results

The results obtained from the experiments detailed in the
previous subsection are given in Fig. 3 and Fig. 4. For each
experiment, the responses in (A) type plots show the master
velocity and the scaled (i.e. multiplied by α(t)) slave velocity,
the responses in (B) type plots show the master force and the
scaled (i.e. multiplied by β(t)) slave force, the responses in
(C) type plots illustrate the selected velocity and force scaling
factors, the responses in (D) type plots show the tracking
error between the master velocity and the scaled slave velocity,
and the responses in (E) type plots show the tracking error
between the master force and the scaled slave force.

IV. CONCLUSION

This paper proposed a bilateral control framework with
continuously variable scaling which brought the ability of
changing the scaling of motion during real-time application.
In the derivation, a velocity and force synchronizing control
algorithm is formulated which takes into account the scale
factors and the derivative of these scales. The proposed
framework contributes on the telemanipulation applications
between systems with different workspaces. By adjusting the
velocity scale during application, the human operator is now
armed with a tool to conduct coarse and fine motion for the
approaching and precise manipulation operations, respectively.
Furthermore, the ability to change the force scaling in the
real-time application helps to attenuate the friction forces
during positioning and augment the sensation of contact force
once the contact with remote environment is established. The
proposed method is tested in a series of experiments on a
system consisted of two direct drive linear motors, respectively
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Fig. 3: Experiment Results. Left Column: Master Velocity (ẋm(t)) & Scaled Slave Velocity (α(t)ẋs(t)). Middle Column:
Master Force (fm(t)) & Scaled Slave Force (β(t)fs(t)). Right Column: Continuously Varying Velocity Scale (α(t)) and Force
Scale (β(t)).
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Fig. 4: Tracking Errors. First Raw: Velocity Tracking Error (ẋm(t)−α(t)ẋs(t)). Second Raw: Force Tracking Error (fm(t) +
β(t)fs(t)).

standing for the master and the slave systems. The successful
performances obtained from the experiment results with scales
having different magnitudes and rate of changes illustrate the
practical contribution of the proposed framework.
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Abstract—Diagnosis process has an important role to 
improve the efficiency, reliability and safety in Stand-Alone 
Photovoltaic system. This Paper proposes new faults diagnosis 
method in Stand-Alone Photovoltaic System based on 
feedforward Artificial Neural Network. The voltage and 
current of photovoltaic modules, Battery and Load are used as 
input for developing and testing the Artificial Neural Network. 
This approach has been validated using an experimental 
measurements issued from Standalone photovoltaic system 
installed at LREA in the University of Médéa, Algeria. The 
same system is also simulated in Simulink/MATLAB 
environment which take the irradiation and temperature as 
input captured from the site, the simulated model used to 
compare the results with the experiment. The proposed 
algorithm shows a high accuracy of faults identification in both 
experiment and simulation.   

Keywords—stand-alone photovoltaic system, diagnosis, 
Artificial Neural Network. 

I. INTRODUCTION 

The development of stand-alone photovoltaic (SAPV)
applications are rapidly increased in several countries due 
mainly to the menace environmental (climate change) and 
the need for these power sources in places where there is no 
utility grid (remote areas, islands) [1]. They are designed 
specially to supply permanently of the loads previously 
defined, to maintain this supply and ensure good 
performance in all it’s components (PV modules, Battery and 
load), diagnostic procedures and monitoring is essential to 
improve efficiency and reliability [2-4]. The presence of 
failure not only cause some power losses and damage of 
equipment, but also can lead to fire hazard and electric shock 
[5-6], to address this problem IEA PVPS (International 
Energy Agency) introduced some coefficients to assess the 
performance of SAPV systems [7], then  a new method has 
been developed in [8] based on translation of energy 
coefficients into related charge coefficients, and to improve 
analyse performance, an expression have been validated in 
[9] in order to estimate the real value of potential array
output, however all these studies showed their limits to
discriminate between the different losses and fail to identify
the type of fault in SAPV systems. In [10] show by
simulation and test  the importance to integrate  a fuse or
blocking diode to protect the PV module from the reverse
current coming from battery in case of faults. Some other
letters focused only on the battery in SAPV system to ensure
the global performance in SAPV system, in this view [11]
proposed a monitoring of internal resistance to check the
battery ageing and [12] used an estimation of solar radiation
to monitor the battery overcharging and internal resistance.
None of these researches have given an effective method that

can identify the type of fault accurately in the entire SAPV 
system including PV modules, battery and load. 

In this present work, we propose a fault diagnosis in 
SAPV system using a supervised learning algorithm based 
on Artificial Neural Network (ANN), this method is suitable 
for complex problems in faults diagnosis and present good 
performance in term of accuracy and fast classification. 
Moreover it has been developed for fault diagnosis in grid 
connected photovoltaic system [13-14] and in direct 
photovoltaic system with DC load  [15-17], where they 
considered PV modules the only source of fault. A three 
layer feedforward ANN has been chosen as architecture for 
the neural network which contains three layers: input layer, 
hidden layer and output layer. The network is trained with 
back propagation algorithm type Levenberg-Marquardt, and 
take as input only the electrical measurements such as the 
current and voltage of PV modules, battery and load. 

The proposed method is validated using experimental 
measurements issued from small SAPV system located at 
LREA, University of Médéa, Algeria, where the data are 
recorded using MATLAB/Simulink software and DSPACE 
Controller board, in normal operation system and in case of 
fault. In addition the same SAPV system is simulated in 
SimPower System/Matlab in order to compare the result with 
the test experiment, where the simulated model take as input 
the meteorological measurements such as irradiation and 
temperature from the site. 

The data are collected under three type of faults in SAPV 
system: short circuit of PV module, open circuit of 
PVmodule and external short circuit of battery, where each 
of these faults can may not be sensed by protection device 
such as fuse. In certain meteorological condition like in low 
irradiation ,the module short circuit cannot produce enough 
current to trip the fuse and an arc can occur [18], whereas for 
external  battery short-circuit there is no clear way to select 
the fuse that protect the battery [6], therefore the battery 
maintain the arc with continuous feeding. The same for 
module open-circuit which cannot be observed by a fuse. For 
these reasons we highlighted these faults to be the object of 
this paper. 

The new approach for faults prediction and identification 
in SAPV system based on ANN classifier is developed and 
tested using electrical, show a high rate of accuracy achieve 
96% on test real data, and 97.8 % on the training data. 

This paper is organized as follows: section 2 presents the 
SAPV system and data acquisition, section 3 details the 
methodology used for faults diagnosis and section 4 give the 
result and discussion. 
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II. SAPV SYSTEM AND DATA ACQUISITION 
      A small SAPV system utilised in this research is shown   
in Fig. 1, it composed of 2 PV modules connected in parallel         
and feed a battery and load by means of charge regulator. 
The PV module is monocrystalline type with nominal power 
of 90 Wp, the battery used is lead acid battery of 12 V 
installed with charge regulator as the protection element 
from overcharge and deep discharge, and whose the MPPT 
not integrated. Halogen lamp is used as DC load, Table I 
give the electrical characteristics of all these components. 
      Data acquisition is carried out on experimental SAPV 
system installed at Laboratory of Electrical Engineering and 
Automatics(LREA) in University of Médéa, Algeria as 
shown in Fig. 2 and Fig. 3. It is realized by dspace DS1104 
controller board that provide a real time Interface (RTI) in 
MATLAB/Simulink allowing to interface with the different 
sensors coming from SAPV system, and by the software 
dSPACE ControlDesk we can monitor, control the 
experimental measurements in real time.DS1104 board has a 
total number of eight ADC channels, and use PCI slot to 
communicate with the computer.  
      Various measurements are taken from SAPV system, 
including voltage and current of PV modules, battery and 
load, The current is measured using the current clamp : 
Fluke i30s, while the voltage of these later are measured by 
the voltage probe : GW Instek DDP-100. In addition, 
meteorological measurement are performed using both 
irradiation sensor Spektron 210 and temperature sensor  
LM 35. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

TABLE I.  Electrical Characteristics of experimental SAPV System 
 

Component Electrical characteristics 

PV modules 

Pmax=180 Wp (2×90) 
Vmpp=18.25 V,Impp=9.86 A, 
Vsc=21.98 V, Isc=11.08 A 

Battery 70 Ah (C20) AGM Battery 
VS=12 V 

Charge              
Regulator 30 A PWM Charge Regulator 

Load 50 W Halogen Lamp 

 

A. Modeling of SAPV system 

The modelling of SAPV system consists mainly on 
modelling of PV modules, battery and load connected in 
parallel using SimPowerSystem/Matlab environment.The PV 
module can be modelled using the common model of one 
diode[19], the output current and voltage of this model is 
expressed in equation (1). 

s s
ph 0

sh

exp 1
t

V R I V R I
I I I

nV R

ª º§ ·+ += − − +« »¨ ¸
« »© ¹¬ ¼

                          (1)

          
Where Iph is the current generated by light, I0  is saturation 
current of the diode, Vt is the thermal voltage, n is the 
ideality factor of diode, Rs and Rsh are series and shunt 
resistances of module respectively.  

The charge and discharge equation of dynamic model  
lead-acid battery model used in this work [20], is written 
consecutively as follows : 

batt 0 exp( )
0.1
Q Q

V E R i k i k it t
it Q Q it

∗= − ⋅ − ⋅ − ⋅ +
− ⋅ −

       (2) 

 ( )batt 0 exp( )Q
V E R i k it i t

Q it

∗= − ⋅ − ⋅ + +
−

                      (3) 

Vbatt is the battery voltage, E0 is battery constant voltage, k is 
polarisation resistance, Q is the capacity of battery, it is the 
actual battery charge, i is the battery current, i* is the filtered 
current and exp(t) is the exponential zone voltage.  

The load can be represented by a resistance. 

 

 
Figure 1. Small SAPV System 

 

 
    Figure 2. Experiment facilities at LREA, Médéa University 

(Algeria) 

Figure  3.  Aquisition  data System of Experimental SAPV system 
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III. METHODOLOGY 

A. Faults in SAPV System 

Faults occurred in SAPV system can be situated in side 
of PV modules that the most part subject to fault, as well as 
battery side. In this work Three types of faults are established 
as illustrated the schematic diagram in Fig. 4, the first fault is 
short circuit of PV module (F1) that is connection between 
positive and negative point in PV module, the second fault is 
open circuit of PV module (F2) that is occurred when PV 
module, blocking diode or connection wire are defected, and 
the third fault is external battery short circuit (F3) that is a 
short circuit at the terminals of battery. 

B. Data collection and Pre-processing 

A data set of electrical measurements are collected in 
case of normal working conditions of SAPV system and in 
case of presence the faults mentioned above. Four day are 
used to acquire the electrical measurements data by taking an 
interval time each 1min for sample in order to cover all 
possible combination of irradiation and temperature as well 
operating mode of battery. The obtained data should be 
normalized before used them to develop ANN predictive 
model, this process make all the data in the scale [-1, 1] 
allowing to the training algorithm to converge quickly. The 
equation (4) is used to normalize the data. 

  max min min
min

max min

( ) ( )

( )

y y x x
y y

x x

− −
= +

−
                               (4) 

Where y is the normalised value limited between ymax=+1 and 
ymin=-1, x is the initial real data value between xmax and xmin. 
 

C. Artificiel Neural Network approach 

ANN has been largely employed in fault diagnosis, 
control, modelling, pattern recognition, classification [21]. In 
order to find the fault in SAPV system a classification  
method with ANN is proposed in this paper. The structure of 
ANN used commonly for this intent is MLP feedforward 
neural network which is characterised by one input layer, one 
output layer and whatever number of hidden layer [22], for 
our purpose three layer feedforward ANN is adopted. And 
which is designed for that it has six inputs, four outputs and a 
number of 25 nodes in hidden layer that is obtained by the 
way trial & error. Fig. 5 show the structure of our ANN 
model, the inputs of network corresponds to the electrical 
measurement data acquired from SAPV system and pre-
processed, where the output correspondent to one type of 
fault or the Normal operation, and each output is represented 
by vector as noted in Table II. 

The activation functions  used in the network  are tangent 
sigmoid (tansig)in hidden layer and log sigmoid (logsig) in 
output layer [23]as the output is binary to specify  whether 
the fault or Not. The sum of squared error between the 
desired and the actual output of network for Q training data 
is given by : 

              
2 2

1 1

1 1
( )

2 2q q q

Q Q

q q

E d o e

= =

= − =¦ ¦                           (5) 

 
The aim is to minimize this term in Eq. (5) by according 

a change in such parameters of network (weights and biases), 
for this reason a back propagation with Levenberg-
Marquardt algorithm used to train the network , where this 
method use a modification to the Gauss-Newton’s method as 
indicated in (Eq. 6), [23-24]. 

1
( ) ( ) ( ) ( )T T

x J x J x I J x e xµ
−

∆ = +ª º¬ ¼                (6) 

Where J(x)is the Jacobean matrix, that contains the 
partial derivative of errors e(x) with respect to the weights 
and biases for each q training data, and the parameter  is 
decreased by certain factor whenever the error E is reduced, 
and increased when the error E is increased. 

       The algorithm of back propagation and Levenberg-
Marquardt can proceed as follow: 
Let the network with input P, and M layer and have an 
activation function G . 
 
      

TABLE II. Output vector of ANN fault diagnosis. 

 

 

 

 

State of SAPV system 
Specified vector 

Y1 Y2 Y3 Y4 

Normal (N) 1 0 0 0 
Short circuit of PV module (F1) 0 1 0 0 
Open circuit of PV module (F2) 0 0 1 0 
Short circuit of Battery (F3) 0 0 0 1 

 

 
Figure 4. Faults in SAPV System 

 
Figure 5. Three layer feedforward ANN sturcture 
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Step 1  Propagate the input forward the network by 
computing all the activations : 

 

                                      0
a P=                                      (7) 

                     1 1 1 1( )k k k k k

a G w a b
+ + + += +      (8) 

                                      0,1, ..., 1k M= −  

                       1 1 1k k k k

z w a b
+ + += +                 (9) 

   Where w and b are the weight and bias resepctively. 

                  Compute the error E in Eq. (5). 

 Step  2     Compute  the sensitivity vector as: 

                      ( )M M M
G z′∆ = −                                   (10) 

                     1 1( )k k k k k

G z wδ δ+ +′=                    (11) 
 
            Compute each element of Jacobian matrix as: 

                           1

,

q k k

i jk

i j

e

a

w

δ −
∂

=
∂

                                (12) 

                              q k

ik

i

e

b

δ
∂

=
∂

                                 (13) 

 

  Step  3     Solve the Eq. (6) to obtain the update x. 

  Step  4     Update the new value  x = x + x and recompute     

E in Eq. (5) ,if this error E is smaller than computed in step 
1, then reduce  by factor β, let x = x + x and go back to step 
1, if the error E is not reduced, then increase  by β factor 
and go back to step 3. 

This process will repeated until the error E in Eq. (5) reach a 
fixed value named error goal.  

IV. RESULTS AND DISCUSSION 
In this paper, three layers ANN are applied to predict 

faults in SAPV system, where the network is able to identify 
three types of faults together with normal operation using 
only the main parameters such as voltage and current of PV 
modules, battery and load. Fig. 6 shows the measured and 
simulated voltage and current of PV modules and battery of 
experimental SAPV system installed at LREA, University of 
Médéa, Algeria. In this case the system is working under 
normal condition, where the measurements are taken in 
cloudy day using the system acquisition represented in 
section 2, we can see from this figure a negative sign of 
battery current that appear frequently and this refer to 
weather condition that lead to discharge of battery in order to 
compensate the shortage in PV modules. A total number of 
1746 samples distributed into normal operation and the three 
faults type are collected as reported in Table 3, where 80% of 
data are chosen randomly for the step of training the three 
layer ANN classifier model which is equivalent to 1397 
samples, While 20 % are used for the step of testing the  

       TABLE III.  Number of sample for the ANN. 

 

developed model for the validation which represents 394 
samples. 

      The error goal used is the mean square error that is 
similar to Eq. (5), the value is set to 0.01 that is sufficient 
for giving satisfied results for our classification faults 
problem. 
      In order to check the convergence of algorithm  the curve 
of learning is given as illustrated in Fig. 7, the results show 
that the algorithm satisfied the requirement of error 0.01 
rapidly, and this after 26 iterations that the algorithm attain 
the goal with high accuracy of faults diagnosis reach to 
97.8% and 96% for both training and test data respectively as 
indicated the blue squares in Fig. 8 and Fig. 9 of confusion 
matrix, as we can see in this figures a high number of 
samples are in green squares of which correspond to the 
samples correctly classified by ANN, and few number of 
them are  in red squares that are misclassified, where it’s fail 
mostly in class one that correspond to the normal operation 
and class three that correspond to F3 followed  by the class 
two that correspond to F2 with F3 and normal operation ,this 
is due to the similarity output of SAPV system in certain 
worse environmental condition and state of battery and this 
make certainly the prediction of fault  difficult .The high rate 
of accuracy obtained from training and test  data reflect that 
the ANN is well adapted, avoiding the problem of overfitting 
and under fitting, and the algorithm is converged faster to the 
minimum 

      In Table IV a comparative general accuracy of ANN 
developed by experimental and simulation data, the 
evaluation is carried out on data training and testing, the 
accuracy results are highs for both networks and very close 
of them which reveal the effectiveness of the proposed 
method to identify the fault in real SAPV system as well as 
simulated system. 

 

 

 
 

Type of 
working Normal 

Short 
circuit PV 
module 

Open 
circuit PV 
module 

Short 
circuit 
Battery   

Number of 
samples 613 303 539 291 
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      TABLE IV. General accuracy of ANN obtained from Experimental  
and Simulation data 

 

V. CONCLUSION 
A New fault diagnostic method in SAPV system based on 
three layers feedforward ANN is proposed, and their 
feasibility is verified in experiments and simulation, where 
some typical faults are established such as short circuit of PV 
module, open circuit of PV module and short circuit of 
battery. The results show the ability of this approach to 
identify the type of fault or the normal operation with high 
rate of accuracy in both experiment and simulation data, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

moreover it doesn’t require any irradiation information to 
find the fault, and take only the electrical measurements such 
voltage and current issued from SAPV system to train the 
ANN and after to predict the faults. In future work this 
method can be implemented in real time monitoring SAPV 
system, and could    be extended to a large SAPV system and 
consider other faults to be investigate. 
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Abstract—The problems of voltage stability have aroused 
the interest of researchers in the electrical system around the 
world. It is important to maintain the system stability, or else it 
would lead to voltage collapse and consequently complete 
blackout of the system. In this paper the voltage stability 
indices, Fast Voltage Stability Index (FVSI); Line stability 
index LQP and Line stability index Lmn are used to determine 
the stability of a system. These indices are used to identify the 
most critical line of the system. Under single line outage 
condition, effect of placing a TCSC in the system on FVSI; Lpq 
index and Lmn index has been observed. An IEEE 14 bus 
system has been considered for simulation purpose with PSAT/ 
matlab. 

Keywords—TCSC, Line Stability Index, PSAT/matlab 

I. INTRODUCTION

The enlarged power demand has attracted the attention of 
the power researchers in the world, and has caused the 
power system to be operated closer to its stability limits. 
Any situation of power system instability if not responded to 
instantaneously can cause a scenario of voltage collapse in 
the system accompanied by a total blackout. 
Stability can be analyzed with different approaches, but the 
evaluation of how close the system is to voltage collapse i.e. 
the stability margin is particularly important for operators. 
This information that quantifies the proximity of current 
operation to voltage instability can be expressed through 
Voltage Stability Indices. These indices can be used online 
to enable the operators or possibly automatic control 
systems to take action to prevent voltage collapse from 
happening. Offline use of these indices is relevant for the 
designing and planning stages. The role of these different 
indices is to determine about proximity of voltage instability 
in a power system. Usually, an index value varies between 0 
and 1. Line voltage stability indices (LVSI) thus provide 
information about the system stability by determining the 
most severe line in the system [1]. Literatures on the indices 
show that several voltage stability indices have been 
developed for stability analysis studies [1], [2]. 
The value of these indices indicate the closeness of the 
system towards instability, if the index value is closer to1 it 
shows that the system is on the verge of instability, if index 
value is greater than 1, the system has crossed its stability 
limit leading to a condition of voltage collapse which can 
ultimately cause blackout of the system. In recent times, the 
application of FACTS devices is a very effective solution to 
prevent a voltage instability and voltage collapse due to 
their fast and very flexible control. FACTS devices have 
been defined by the IEEE as “alternating current 
transmission system incorporating power electronic based 
and other static controllers to enhance controllability and 

increase power transfer capability” [3]. The potential 
benefits offered by these controllers are reduced cost of 
operation, increased reliability of power system and improve 
voltage stability [4]. 
FACTS are also applied to improve the performance of the 
power system under transient stability conditions [5], [6]. 
To obtain maximum benefits from these controllers, the 
choice of type of controller and its optimal location and size 
is also a challenging issue. Thyristor controlled series 
capacitor (TCSC) is a series FACTS device. It is a series 
capacitor, connected with thyristor controlled inductor in 
parallel so that variable reactance of the capacitor can be 
achieved. As other FACTS devices, TCSC is also a costly 
device and hence it is important to place it at optimal 
location and to find its optimal size [7]. Several works 
studies stability using different voltage stability indices were 
derived from static power flow analysis [12], and 
demonstrates in this work that in the IEEE 14 bus network 
the weakest line is 13-14 and in second position line 2-3. 
This paper gives comparison with different index line 
stability derived from PSAT simulation to optimally locate a 
TCSC to enhance static voltage stability. This study 
proposes to analyze and enhance the stability of the system 
using line voltage stability indices, there by reducing the 
severity of the system by installing a thyristor Controlled 
Series Capacitor (TCSC) in the most critical transmission 
line. 

II. LINE VOLTAGE STABILITY INDEX 

The line stability index determines the critical line and 
provides a measure to proximity to the voltage collapse 
point of the system [7]. In an interconnected system, the 
value of line stability index that is closed to one indicates 
the line has reached its instability limit. In any power 
system, the voltage stability analysis is carried out for two 
purposes: 
 (a) to determine how much any system is close to its
instability limit, and
(b) which is the critical line or weak bus in a power system.
In this paper tree different types of line stability Lmn index,
Fast voltage stability indices (FVSI)  and Lqp index are
implemented and calculation are performed by using
PSAT/MATLAB.

A. Fast voltage stability index
The line stability index FVSI  [8] is based on a concept of

power flow through a single line. For a typical transmission 
line, the stability index is calculated by: 
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                                                               (1) 

 

Where, Z - Line impedance; X - Line reactance; Qj -
Reactive power flow at receiving end; Vi - Sending end 
voltage.  

When the FVSI of a line approaches unity it means 
thatthe line is approaching its stability limits. The FVSI of all 
the lines must be lower than 1 to assure the stability of the 
power system. 

B. Line stability index Lmn 
   The line stability index was proposed in reference number 
as listed in [9] and is formed based on a power transmission 
concept in a single line. 
                                                                                 
																													 									                           (2)                   
 
 
   Where, Vs and Vr are the sending and receiving end 
voltages respectively. δs and δr are the phase angle at 
sending and receiving buses. 
 
                                   			                               				        
 
 
X-line reactance; -line impedance angle; Qr-reactive power 
at receiving end. The system is stable if Lmn is far from 1. 

 

C. Line stability index (Lqp) 
    The Lqp index [8] is obtained using the same concept as 
[8], [9], in which the discriminate of the power quadratic 
equation is set to be greater or equal than zero. The Lqp is 
obtained as follows: 
 

                                               (4)  

 
   Where X is the line reactance, Qj is the reactive power 
flow at the receiving bus, Vi is the voltage on sending bus 
and Pi is the active power flow at the sending bus. 
To maintain a secure condition, the value of Lqp index 
should be maintained less than 1. 
 

III. FACTS DEVICES  
    FACTS devices can easily be controlled due to power 
electronics which have significantly improved its power 
transfer capability and the stability of the system. 

 
Thyristor Controlled Series Capacitors (TCSC) is a type of 
series compensator, can provide many benefits for a power 
system including controlling power flow in the line, 
damping power oscillations, and improving of voltage 
stability. ATCSC is a capacitive reactance compensator, 
which consists of a series capacitor bank shunted by a 
thyristor controlled reactor in order to provide a smoothly 
variable series capacitive reactance [10]. 
Fig. 1 is the representation of a TCSC placed in a line.  
 

 
Fig.1 A schematic diagram of TCSC 

 
 

The principle of TCSC in voltage stability enhancement is 
to control the transmission line impedance by adjust the 
TCSC reactance. The equivalent reactance of TCSC is a 
function of the firing angle  of the firing angle  of the 
TCR. 
The firing angles of the thyristors can be controlled the 
TCSC to work either in the capacitive or the inductive zones 
avoiding steady state resonance. There exists a steady-state 
relationship between the firing angle  and the reactance 
XTCSC. This relationship can be described by the following 
equation: 

 
																																		                              (5) 

 
Where: 
 
                         	                                (6) 

 
 
With 
																																														                                      (7) 

 
 is the firing angle, XL is the reactance of the inductor and 

Xl is the effective reactance of the inductor at firing angle. 
The effective series transmission impedance is given by: 
 
																																                               (8) 
 

IV. PROPOSED METHOD 
 

• Choose the network to be run by PSAT. 
• Run the load flow without line outage contingency 

and use the results as base case. 
• Run power flow for the same network with N-1 

line outage contingency and obtain load flow 
results. 

• Calculate the values of FVSI, Lmn and Lqp from 
three equations (1), (2) and (4). 

• Rank the weakest / most critical line from the base 
case and line outage contingency condition having 
highest value of FVSI ; Lmn and Lqp 

• Connect TCSC at the most critical line. 
• Run the load flow with TCSC connected in the line 

for Compare the calculated values of indices with 
and without TCSC. 

 

V. SIMULATION AND RESULTS DISCUSSION 
The simulation work conducted on the IEEE 14-bus test 
System Fig.2, which consists of five generators (bus 1 is a 
slack bus 2,5, 8, 11 and 13 are PV buses), 9 loads and 20 
lines, (7-8, 7- 4, 4-9 and 5-8) in which four lines are with the 
tap changing transformers. The line parameters and loads 
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are taken from [1]. The analysis of power flow is done by 
using Power system Analysis Toolbox (PSAT) which is a 
new toolbox of power system analysis in MATLAB. 
 

A. Base Case 
In this case, by using equation (1),(2) and (4) the lines 
stability index are found for each line of IEEE 14 bus 
system without any disturbance and contingency. From the 
values of line stability index obtained for IEEE 14 bus 
system, the first five severe lines are identified in the 
descending order of line stability index values as mentioned 
in Table I. It is observed that the line 3-4 has the highest 
stability index value when compared to the other lines. 
Hence, line 3-4 is considered as the most severe line in the 
system. According to these results, the indices FVSI and 
Lmn converge towards the same result, whereas Lpq 
determines a different result. 

TABLE I.  LINE STABILITY INDEX IN  BASE CASE 

Bus Line index 

From To FVSI Lpq Lmn 

6 11 0.10039 0.08599 0.10314 

13 14 0.11506 0.09667 0.11512 

3 4 0.15809 0.14849 0.15810 

2 1 0.15233 0.20643 0.15241 

 

 
 

Fig. 2 IEEE 14 bus system 

B. Single line contingency case 
In this case, one line is eliminated and the lines stability 
index FVSI, Lmn and Lqp for the remaining lines are 
calculated. The above procedure is repeated by removing 
the other lines one by one. When compared with other lines, 
the line 3-4 has the highest line stability index during most 
of the single line contingency condition. Hence, it is ranked 
as the most severe line in the system. 
 Similarly the next four severe lines for IEEE 14 bus system 
are identified and shown in Table II. It is observed that the 
line 3-4 has the highest lines stability index for FVSI and 
Lpq during most of the single line contingency condition. 
Hence, it is ranked as the most severe line in the system. 
 

TABLE II.  LINE STABILITY INDEX WITH OTAGE OF LINE 2-5 

Bus Line index 

From To FVSI Lpq Lmn 

6 11 	 	

13 14 0.12920 0.10759 0.12927 

2 1 0.13141 0.17669 0.13150 

3 4 0.17374 0.15502 0.17380 

 
 

    The results from table II reveal that under the condition of 
line 2-5 outages in the 14 bus test system, line 3-4 was 
identified as weakest line. 

TABLE III.  LINE STABILITY INDEX WITH OTAGE OF LINE 3-2 

Bus Line index 

From To FVSI Lpq Lmn 

6 11 0.10941 0.09205 0.10567 

13 14 0.12294 0.10450 0.12302 

2 1 0.14763 0.19969 0.14771 

3 4 0.40277 0.54507 0.40157 

 
 

TABLE IV.  LINE STABILITY INDEX WITH OTAGE OF LINE 1-5 

Bus Line index 

From To FVSI Lpq Lmn 

6 11 0.11765 0.09735 0.11796 

13 14 0.13334 0.11064 0.13340 

2 1 0.29755 0.42963 0.29746 

3 4 0.16558 0.14567 0.16566 
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TABLE V.  LINE STABILITY INDEX WITH OTAGE OF LINE 5-6 

Bus Line index 
From To FVSI Lpq Lmn 

6 11 0.25519 0.21742 0.25491 

13 14 0.33219 0.27913 0.33177 

2 1 0.16384 0.22309 0.16392 

3 4 0.17993 0.16429 0.17997 

 

TABLE VI.  LINE STABILITY INDEX WITH OTAGE OF LINE 4-7 

Bus Line index 
From To FVSI Lpq Lmn 

6 11 0.06772 0.06431 0.06531 

13 14 0.07307 0.07309 0.07316 

2 1 0.15196 0.20590 0.15204 

3 4 0.17792 0.16621 0.17793 

 
By disconnecting each time a line at random, we deduce that 
the indices of the lines change because the power flow also 
changes. By disconnecting line 4-7, the indices on line 3-4 
present large values, the same result by disconnecting 2-5 or 
line 3-5 which leads us to conclude that line 3-4 is very 
sensitive and may be causing huge problem. 
 

C.  Compensation with TCSC case 
A TCSC with reactance of 0.05p.u is installed on the lines 
one by one as mentioned in Tables VII at table X and the 
line stability indices for all the lines are estimated without 
any contingency. 
 

TABLE VII.  LINE STABILITY INDEX WHIT TCSC IN LINE 6-11 

Bus Line index 
From To FVSI Lpq Lmn 

6 11 0.129 0.107 0.107 

13 14 0.105 0.089 0.110 

2 1 0.152 0.206 0.152 

3 4 0.155 0.146 0.155 

 

TABLE VIII.  LINE STABILITY INDEX WHIT TCSC IN LINE1-2 

Bus Line index 
From To FVSI Lpq Lmn 

6 11 0.097 0.088 0.097 

13 14 0.164 0.137 0.164 

2 1 0.152 0.206 0.206 

3 4 0.155 0.146 0.146 
 
 

 
 

 

TABLE IX.  LINE STABILITY INDEX WHIT TCSC IN LINE13-14 

Bus Line index 
From To FVSI Lpq Lmn 

6 11 0.103 0.086 0.103 

13 14 0.115 0.097 0.115 

2 1 0.1061 0.122 0.062 

3 4 0.151 0.141 0.151 
 

TABLE X.  LINE STABILITY INDEX WHIT TCSC IN LINE 3-4 

Bus Line index 
From To FVSI Lpq Lmn 

6 11 0.108 0.088 0.108 

13 14 0.119 0.110 0.119 

2 1 0.104 0.202 0.149 

3 4 0.107 0.110 0.107 
 
 
For IEEE 14 bus system with TCSC in line 3-4, it is found 
that more number of lines have the least value of stability 
index, when compared with TCSC in other lines. Hence, the 
line 3-4 is the most optimal placement for inserting TCSC. 
A TCSC is installed in the most severe line and as a result 
enhanced values of line voltage stability indices are 
obtained. Thus, the severity of the line is reduced. 
by placing the TCSC in different lines the different indices 
for line 3-4 remain high and vary between 0.151 and 0.141; 
but placing the compensator on line 3-4 the index values 
decrease to 0.107 for FVSI and Lmn and 0.110 for Lpq. 
 

 
Fig. 3 IEEE 14 bus system with TCSC 
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                                     IV.  CONCLUSION 
 

 
 

    In this paper a simple, fast and computationally feasible 
approach to monitor the power system voltage stability is 
presented. This proposed method does not involve 
complex and sophisticated matrix computation. The 
voltage stability analysis process is carried out using line 
stability index which is also capable of determining the 
critical line. The investigation on the voltage stability 
based contingency ranking is also presented. The optimal 
placement of TCSC to improve the system voltage 
stability is identified easily. By placing the TCSC in the 
optimal location, the stability of system is found 
improved. Moreover, this approach is capable of 
identifying the most stressed line in power system 
networks. This enables the power system operators to 
decide the remedial actions in case of contingencies. the 
choice of indices is very important, as we have seen the 
FVSI index and Lmn in most cases converges towards the 
same result against the index Lpq in most cases present 
values either higher or lower other indices. The results 
found by PSAT rank line 3-4 the most sensitive line and 
then line 13-14 conversely the results calculate by power 
flow. 
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Abstract—Image watermarking is considered as a backbone in

multimedia security. A watermark is embedded into a cover image 

in order to prove the ownership, authenticating data and/or 

protecting copyright. However, the watermarked image face 

threats when transmitted through Internet which leads to fair-

quality of watermark and even erasing. A new challenge in image 

watermarking to come up with a new hybrid robust method for 

ownership proofing which guarantee resistance of the watermark 

by preserving the watermarked image quality in terms of 

imperceptibility. This paper aims to provide a new semi-blind 

based watermarking technique for medical images, using Schur 

decomposition and DCT. The main idea is the embedding of the 

watermark in the DCT middle band coefficient of the cover image 

blocks, after carrying out the Schur decomposition on the image’s 
blocks. The experimental results show that the proposed 

watermarking method ensures strong robustness and good 

imperceptibility. 

Index Terms—Medical image watermarking, Semi-blind,

Robust, Discrete Cosine Transform (DCT), Schur 

decomposition, Ownership Proofing. 

I. Introduction
Nowadays, the significant development of new digital 

communications and advanced network technologies leads to 
arising multimedia’s applications that transfer a large amount
of data over an unsecured channel, where the data transferred 
could be altered intentionally or unemotionally, as a result, the 
data benefits could be lost or stolen. To this end, the sole 
concern of the researchers is how to guarantee data ownership.  

In general, the image cryptography is one of the most 
important techniques used for ensuring data security. Image 
cryptography consists of making data unreadable to 
unauthorized persons [17] in the transfer phase which cannot 

ensure the ownership proofing and copyright once the data are 
decrypted.  

The watermarking appeared as a compliment of 
cryptography where its purposes is to protect copyright, 
proofing the authorship and/or integrity checking [19]. It 
consists of embedding data (watermark) in a cover document 
(image, video…etc.) [18]. The watermark data may be hidden 
in the spatial domain where it is embedded directly in the 
cover image by modifying the pixels intensity [21], or in 
frequency domain [20] where it is embedded in the original 
image transform [22].  

Different types of image watermarking techniques 
according to robustness are available in literature: robust, 
fragile, and semi-fragile [23]. In robust watermarking 
techniques, the embedded data must resist after any attack 
performed on the watermarked image, while, in semi-fragile, 
the watermark must resist only minors’ alteration. In fragile
watermarking, the watermark collapsed after any 
manipulation. In terms of the de-watermarking point of view, 
the watermarking techniques can be classified as blind, semi-
blind and non-blind methods [24, 25]. For the first mode, the 
extraction process doesn’t require any of the original or
watermark image. For the second mode, the extraction process 
depends on the presence of the original watermark, while for 
the last one, the original image is required. Therefore, the 
robust image watermarking method have new challenges. Can 
the proposed system provide full resistance to the embedded 
watermark? To realize this, a number of image watermarking 
techniques have been studied [4-10; 16]. Frequency 
techniques are considered as an efficient technique, since they 
could offer high robustness. In this paper, our purpose is to 
develop a new semi blind medical image watermarking for 
ownership proofing allowing high robustness and preserving 
watermarked image quality. 

The rest of paper is organized as follows. Section 2 
describes recent related works. Section 3 presents the basic 
requirements. Section 4 describes the proposed approach in 
details. Section 5 presents the experimental results and 
discusses the corresponding results. Finally, the conclusion is 
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presented in section 6. 

II. Related Works 
Ensure ownership proof consists to propose a robust 
watermarking method. The researchers are redirected towards 
frequency methods to ensure more robustness. This section 
discusses some recent transform image watermarking 
techniques existing in literature [4-10, 16, 26].  

The authors in [9] proposed a semi blind technique 
based on DWT, Balanced Neural Tree (BNT) and Singular 
Value Decomposition (SVD). The mean idea is to perform 
DWT on the host image. Then, apply the SVD on the LL 
sub-bands and train the BNT to learn the watermark, the 
synapses (optimal weights) of the trained BNT are 
scrambled and embedded in the singular values computed 
bellow. This method gives good results in terms of 
imperceptibility and robustness. Except that, it requires an 
important execution time for embedding/extracting.  

In [4], the authors presented a hybrid semi blind 
technique for 3D medical image based on Discrete Fourier 
Transform (DFT), Discrete Wavelet Transform (DWT), 
Discrete Cosine Transform (DCT) and Hermite chaotic 
neural network. The idea is to perform the three-
dimensional DWT and DFT on the host image. Then, 
select the low and intermediate frequency coefficients as 
medical volume data features; these are used to structure 
the zero-watermark. The watermark is scrambled using 
Hermite chaotic neural network and embedded in the DCT 
coefficients of the original image. This technique gets 
good trade-off between robustness and imperceptibility, 
however it tested only against few attacks and it requires 
an important computational complexity. 

Kabra et al. [5] worked in finding a non-blind 
watermarking algorithm based on Lifting Wavelet Transform 
(LWT) and SVD. In this study, the host image is decomposed 
using LWT and then the SVD is applied on all sub-bands. 
After that, the watermark is divided into four blocks and the 
SVD is applied on each of them. Finally, the singular values 
of the watermark are added to the singular value of the host 
image. This approach presents good performance in terms of 
imperceptibility and robustness against a wide variety of 
attacks, except some geometric attacks such as histogram 
equalization, cropping. 

Mansoori et al [7] presented a semi blind method based 
on Ordered Hadamard transform (OHT). The basic idea is 
to decompose the host image and the watermark into 
blocks and perform OHT on each block. After that, high 
frequency coefficients of the host image are substituted 
with the watermark coefficients. This method offers 
several advantages of imperceptibility, computational 
complexity and embedding capacity. However, this method 
is vulnerable with some attacks such: JPEG compression 

(PSNR=16.73dB and NC=0.79) and salt & pepper noise 
(PSNR=11.17dB NC=0.75). 

in [8] the authors presented a semi-blind method 
combined DWT, Countourlet transforms (CT), Schur 
Decomposition, SVD and Arnold transform, where the 
encrypted watermark singular value are embedded in the 
singular value of the cover image after DWT, CT and shur 
decomposition respectively, this enhance the 
imperceptibility and robustness. However this technique 
present some vulnerability with some attacks such: salt & 
pepper noise (0.2) (PSNR in [23 ,25] dB), Gaussian 
noise(0.1) (PSNR in [21,24] dB). Also, its require high 
computational complexity for embedding/ extracting 
processes. 

The challenging problem of image watermarking is still 
on-going to develop a method that can provide full 
robustness. In this context, the proposed method improves 
the robustness comparing to some existing method. 

III. Basic Requirements 
A. Schur Decomposition 

Schur Decomposition [1, 2] is a mathematical model used 
to decompose a square matrix A into two square matrix’s U 
and V:  

> @( ) ,Schur A U V                   (1) 

Where U is a unitary orthogonal Matrix, while V reveals the 
intrinsic information of A in that many attributes and structure 
of matrices are invariant under similarity transform. 

Schur-1 is simply the product operation:                                   
1 1* *Schur U V U� �                   (2) 

The Schur decomposition is employed for embed the 
watermark, since the perturbation which could happen due to 
data embedding process in the host image could be reduced 
when data is embedded on matrix V, this could improve 
significantly the imperceptibility [2]. 

B.  Discrete Cosine Transform (DCT) 

The DCT is one of the most popular transform decomposition 
[3]. It basically separates the image (or block) into three parts 
of different frequency namely: low, middle and high- 
frequency coefficients. Embedding the watermark into middle-
frequency coefficients enhance the robustness without 
affecting the host image quality. The DCT coefficients contain 
two types. The first one consists of the average intensity of the 
image, called DC coefficients. The second type called AC 
coefficients, as we move from DC coefficients to AC, the 
significant information about the image decreases. 
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IV. The Proposed Method 
The aim of the presented watermarking method is to 

transmit the watermarked images from sender “A” to remote 
receiver “B” as is depicted in Figure 1. An input image (cover 
image) “I” is transmitted over an unsecured communication 
channel. The watermark embedding process is applied to “i” 
using Schur decomposition and DCT prior to transmission to 
generate a watermarked image iw. The watermarked image iw 

(potentially attacked) is sent to receiver B, where the attacked 
watermark image iwa is extracted using the same operation in 
embedding process (symmetric operation). The Watermark 
embedding/extracting process is detailed in the next sections.  

 
Fig. 1. General generic model of the proposed method. 

A. Watermark embedding process 

The watermark embedding process is based on Schur 
decomposition and DCT, as illustrated in Figure 2 and 
detailed as follow: 
Step1. Decompose up the cover image into 2x2 non-
overlapping blocks. 
Step 2. Perform Schur decomposition on each block (Bi):  

> @( ) ,iSchur B U V                 (3) 
Step 3. apply DCT on the V matrix obtained bellow and the 
watermark image. 
Step 4. Select a block’s coefficients (BCi) and two watermark 
DCT coefficients (WCj and WCj+1), and embed them in the 
middle band coefficients of BCi , using scaling factor α as 
follow: 

1

(1,2) (1 )*

(2,1) (1 )*

i i j

i i j

BC BC WC

BC BC WC

D

D �

 � �°
®  � �°̄

      (4) 

Where α in ]0,1[.   
Embedding two watermark DCT coefficients in the middle 
band DCT coefficients of the V matrix doesn’t affect the cover 
image intensity (Figure 3) due to the good characteristics of 
DCT and Schur decomposition [1,2,3,6,19,20]. 

Step 5. Apply DCT-1 on BCi to obtain the watermarked V 
matrix (VW), then perform Schur-1 to obtain the watermarked 
block using the following equation: 

1 * * T

WSchur U V U�             (5) 
Step 6. If not all the watermark DCT coefficients are 
embedded go back to step 4 with i+1 and j+2. Else end. 

 
Fig.2. Watermark embedding process. 

 
 

 
 

Fig.3. Example of new blocks pixel intensity values after embedding 
of watermark intensity. 
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B. watermark extracting process 

The extraction process is semi-blind since it requires the 
original watermark image. The detailed extraction process is 
illustrated with a block diagram in Figure 4 and discussed as 
follow:  

1. Decompose up the host image into 2x2 non-
overlapping blocks. 
2. Perform Schur decomposition on each block (Bi) 
using Eq.3. 
3. Apply DCT on the V matrix obtained below. 
4. Select a block’s coefficients (BCi) and two 
watermark intensities (WIj and WIj+1). 
And then extract the watermark DCT coefficients as follow: 

1

1

(1,2) 1
    * (1,2)

(2,1) 1
    * (2,1)

j

j i

j

j i

WI
WC BC

WI
WC BC

D
D D

D
D D�
�

 �
 �°°

®
�°  �°̄

          (6) 

5. If not all the watermark blocks are extracted go back 
to step 4 with i+1 and j+2. Else Apply DCT-1

 on the extracted 
watermark coefficients to get the extracted watermark block. 

 
 

Fig.4. Watermark extracting process of the proposed method. 

V. Experimental Result 
In order to measure the performances of the proposed 

technique in terms of imperceptibility and robustness, a data 
set of DICOM images of size 256x256 are used (from [14, 
15]), while the watermark image is of size 128x128.  

A.  Performance evaluation measures and data used 

We employ some technical similarity measures used in 
watermarking literature such as Mean Square Error (MSE), 
Peak Signal to Noise Ratio (PSNR), Normalized Correlation 
(NC), Cross- Correlation (CC) and Bit Error Rate (BER). The 
principles of these measures are well explained in [10-13].  

Table 1 gives the abbreviations of those performance 
measures and defined for clarity. Figure 5 shows the 
watermark image used in experimentation, while Figure 6 
gives a sample of images used in experimentation.  

 

Fig. 5. Watermark image used in experimentation. 
 
 

 
Fig .6. Sample of images used in experimentation. 

 

TABLE .1 Performance measures used in experimentation. 
Performance 

measure 
Mathematical definition 

MSE [13] 1 1

0 0

1
( 1( , ) 2( , ))

*

N M

j K

I j k ISE j k
N M

M
� �

  

� ¦¦  (7) 

PSNR [13] 
    � �

2

10

255
10log ( )PSNR dB

MSE
            (8) 
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NC [10] 1 1

0 0

( 1( , ) 2( , ))
WN WM

j K

NC W j k W j k
� �

  

 �¦ ¦  (9) 

CC [11] 1 1

0 0

1 1 1 1
2 2

0 0 0 0

1( , )* 2( , )

1( , ) * 2( , )

N M

j k

N M N M

j k j k

I j k I j k

CRC

I j k I j k

� �

  

� � � �

    

 
¦¦

¦¦ ¦¦

  (10) 

BER [12] 
 1 00*          

CB
BER

AB
               (11) 

Figure 7 presents the watermarked images with different 
values of alpha α (0.01, 0.5 and 0.98) to reaches visible, semi-
visible and invisible watermark respectively. 

 
Fig. 7. Watermarked images with different values of α. 

In the following, we use a scaling factor of value 0.98. 

B.  Imperceptibility Evaluation 

The first performance used to evaluate the proposed method is 
the imperceptibility, which means the similarity degree 
between the cover image and the watermarked one. For 
certain image kinds such medical images, the imperceptibility 
is an important factor, and a mediocre imperceptibility degree 
means the impracticability of the watermarking method. The 
reason is that decreasing on medical image quality could 
provoke wrong interpretation from physician, thus the 
consequences are dire. Table 2 gives the imperceptibility 
degree in terms of PSNR. The PSNR average value of all 
dataset images is around 41 dB. 
 
Table .2 Imperceptibility evaluation of the proposed watermarking 

method. 
Images Colon Knee Hands Spine 

PSNR(dB) 40.44 40.47 43.39 40.98 

 

Figure 8 gives the comparison results with approaches 
described in papers [6, 8, 16] and the proposed approach in 
terms of PSNR (dB).  

 

Fig. 8. PSNR (dB) comparison results with the works described in [6, 
8, 16]. 

Examining the obtained results in Table 2 and Figure 8, 
concludes that the proposed method gives better 
imperceptibility. The reason is that the embedding of a 
watermark DCT coefficient necessitates a small changing in 
the Schur DCT coefficients of the cover image blocks (Figure 
3). To this end, the watermarked images keep the good 
imperceptibility comparing to the original one.  

C.  Robustness evaluation 

The second performance used to evaluate the proposed 
method is the robustness, which means the resistance degree 
of the embedded watermark after attacks applied to remove it 
or confuse the image authentication. In our experimentation, 
we apply some geometric and non-geometric attacks to the 
watermarked image, and then evaluate the extracted 
watermark image using NC, BER and CC measures between 
the original watermark and the extracted one. Table 3 gives 
the NC values of the extracted watermarks from the attacked 
watermarked images.  

Table .3 NC values of the extracted watermark from the different 
attacked watermarked images. 

Attacks Colon Knee Hands Spine 
Salt & pepper 
noise v=0.05 

0.91 0.91003 0.913 0.91 

White noise 
v=0.05 

0.885 0.885 0.887 0.885 

DICOM JPEG 
compression 

attacks QF=50 

0.996 0.996 0.994 0.996 

Rotation 45° 0.994 0.994 0.995 0.995 

Cropping 10% 0.993 0.993 0.993 0.994 

Shearing 0.99 0.9907 0.99 0.99 
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Table 4 shows the robustness comparison results between the 
proposed method and the approaches described in [7, 8]. The 
results show that our approach is more robust against different 
kinds of attacks than the other approach in [7, 8].  

It’s obvious that the proposed model offers good robustness; 
the reason is that the NC and CC values are very close to 1, 
while BER is close to 0. This means that the proposed method 
allows full robustness for the watermark image. 

TABLE 4. Robustness comparisons under NC values between the 
proposed method and works presented in [7, 8].  

VI. Conclusion 
This paper presents a new robust semi-blind medical 

image watermarking technique for ownership proofing, which 
benefits from the good features of Schur decomposition and 
DCT. The idea is the embedding of the watermark DCT 
coefficients in the DCT middle band coefficient of the cover 
image blocks, after carried out the Schur decomposition on the 
image’s blocks. 

Experimental results showed that our proposed method 
allows better performance in robustness against many attacks 
such: JPEG compression, rotation and noising. It ensures also 
a good imperceptibility while embedding an important amount 
of data. A comparison with some related methods reveals that 
the proposed method is more imperceptible and robust. 
However, the computational complexity required for 
embedding and extracting must be improved in future works. 
In the future works, the research will be redirected toward the 
robust blind watermarking methods to be adopted to real-time 
e-Health applications. 
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Département de l’Electronique et des Communications
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Abstract—In this paper, a simplified three dimensional space
vector modulation algorithm is proposed to control a three-level
four-leg DSTATCOM connected to four wire distribution system.
The control strategy is carried out for neural current regulation
using the fourth leg of the DSTATCOM inverter and for reactive
power compensation needed by the load in order to regulate the
voatage at the PCC bus under different cases of balanced and
unbalanced loads. The DC-capacitor voltages balancing strategy
is achieved using the effective use of the redundant switching
states of the inverter voltage vectors with no requirements for
additional control actions or auxiliary devices. Finally, some
simulations results are presented and discussed in order to verify
the feasibility and effectiveness of the adopted technique under
various loads conditions.

Index Terms—Three-level four-leg DSTATCOM, Neutral cur-
rent compensation, Three dimensional space vector modulation,
Capacitor voltage balancing strategy, Reactive power compensa-
tion, Unbalanced loads.

I. INTRODUCTION

In three-phase four-wire distribution systems, several power
quality problems due to the unbalanced and non-unity power
factor loads appear. These power quality problems include
high reactive power burden, load unbalance and excessive
neutral current [1-2]. An AC transmission system incorpo-
rating power electronic-based called Flexible AC Transmis-
sion System (FACTS) can provide better power quality and
enhanced dynamic stability of transmission and distribution
systems. Distributed STATic COMpensator (DSATATCOM) is

one of shunt DFACTS which is recognized to be one of the
key technologies in future power system. Compared to the
traditional compensators, the DSTATCOM has better output
characteristics, less power loss, fast response time, and low
harmonics content [2].

DSTATCOM based multilevel converters are known to have
output voltages with more than two levels. As a result, the
converter output voltages and currents have reduced harmonic
distortion. Therefore, the compensator can generate output cur-
rents with extremely low harmonic distortion and can operate
with a lower switching frequency as well. Different topologies
have been proposed for multilevel inverters: capacitor-clamped
(flying capacitors) ; diode-clamped (neutral-clamped) ; and
cascaded multicellular with separate DC sources [3-4-5] .The
diode-clamped inverters are probably the most adopted by
the industry, since the multiple voltage levels are generated
passively through a set of series-connected capacitors from a
single high-voltage DC-bus [3].

The growing interest in four-leg converters for three-phase
four-wire systems focuses in applications such as active power
filters, fault-tolerant rectifiers and common mode noise reduc-
tion [4]. Multilevel four legs DSTATCOM systems provides
not only a compensation of the excessive neutral current using
the fourth leg of the inverter but also a reduction in the
harmonic distortion[8].

On the other hand, the pulse width modulation (PWM)
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techniques are showing popularity to control multilevel in-
verters for multi-megawatt industrial applications [7]. Space
vector modulation (SVM) is one of the most popular PWM
techniques that has gained more interest recently. To control
four-leg converters three dimensional SVM can be used which
is formulated in a three-dimension space. The salient features
of the 3DSVM strategy are as follows. i) It minimizes total har-
monic distortion of the AC-side voltages, through utilization
of all available voltage levels of the VSC. ii) It minimizes the
switching losses since, over each sampling period of the SVM
modulator, it uses the three adjacent switching states with
minimum ON/OFF state transitions of the switching devices.
iii) It enables development of a method for DC-capacitor
voltage balancing without the need for auxiliary power circuits
and/or offline calculations [10].

In this paper, a simplified 3DSVM is proposed to control
a three-level four-leg DSTATCOM in order to compensate
for the neutral current in the four wires distribution system.
Furthermore, the system is capable to compensate for the
reactive power needed by the load for regulation of the voltage
at the point of the common coupling. The adopted simplified
3DSVM algorithm has low computational complexity, which
makes it suitable for real-time implementation in low-cost
devices. The effectiveness of the proposed control system
and modulation algorithm are discussed and verified with
simulation results in different cases balanced and unbalanced
loads.

II. THREE-LEVEL FOUR LEG DSTATCOM PRESENTATION

Fig.1 shows a schematic representation of a three-level
four leg DSTATCOM connected as shunt compensator to
a three-phase four wires distributed AC system through a
series connected R

f

L

f

filter. The basic electronic block of
the DSTATCOM is the voltage sourced inverter that converts
an input DC voltage into a three phase output voltage at
fundamental frequency. The DC-bus is composed of two
nominally-identical capacitors [2-4].

III. CONTROL SYSTEM CONFIGURATION

In power utility systems, the DSTATCOM can be used as
reactive power compensator either for voltage stabilization. In
addition, the three-level four-leg DSTATCOM can regulate the
neutral current using the fourth leg of the inverter. Negative-
sequence currents are also needed to be compensated to insure
a balanced source current even in cases of unbalancing loads in
the utility system. Fig. 2 shows the control structure of three-
level four-leg DSTATCOM based on symmetrical components.
The structure of controller consists of a double nested loop
control: outer voltage control loop and an inner current control
loop control structure of the uniflar three level four leg
DSTATCOM

A. Outer voltage control loop

The outer voltages controller block deals with the regulation
of DC-link voltage and AC voltage of PCC bus to their
references value v

⇤
dc

and v

⇤
s

, respectively.

-   four wires distribution system
sRsL

/balanced
unbalanced
load

Three-level four-leg DSTATCOM

fRfL 1C

2C
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2Ci
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1i

Fig. 1. Three-level four-leg DSTATCOM connected to three-phase four wires
distribution system
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1) DC-link voltage controller: In order to ensure high
performance of the DSTATCOM system, the DC-link voltage
v

dc

across the DC bus should be kept constant. In addition,
the fluctuations of DC-link voltage must be low and do not
exceed the voltage limit of the semiconductors constituting the
switching devices. To achieve this propose, a PI controller is
proposed to control the DC-link voltage.

2) AC voltage controller: The AC voltage controller regu-
lates the PCC voltage level by controlling the reactive power
exchanged between the DSTATCOM and the utility system. To
achieve this propose, a PI controller is proposed to generate
the positive-sequence of reactive current component of the
DSTATCOM, i

+⇤
q

, In addition, the outer control block gen-
erates the positive-, negative and zero-sequences of the com-
pensator currents and their reference values. The generation of
theses currents are based on symmetrical components theory
[4].

B. Inner current control loop

The inner control block is responsible for the regulation
of positive- and negative sequences of dq-component of the
compensator currents and zero-sequence as well. The active
and reactive powers exchanged between the DSTATCOM
and the utility grid are controlled by the regulation of the
positive direct and quadratic components of the current (i+

fq

and i

+
fq

). The controller is considered to compensate for
also the negative direct and quadratic (i�

fq

and i

�
fq

) and zero
sequence components of the current in case of operation under
unbalanced conditions. The neutral currents is regulated based
on the Kirchhoff law where the zero sequence of the load
current is considered as a reference value.

Finally, The inner current controller loop calculates the
reference voltages required for the vector modulation block,
which in turn calculates the IGBTs opening and closing
signals.

IV. THREE-DIMENSIONAL SVM ALGORITHM

The 3DSVM algorithm can be done in three tasks : lo-
calization of the reference voltage vector, computation of the
ON-duration time of each switching vector and the generation
of corresponding pulses as follows:

A. First task: Localization of the reference voltage vector

This task is done in three steps:
1) Sector number determination: The module and position

of the reference voltage vector v⇤
f

in ↵� frame are determined
as:

v

⇤
f↵�

=

q
v

⇤2
f↵

+ v

⇤2
f�

✓ = tan 2

�1
⇣

v

⇤
f�

v

⇤
f↵

⌘ (1)

where tan2�1 is a function that returns the the four quadrant
inverse tangent.

Once the value of ✓ is known, the sector number is calcu-
lated by:

Sector

i

= ceil

✓
✓

⇡/
3

◆
(2)

where i is the number of sector and ceil is a function
which adjusts a given real number to the nearest integer
greater than or equal to that number.

2) Prism determination : Since the adopted 3DSVM uses
only two sectors, there is a necessity to create a new reference
vector U⇤

↵�

, which turns only in the two sectors one and two.
The amplitude of the new vector is given by:

U

⇤
f↵�

=

q
U

⇤
f↵

2
+ U

⇤
f�

2

where

U

⇤
f↵

= v

⇤
f↵�

cos(�)

U

⇤
f�

= v

⇤
f↵�

sin(�)

(3)

The angle � is given by � = mod(✓,

2⇡

/

3

), where
mod(x, y) is a function which returns the remainder after
division of x by y.
U

⇤N
1 and U

⇤N
2 are the projections of the new voltage

reference vector in the 60-degree plan. U

⇤N
1 and U

⇤N
2 , are

calculated by:

U

⇤N
1 =

2
vdc

q
3
2

⇣
U

⇤
f↵�

cos(� � (N � 1)⇡/3)�
U

⇤
f↵�p
3
sin(� � (N � 1)⇡/3)

U

⇤N
2 =

4
vdc

q
3
2

⇣
U

⇤
f↵�p
3

cos(� � (N � 1)⇡/3)

⌘
(4)

where N = 1 if U⇤
↵�

is located in sector one and N = 2 if
it is located in sector two.

After the definition of the new reference vector, two integer
values I

j

= int(U

⇤N
j

), j = 1, 2 are calculated in order to
determine the number of prisms where the U

⇤
↵�

is located
(Int is a function which returns the nearest integer that is
less than or equal to its argument). The relationship between
these two integers and prism number is presented in the table I

TABLE I
PRISM IDENTIFICATION IN EACH SECTOR k (k = 1 OR 2)

lk1 lk2 PRk
i

0 0 PRk
4( if U⇤k

1 + U⇤k
2 < 1)

0 0 PRk
2 ( if U⇤k

1 + U⇤k
2 � 1)

1 0 PRk
1

0 1 PRk
2

3) Tetrahedron determination: Last step to determine v

⇤
f

localization is the tetrahedron number calculation. Each tetra-
hedron is limited from the top and the bottom by two surfaces.
As shown in Fig .3, each surface in turn is defined by three
switching states.
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Fig. 3. Surfaces limiting tetrahedron 10 in prism 4 of sector 1

B. Second task: Calculation of ON-duration time intervals

Once the reference vector location is known, the corre-
sponding ON-duration times of adjacent vectors can be calcu-
lated. As mentioned earlier, the reference vector is defined by
four adjacent switching vectors. ON-duration time intervals in
each instant are calculated according to the average value prin-
ciple in which v

⇤
f

can be synthesized by using a combination
of the four adjacent active switching vectors. This formulation
in ↵�o coordinates is given as:

v1↵t1 + v2↵t2 + v3↵t3 + v4↵t4 = v

⇤
↵

T

s

v1�t1 + v2�t2 + v3�t3 + v4�t4 = v

⇤
�

T

s

v1ot1 + v2ot2 + v3ot3 + v4ot4 = v

⇤
o

T

s

(5)

where t1, t2, t3 and t4 are the ON-duration intervals of
corresponding switching adjacent vectors v1, v2, v3 and v4,
respectively. T

s

= t1 + t2 + t3 + t4 is the switching period.

C. Third task: Switching states and pulse generation

The pulses are generated only in sector one and two, the
other sectors can be deduced by simply interchanging the
states of the output phases of even and odd sectors. The
relationships between odd and even sectors are presented in
Tables II and III, respectively. This feature makes the proposed
3DSVM algorithm needs lesser execution time.

On the other hand, in order to reduce power loss and
minimize the switching frequency, the sequences are chosen in
a way that allows to open or close only one switch as possible
for each transition between sequences.

TABLE II
INTERCHANGING THE SWITCHING STATES IN ODD SECTORS

Sector 1 Sector 3 Sector 5

a

b

c

n

a ! b

b ! c

c ! a

n ! n

a ! c

b ! a

c ! b

n ! n

TABLE III
INTERCHANGING THE SWITCHING STATES IN PAIR SECTORS

Sector 1 Sector 3 Sector 5

a

b

c

n

a ! b

b ! c

c ! a

n ! n

a ! c

b ! a

c ! b

n ! n

Based on symmetrical positions of switching states [30], the
ON-duration interval of each corresponding switching vector
is divided into two intervals (t1,2,3,4/2) in order to use each
half during T

s

/2 in a symmetrical manner.

V. DC-LINK CAPACITORS VOLTAGES BALANCING
STRATEGY

The average values of the DC-link capacitors currents
depend to the modulation index and the load power factor
[6]. If the DSTATCOM acts as voltage regulator, the DSTAT-
COM exchanges with the distribution system a reactive power
amount. Average values of the DC-link capacitors currents in
this case are not zero. Therefore, reactive current components
result in voltage deviations of DC-capacitors. Owning to their
influence on DC-link capacitors currents, redundant switching
vectors are used in balancing strategy in [6] to solve the
problem of unbalanced DC-link capacitors voltages without
a necessity for auxiliary circuit.

The proposed DC-capacitor voltages balancing strategy is
basically based on the minimum energy property. Assuming
that all capacitors have equal capacitance, the total energy
of DC capacitors 1

2C(v

2
C1 + v

2
C2) reaches its minimum of

Cv

2
dc
4 when the two capacitors voltages are balanced. The

proposed technique must minimize a cost function J using
proper selection of redundant vectors. the cost function J is
given by :

J = C

2X

j=1

�v

2
Cj

(6)

where �v

Cj

= v

cj

� v

⇤
dc
2

The mathematical condition to minimize J is:

dJ

dt

=

2P
j=1

�v

Cj

i

cj

 0 (7)

where i

cj

is the current that circulates in each capacitor C
j

(j = 1, 2).
Since these currents can be written as functions of the DC-

link branch currents i0 and i1. the expression (7) can be
rewritten in terms of DC-link branch currents as:

�v

C1i1 +�v

C2(i1 + i0)  0 (8)

If the capacitor voltages are kept at their voltage reference
values of v

dc

/2, the condition �v

C1 +�v

C2 = 0 is proved.
Using the condition (8) and applying average operator over
one sampling period yield:
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1
Ts

R (k+1)Ts

kTs
(�v

C1i0)dt � 0

(9)

Compared to the time interval associated with the dynamics
of capacitor voltages, sampling period T

s

is assumed suffi-
ciently small. Also, the capacitor voltages over one sampling
period take constant values. Therefore, the condition (9) is
simplified to:

�v

C1(k)i0 � 0 (10)

where �v

C1 (k) is the voltage drift of the capacitor C1 at
sampling period k, and i0 is the average value of the DC-
link intermediate branch current; i0 should be computed for
different switching sequences.

VI. SIMULATION RESULTS

In this section, a complete simulation of the three-level four-
leg DSTATCOM connected to the distribution network will be
presented. The main purpose is to evaluate the performance of
the overall DSTATCOM and the 3DSVM technique with DC-
capacitors voltage balancing strategy under various dynamic
operating scenarios. The utility system, DSTATCOM and loads
parameters are given in Table IV [4].

TABLE IV
SIMULATION PARAMETERS

Parameter Value
Utility System Parameters

Network Voltage vs 220 V

Network Frequency f 50 Hz
Line Resistance Rs 0.7 ⌦

Line Inductance Ls 1.6 mH

DSTATCOM Parameters
DSTATCOM Resistance Rf 0.4 ⌦

DSTATCOM Inductance Lf 0.01 H

DC bus Voltage vdc 800 V

DC Bus Capacitors C1,2 4.4 mF

Switching Frequency fs 5000 Hz

Load Parameters
Load Resistance Rl 20 ⌦

Load Inductance Ll 0.01 H

Different performance aspects are figured out: (1) reactive
power compensation for regulation of the PCC voltage, (2)
neutral current compensation (3) DC capacitors voltage stabi-
lization under transient conditions of linear balanced inductive
and unbalanced loads cases.

Initially, the system is in standby mode. At 0.05s inductive
load is connected to the four wire distribution system, in this
case the DSTATCOM is operating in the capacitive mode in
order to compensate for the reactive power needed by the
load. Figs. 4, 5 and 6 show the response of the system during
reactive power compensation for regulation of PCC voltage.
The compensator injects a reactive current component into the
AC power system (Fig. 4.b). As expected, the positif sequence
of active current component of the DSTATCOM (Fig. 5.a) has
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Fig. 4. Simulation results of thee-level four-leg DSTATCOM (a) positif
sequence of d-component of DSTATCOM current, (b) negatif sequence of
d-component of DSTATCOM current, (c) positif sequence of q-component of
DSTATCOM current, (d) negatif sequence of q-component of DSTATCOM
current, (e) zero sequence of DSTATCOM current
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Fig. 5. Simulation results of thee-level four-leg DSTATCOM (a) DC-link
voltage (b) DC-capacitors voltages (c) AC PCC volatge

a small value, this current is used for maintaining the voltage
across the capacitors, and it is required to provide the operating
converter losses. Fig. 5 shows that the voltages of DC-link
and PCC bus are regulated to their references after the load
connection. The capacitors of the DC-link voltages also are
balanced during and after the load connection.

At 0.2 s , the inductive load became unbalanced, in order
to balance the AC current at the PCC bus, the DSTATCOM
injects negative sequences d and q components (Figs. 4.b and
4.c) and the zero sequence current (Fig. 4.e). In addition the
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Fig. 6. Simulation results of thee-level four-leg DSTATCOM (a) three phase
current of load, (b) three phase current of DSTATCOM, (c) three phase current
of source

compensator injects more reactive current components to AC
system. Therefore more dynamic reactive power compensation
is still required. Also, we observe that DSTATCOM absorb
more active power to compensate more converter losses.

From Fig. 5, in cases of balanced and unbalanced load
conditions, it is observed that the currents of the source are
sinusoidal and balanced (Fig. 6.c).

The PI voltage controller of the DC-link is able to regulate
the voltage to its reference and kept it constant even under
unbalanced conditions. Fig. 5.c indicates that the proposed
3DSVM-based balancing strategy maintains the capacitor volt-
ages balanced under both steady-state and transient regimes
even in unbalanced load conditions.

VII. CONCLUSION

In this study, a three-level four-leg DSATATCOM based
on simplified 3DSVM is proposed and discussed in order to
compensate for the neutral current in three-phase four-wire
distribution system. The compensator is connected to a four
wires distribution system feeding inductive loads in order to
compensate for the reactive power needed by the load and
to regulate the neutral current of the four wires system to a
zero value in cases of unbalanced loads. The simulation results
demonstrate the effectiveness of the proposed control strategy
for neural current compensation using the fourth leg of the
DSTATCOM. In addition, the DSTATCOM ensure a voltage
regulation of the PCC bus. The objective of balancing the
DC capacitors voltages is carried out successfully with the
proposed three-level 3DSVM.
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Abstract— Today, informing users, customers, members 
through e-mail, text message or through any other mean is 
crucial for companies. Information methods get more critical if 
user/message volume gets higher and message delivery must be 
on time. Because of performance reasons, the designed systems 
must be high-available and distributed. In this paper, we discuss 
how we built a high-performance mailing system by using 
Apache Kafka as an internal sub-system messaging and how we 
replaced the existing central database-oriented queuing 
architecture with this new system. Also, we discuss how we 
overcame the performance problems of the previous design with 
new queueing mechanism. About 40 million daily mails are 
passed through the pipeline successfully after we built the new 
architecture. 

Keywords—Message Queuing, Apache Kafka, Mass 
Messaging  

I. INTRODUCTION

Designing high-performance messaging systems require 
distributed and high-availability architecture. The architecture 
needs to be flexible so that it can be easily scaled when the 
system loads gets higher than anticipated. It is not very wise to 
design a system enlargement having impossibilities. 
Horizontal scalability is one of the main purposes of a such 
system. If integrating a new node to the system does not 
increase the performance and capacity, it means that the 
system has a critical bottleneck problem to be solved. Even if 
a single critical component of a system does not have an 
ability to be scaled, it means that the entire system is as weak 
as this component [1,2,4]. That is the reason behind why all 
the components of the architecture must be high-available and 
scalable if a robust messaging system is seeked to be designed. 

Contrary, another critical point is high-availability. It 
is not sustainable for a system, which has a task to deliver the 
messages on time, to be completely down when some nodes 
are inaccessible or otherwise unhealthy. The architecture must 
be tolerant enough for unexpected broken components.  

In this paper we tried to show how we changed the 
architecture of our mailing system, which has no restrictions 
to grow up, to high-available and a scalable one. 

A. Previous Design
Basically, the entire system has 4 main components:

i. Producer Nodes (determine mails to be sent)
ii. Relational Database Instance
iii. Consumer Nodes (prepare and send to SMTP server)
iv. SMTP Server

Fig 1. Previous Design 

In the initial design of the system, there was a relational 
database instance which is responsible for the message 
flow(queue) between the producer nodes and the consumer 
nodes. Producer nodes determines the mails to be sent 
according to some predefined rules. For example, sender 
priority, subject priority, order of importance etc. In fact, the 
main purpose of the producer nodes is to decide the order of 
the mails to be sent [3,5].  

After the determination process, the mails are 
enqueued(inserted) to a table on the relational database. This 
table stands for a message pipeline of the system. Then 
inserted mails are dequeued(selected) by the consumer nodes 
to be ready for being sent [1,2,5]. The consumer nodes are 
responsible for enriching the content of the mail for an 
individual receiver. After the enrichment, the mails are 
directed to the SMTP server and delivered to the receiver. 
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B. Struggles with Previous Design 
 

There was an important problem about the selection of the 
mails from the table on the relational database: the state of the 
mails. Namely, a mail must not be sent twice. Therefore, every 
mail must have a state and it must be updated after the mail 
sent successfully or an error occurred during the sending 
process. That's why a lot of update and delete operations exists 
on the database table. A kind of queuing mechanism is 
implemented with this row modifying operations. This 
multiple operations situation causes a serious bottleneck 
problem on the database when the mailing frequency gets 
higher and higher. The reason for this bottleneck is the 
unsuitability of the relational database design for high 
performance queuing. There exists a lot of row locking events, 
and the worse, table locking events which decreases the 
performance dramatically. Some optimizations and 
configurations can help to the performance up to a point, but it 
become a necessity to replace the relational database with an 
appropriate queueing solution after some traffic threshold is 
exceeded. The consumer nodes basically select the mails to be 
sent from the table and update the states of them because they 
must not be selected by a different consumer. This update 
process must be transactional and during this transaction the 
selected rows are locked. This causes a performance problem 
on the database when traffic gets higher. Increasing consumer 
nodes does not have any impact on the performance because it 
is not possible to overcome the locking problems on the table.   
  On the other hand, there is another problem about 
the database performance. After sending the mails 
successfully they are deleted from the table. Huge number of 
simultaneous delete operations causes the database to 
deallocate the pages quickly. While the database is 
deallocating the pages, new insertions also keep coming. The 
deallocation operation gives raise to performance problems for 
new incoming inserts. This situation affects the overall 
performance of the system negatively when the operations 
count passes some limit. This problem raises a serious scaling 
problem on the system. 

II. QUEUING CONCEPTS 

A. Apache Kafka Concepts 

 
Fig 2. Kafka Topics 

 
Apache Kafka is basically a distributed streaming 

platform. We can mention about two main area of use of 
Kafka: 

• Real-time reliable data collection from 
applications or systems. 

• Real-time applications which need 
transformations and reactions on data streams  

We can emphasize some important Kafka features as below: 
• Publish/Subscribe mechanism 
• Fault-tolerant store-forward mechanism 
• High available, scalable and performance 

oriented architecture 

Because of these key features, we decided to replace the 
heavyweight relational database with Kafka which sits in the 
middle of the main architecture.  

Let’s introduce some basic detailed concepts of 
Kafka. For example, Kafka stores records in categories which 
are called as 'topics'. Topics are named categories which the 
messages are published to. The figure above shows the 
partitioned structure of a Kafka topic. 

Topics consist of partitions which are ordered and 
immutable sequence of messages. This multi-partitioned 
structure of a topic lets the overall system to have multi-
subscribers. Every consumer node holds an offset about the 
partitions. This offset is the position on the queue of the 
consumer. When a new message is consumed the offset is 
increased and the pointer indicates the new message. The 
consumer offsets are hold on the Kafka cluster component 
which is named as zookeeper. Zookeeper persists the offset of 
each consumer of each topic. Every consumer asks to 
zookeeper its own offset after restart. In this way the system 
provides the continuity. 

The partitions of a topic can be distributed over many 
servers. This multi-servered architecture also leads to a fault-
tolerant system by replicating each partition across a 
configurable number of servers. The producer nodes are 
responsible to distribute the messages over the partitions. A 
semantic partition function based on a key can be used for 
distribution or only a round-robin mechanism can be used. In 
our system we chose a round-robin partitioning for 
distributing the load equally to the consumers. Also, we do not 
need any strict ordering of messages.  

 
 

B. Kafka vs. Relational Database Queuing Differences 
 

Relational databases are designed for holding the data 
and querying it in fast and optimized way. The first and main 
task of the relational database is not message broking. A basic 
queuing mechanism can be created on a relational database but 
when multi consumered structure and distributed architecture 
enters into the business the database fails. When the system 
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traffic increases the internal operations gets higher and 
performance problems occur. Kafka overcomes these 
performance problems by increasing the partition and 
consumer counts. Many new consumer nodes can be added to 
the system when the traffic increases. The relational database 
loses the war on highly scalable architecture. 

A producer node for a database is only inserter to a 
table. Producer does not care about the load distribution. It 
only inserts the message to the table. On the other hand a 
Kafka producer cares about the partition which the message 
will go to. It decides the message distribution algorithm and 
takes care of the load distribution. 

In the multi-consumer case, we must do locking on 
the database table for not selecting the same message again 
and again. There is not any partitioning mechanism like it 
exists on Kafka. Even more than one consumers may exist on 
a topic, if we have only one consumer group for a topic, it 
means that a single thread consumes from the single partition 
of the topic. This ensures that there is no need for locking or 
any synchronization on a partition. This is the key for us about 
the high performance of the Kafka cluster. 

III. PIPELINE INFRASTRUCTURE 
The mailing system has a pipeline which is a flow that 

consists of 3 main processes:  

• Deciding the mail receivers (producer nodes) 

• Queueing the mails  

• Enriching the mail contents and sending the mails 
(producer nodes).  

In this case we can mention about 3 basic infrastructures of 
the system. 

A. Producer Architecture Basics  
The main task of the producer nodes is to determine the 

mails whose sending time is reached. An external system 
inserts the receiver mails and some details about the 
corresponding mailing to the relational database. Then 
producer nodes continuously queries the relational database 
whether there are mails to be sent or not. Some rules are 
applied to determine the mails to be sent for this querying 
process. The time, the importance of the mailing type, the 
current usable capacity of the system are some of these rules. 
Namely, every mail has a sending time and before this time it 
does not be sent. Also every mail belongs to a campaign and 
every campaign has priority. The determination logic takes the 
campaign priorities into account. On the other hand, the current 
empty capacity is considered. The queuing process is designed 
for the system not running over the maximum capacity. 

 The main steps of the producing can be seen in the figure 
below: 

 
Fig 3. Producing Process 

 

Firstly, Bulk Mail Inserter Application inserts the mails in 
the "Prepared" state to the database table. Then mail prepare 
application (producer) runs according to a logic and calls a 
stored procedure on the database which is responsible to 
change mails state to "Queued". The stored procedure applies 
the rules we mentioned before and updates the states of the 
mails to as "Queued". This state update means that the mails 
are ready for being enriched and sent to the receivers. 

The queued stated mails are selected by the producer 
application from the table continuously. For overcoming the 
problem of reselection of the queued mails because of parallel 
processing of multiple producer applications, a central mail 
index is hold on the database. All the producer nodes checks 
this index before selecting the mails and update it to the latest 
index. This process is a synchronous process but the update 
operations are cheap operations, so it can be said that the 
performance loss can be ignored. After this selection, a 
serialization process is done on the records and the serialized 
mails are sent to Kafka cluster. When the Kafka cluster accepts 
the serialized records coming from the producers, it means that 
the queuing process of the mails is done. 

B. Kafka Cluster Basics 
 A Kafka cluster is built on the pipeline for the needs of high 
availability and high-performance queueing. The typical Kafka 
cluster consists of zookeepers and brokers: 
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Fig 4. A Basic Kafka Cluster 

 In the figure above, it is seen that there are 3 brokers. The 
broker count can be increased for higher performance. Because 
the partitions of a topic are distributed over brokers, the load is 
shared among them, so they can handle the traffic equally. This 
situation improves the performance of a message broking 
system and total load that system can handle increases. 

 For high availability of the cluster, the records can be 
replicated among different brokers. Replication factor of 3 is 
good and enough for the durability of the system. For example, 
when a record is produced to a partition on broker 1, it is also 
replicated to broker 2 and broker 3. In this way, when broker 1 
gets down the consumers can reach the records of a partition on 
broker 1 over broker 2 or broker 3. We choose high availability 
over some extra storage, but the system can continue to run 
even a node is down. This architecture allows Kafka cluster to 
deliver high load of messages in a fault-tolerant fashion. 

 The brokers have no state. It is zookeeper’s functionality to 
hold the states of the brokers. Zookeeper also handles the 
leadership elections of the broker topic partitions. It is the 
service discovery node of the whole cluster. It coordinates the 
cluster structure when a new broker comes, or an existing 
broker exits the system. 

 For high availability of zookeeper functionality, 3 node 
zookeeper cluster is built in our pipeline. At last we have 3 
brokers to balance the load and replication, and 3 zookeepers to 
handle the service discovery of the whole cluster.  

C. Consumer Architecture Basics 
After the mails to be sent are determined and queued on a 

Kafka cluster the consumer nodes move in. The main purpose 
of the consumer nodes is to enrich the mail content, finalize it 
and send to the SMTP server.  

The figure below shows the basic processes of consuming 
step: 

 
Fig 5. Consuming Process 

All the consumer nodes are connected to the Kafka cluster 
and listens to the topic partitions that are mails are queued to. 
Every consumer node is responsible for one or more partitions. 
In this case it is very important that the consumer count can not 
be more than a partition count of a topic. The reason for this is 
a topic partition can be dequeued by only one thread. For 
example, if a topic has 8 partitions then the maximum 
consumer nodes count that listen to this topic can be 8. It can 
be lower than 8 but not higher. If consumer nodes count is 
lower than 8, some nodes are responsible for more than one 
partition. It causes that the load may be distributed somewhat 
unbalanced among the consumers. For example, if we have 5 
consumer nodes and 8 partitions 3 consumer nodes will take 2 
partitions and 2 of them will take 1 partition, so 3 nodes will 
handle twice load as much then the other two. Because we 
want to distribute the load equally, we created topics as having 
32 partitions and run 8 consumer nodes. We left an open door 
for doubling the count of consumer nodes if the load increases. 
In this case we will run new 8 nodes and every consumer has 
1/16 of the total traffic. The consumer nodes are also multi-
threaded applications. That is to say, when a record consumed 
from the Kafka cluster it is not processed in a single thread. It 
is passed to a thread which is created in a thread pool. Of 
course, this thread pool size is optimized according to the 
resources (CPU, memory etc.) of the servers. 

After the producing process, the partitions contain 
serialized metadata of the mails. In Figure 5, we see that firstly 
this serialized metadata is consumed from the Kafka cluster. 
Then Bulk Sender Applications (consumer nodes) deserialize 
the record and prepare the final mail content. This preparation 
is done for customizing the mail content for a receiver. For 
example, an image or a message inside the mail template will 
be different for receiver A than receiver B. The customization 
process handles these details and finalize the mail content for 
the receiver.   

When the mail content is finalized the mails are sent to 
SMTP servers. This is an asynchronous process. It means that 
the result can not be received immediately from SMTP server. 
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Instead there is an implementation for a callback. When the 
result is erroneous the Bulk Sender Applications take action 
according to the error code. Sending is retried by Bulk Sender 
Application for some errors but for some there is no need to 
retry. One of the tasks of the consumer nodes are to update the 
mail state on the relational database after sending it 
successfully. When the producer nodes queue the record to the 
Kafka cluster they update the state as “Queued”, and after the 
consumer nodes send the mail successfully they update the 
mail state as “Sent”. If error occurs during the sending the state 
is updated to “Error” and the detailed reason is also recorded to 
the database.  

IV. CONCLUSION 
In this paper we presented a mailing system which is easily 

scaled, high-available and durable. The throughput of the 
system can easily be raised according to the load increase. We 
discussed the disadvantages of placing the queueing process on 
a relational database, also we compared the message broking 
(Apache Kafka) over the relational database throughputs. We 
examined the scalability differences of the two systems. 
Initially we had a queueing system on a relational database 
which we cannot scale horizontally but only vertically, and we 
had performance problems for multi-thread applications 
according to the nature of the relation databases. Then we 
presented a new solution to these problems. At the end we 
reached a result that the designed distributed system is 
horizontally scalable, high-available and robust to node 
failures. 
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Abstract—In this study, the determination of the rail voltage 
for a 1500 V DC-fed rail system by means of the adaptive neuro-
fuzzy inference system (ANFIS), support vector machines 
(SVM) and  artificial neural networks (ANN). The distance 
occurring on the line was calculated with regard to the operating 
parameters by means of the ANFIS, SVM and ANN. The 
ANFIS, SVM and ANN were explained and a comparison was 
made. The electrification system in the rail systems is designed 
with regard to the operating data and design parameters. While 
the electrification system is formed, the maximum rail voltage 
needs to be provided in the limits of the touch voltage limits 
during the operation. The highest value of the rail voltage 
occurring on the line determined by the line characteristic 
properties. This value needs to be kept within certain limits for 
the continuity of the operation. The data created regarding one-
way and two-way supply conditions were examined for 
simulation. 

Keywords—anfis, ann, dc traction power, subway 
electrification, svm.  

I. INTRODUCTION

Mostly 1500 V DC supply voltage is used for the traction 
force system on DC supplied railways. The supply voltage 
that the traction force uses is acquired through an 
interconnected network which has 34.5 kV phase to phase 
voltage. Two transformers of 34.5 kV / 1.2  kV are present in 
the substations and the transformers can operate as back-up 
[1-5]. The equivalent circuit model of the DC railway is 
presented in Figure 1.  

Fig. 1. Equivalent circuit model of the DC railway 

The equation regarding the supplying status from a single 
substation is given with Equation (1). The resistance values 
of the feeder cables were also added to R1 and R3. R1 and R3 
values change in accordance with the distance depending on 
the location of the vehicle. V1 is the voltage of the vehicle, 
Vn1 indicates the nominal supply voltage, Ivehicle indicates 
the vehicle current. The maximum traction force of the 
vehicles in the railway vehicles with a high power 
consumption can increase to 20 MVA [6-10].      

		         (1)    

Traction return current of the vehicle on the line creates the 
stray current. These stray currents generates the rail touch 
voltage. Since the voltage drop occurring on the rail do not 
reach high values under normal operating conditions, the 
distances between the supply stations may be longer.  As the 
number of traction supply stations and the efficiency of the 
traction force system increase, the voltage drop on the rail and 
the losses decrease [11-13]. The creation of the stray currents 
in DC railway systems is given with Figure 2. The vehicle 
traction force (Ftraction) consists of the sum of the resistance 
force against vehicle motion (Fmotion), slope resistance force 
(Fslope), curve resistance force (Fcurve) and the multiplication 
of acceleration and mass of the vehicle, which are given with 
(2), (3), (4) and (5). In the equations, V is the vehicle speed, 
m is the vehicle mass, A, B, C are the coefficients related to 
the vehicle characteristic, g is the gravitational acceleration, 
 is the angle of inclination, R is the curve radius, C1, C2 and 

C3 are the coefficients used to calculate the curve force. In 
equation (5), the acceleration-mass (ma) value expresses the 
net force that affects the vehicle [6-8].  The power equation 
of the vehicle is given with regard to the traction force and 
vehicle  speed by Equation (6).        

	                (2)    

		    (3) 

    (4) 

		            (5)     

		    (6) 

The vehicle power increases with the traction force and 
vehicle speed. The equivalent circuit given with Figure 1 was 
simulated with different operating parameters and 1000 data 
arrays were obtained regarding different operating 
conditions. The parameters used in the simulation are the 
number of vehicles, acceleration-mass value of the vehicle, 
vehicle motion resistance, curve radius, slope, the length of 
the supply line, internal consumption current of the vehicle, 
electric resistance and inductance of the line; the calculated 
value is the highest voltage drop value occurring on the line. 
Random values were assigned to all the input parameters used 
in the simulation. For the simulation, the number of vehicles 

V1

Vn1

R1

R3

+
--
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varying between 0-10 was used and the vehicle placement 
was performed by taking the maximum voltage drop into 
consideration.  The diversity of the parameters and the 
variability in operating conditions in the simulation render the 
solution of this problem complex. Artificial Intelligence is the 
science which deals with enabling machines to produce 
solutions to complex problems as humans. This is generally 
performed by taking the characteristic of human intelligence 
and applying it to the computer as an algorithm.  

 

 
 

Fig. 2. Creation of the stray current 

In accordance with the demanded or desired needs, which 
mental attitude will be presented to which effect, less or more 
flexible or effective approaches can be displayed. Artificial 
intelligence was preferred in this study due to the stated 
advantages. 

II. MATERIAL AND METHOD 

In this study, the artificial neural network, adaptive fuzzy 
inference system and support vector machine among the 
artificial intelligence applications were used for the 
simulation. The ANFIS is a hybrid artificial intelligence 
method which uses the parallel computing and learning 
capability of artificial neural networks and the inferential 
characteristic of fuzzy logic. The ANN is a method which 
functions by imitating the way of work of a simple biological 
nervous system. The SVM is one of the quite effective and 
simple methods used in classification. For classification, it is 
possible to divide the two groups by drawing a line between 
two groups on a plane. The location on which this line will be 
drawn should be the farthest place to the members of both 
groups. The SVM determines how this line will be drawn. 
Matlab and Weka program was used for the simulation. 1000 
data arrays different from each other were used for the matlab 
simulation. The simulation were run for 1000 different 
operation conditions. The matlab simulation screen is given 
with Figure 3. 

III. ADAPTIVE NEURO FUZZY INFERENCE SYSTEM (ANFIS) 

The ANFIS is a class of adaptive networks functionally 
equivalent to the fuzzy inference system. The ANFIS can be 
given more integrated with some characteristics of 
controllers, learning ability, parallel processing, structured 
knowledge representation, other supervision and design 
methods. Fuzzy logic and neural networks are supplementary 
means used together in developing smart systems [31-34]. 
The ANFIS consists of 6 layers. This system is displayed in 
Figure 4. The node functions of every layer in the ANFIS 
structure and the operation of the layers are respectively as 

follows [14].  First layer  is named the input layer. The input 
signals obtained from every node in this layer are transmitted 
to other layers. Second layer is named the fuzzification layer. 
In separating the input values into fuzzy sets, Jang’s ANFIS 
model uses the Bell activation function generalized as a 
membership function.  

 

 
 
Fig. 3. Matlab simulation screen 

Here, the output of each node consists of membership 
degrees based on the input values and the membership 
function used and the membership values obtained from the 
2nd layer are presented as  and  Third layer 
is the layer of rules. Each node in this layer expresses the rules 
established in accordance with the Sugeno fuzzy logic 
inference system and their number. The output of each rule 

node iµ  turns out to be the multiplication of membership 
degrees which arrive from the 2nd layer. The acquisition of 

iµ  values, on the condition that (j=1,2) and (i=1,….,n), is as 
follows: 

 
																								                   (7)                   
 
   Here,  represents the output values of the 3rd layer; n 
represents the number of nodes in this layer. Fourth layer  is 
the normalization layer. Each node in this layer regards all the 
nodes coming from the rule layer as input values and 
computes the normalized ignition level of each rule. The 
computing of the normalized ignition level   is performed 
in accordance with the following formula:                                                
 
																							 				 , 																							 	

   Fifth layer is the purification layer. The weighted resulting 
values of a given rule in each node in the purification layer 
are calculated. The output value of  the ith node in the 5th 
layer is as follows. 
 
																 ,  (i=1,n)                     (9)             
 
   The (pi , qi , ri ) variables here are the outcome parameter 
set of the ith rule. Sixth  is the sum layer. There is only one 
node in this layer and it is labeled as .The output value of 
each node in the 5th layer is summed here so that the actual 
value of the ANFIS system is obtained. The computing of y, 
which is the output value of the system, is performed in 
accordance with the equation below [14].                                                 
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																						                              (10)            

 

 

Fig. 4.  ANFIS structure 

IV. SUPPORT VECTOR MACHINES (SVM) 

The Support vector machines can be employed in 
classification and regression problems. The basic idea in the 
SVM regression method is finding the linear separator 
function which reflects the characteristic of the educational 
data available in a way as closest to reality as possible and 
suits the statistical learning theory. Similarly to the 
classification, in the regression, the core functions are used for 
the non-linear situations to be processed. The most significant 
advantage of the Support Vector Machines is to solve the 
classification problem by converting it to a squared 
optimization problem. This way, at the learning stage 
regarding the solution of the problem, the number of 
operations decreases and the solution is reached more rapidly 
when compared to other techniques/algorithms. The 
technique, due to this characteristic of it, provides a great 
advantage, especially in bulky data sets. Furthermore, since it 
is optimization-based, it is more successful in terms of the 
classification performance, computational complexity and 
practicality when compared to other techniques [15-18]. 

A support vector machine constitutes an n-dimensional 
hyperplane which optimally divides the data into two 
categories. The SVM models are closely related to the 
artificial neural networks and the SVM, which uses a sigmoid 
kernel function, has a two-layer, feed-forward artificial 
neural network. The interesting characteristic of the SVM is 
that it functions with the quality of structural risk 
minimization in the statistical learning theory rather than the 
empirical risk minimization principle derived by minimizing 
the mean squared error on the data set. One of the basic 
assumptions of the SVM is the independent and similar 
distribution of all samples in the education set. The SVM can 
be employed in classification and regression problems.  The 
basic idea in the SVM regression method is finding the linear 
separator function which reflects the characteristic of the 
educational data available in a way as closest to reality as 
possible and suits the statistical learning theory. Similarly to 
the classification, in the regression, the core functions are 
used for the non-linear situations to be processed. Two 
situations that can be encountered in the Support Vector 
Machines are the data’s being of a structure that can be 
linearly separated or cannot be linearly separated. The SVM 
network structure is given with Figure 5.                                                                                        

       

                
Fig. 5. Support vector machine structure 

The Support Vector Machine (SVM) is a controlled 
classification algorithm based on the statistical learning 
theory. The mathematical algorithms that the SVM has were 
initially designed for the classification problem of two-class 
linear data but later they were generalized for the 
classification of multi-class and non-linear data.                                       
The SVM regression uses a set of core functions for 
simulations. In this study, the normalized polynomial kernel     
was selected and is given by equation (11) and (12).                   
            

, , , ,                             (11) 
 
								 , ,                                                (12) 

V. ARTIFICIAL NEURAL NETWORKS (ANN) 

Artificial neural networks emerged as a mathematical 
method from the latest outputs of endeavors to study and 
imitate human nature. Artificial neural networks take 
computing and data processing power from their parallel 
distributed structure, their capability to learn and generalize. 
Generalisation is defined as artificial neural networks’ 
producing proper reactions to the inputs which have not been 
experienced in the course of education or learning.  These 
characteristics indicate the problem-solving capability of 
artificial neural networks [19-25]. 

The biological neuron consists of a nucleus, body and two 
extensions. The structure of the artificial neural network is 
given in Figure 6. The 1st layer is the input layer. Data are 
received from here and entered into the system. The 2nd layer 
is the hidden layer. Its use depends on the simulation. The 3rd 
layer is the output layer. Inputs are processed and received 
from here. Each sphere (nerve) has a function and a threshold 
value. Filled small circles indicate bonding weights [26].    
The output of a neuron is given with (13) as a function formed 
by adding a bias value to the sum of the input data in specific 
weights. “I”s indicate the input, “W”s are the coefficients that 
the input values take.                                                                    
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Fig. 6. The structure of the artificial neural network                          

                          (13) 

VI. SIMULATION RESULTS 

   1000 data arrays different from each other were used for the 
calculation of the voltage drop created by the traction force. 
The structure of the system created for the ANFIS and the 
simulation results are given below. A structure with 10 inputs 
2 membership functions created for the ANFIS is given with 
Figure 7. A triangular-shaped membership function was used 
for the simulation.  
 
   210 = 1024 rules were established for the ANFIS design. 
The ANFIS architecture is shown in Figure 8.  
 

 
 
Fig. 7. Triangular-shaped membership function 
 
 

 
 
Fig. 8. ANFIS architecture 
 
   The system consists of the input, input MF, Rule, output 
MF and output modules.  

   The realized values and calculated values of all data are 
shown with the ANFIS simulation with Figure 9. The 
regression value for all data is 0.93.  

   By trying different variations to obtain better results in the 
simulation, the SVM parameters were eventually selected as 
follows. The complexity parameter “c=1” was selected. The 
normalized polynomial kernel function was selected as the 
core function and the exponent value was taken as “e=3”. 
Test mode 10-fold cross-validation was selected in WEKA. 
The realized values and calculated values of all the data are 
observed in Figure 10. The regression value is shown with R 
and as seen in the figure, this value is 0,99. 
 
   10 input data, 10 hidden neurons, 1 output neuron and 1 
output data were used for the ANN architecture used in the 
design. The ANN architecture used is given in Figure 11.  
 

 
Fig. 9. ANFIS regression graph 
 
 

 
Fig. 10. SVM regression graph 
 

 
 

Fig. 11. ANN architecture designed [MATLAB R2015b] 
 
   70% of the data used for simulation were used for 
education, 15% for validation, 15% for the test. As seen in 
Figure 12, the best validation value was reached at the 15th 
iteration by inhibiting overfitting in the simulation. The 
lowest mean squared error value is 97.9741. The training, 
validation and test data produced by the system displayed 
similar characteristics. Since the validation error value 
increased in the course of 6 iterations, the simulation was 
stopped at the end of 21 iterations.  

   The backpropagation gradient value is given on a 
logarithmic scale for each iteration with Figure 13. The 
difference between the test values and validation values is 
predicted. Validation checks and Matlab stop the simulation 
with the increase in the mse value of the validation values in 
order to inhibit overfitting at the end of 6 iterations. The mse 
performance is given with the training state graph. 
Gradient=76.541 at epoch 21, mu=1 at epoch 21 and the 
validation checks=6 at epoch 21. The error histogram is 
shown in Figure 14. The differences between the realized 
values and calculated values are seen with this graph. The 
distribution of the errors of the training data is shown with 
blue, validation data with green and test data with red. The 
errors mostly concentrate between -23.74 and 22.52.  
 

input output 

inputMF rule outputMF 
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Fig. 12.  Best validation performance graph 
 
 

 
 

Fig. 13. Training state graph 
 
 
 
 

 
Fig. 14. Error histogram 
 
   The realized and calculated values of the training, 
validation and test data are seen in Figure 15. The regression 
value is shown with R, and as seen in the Figure 15, these 
values are 0.99082 for training, 0.98933 for validation, 
0.99118 for the test data. The R value is 0.99067 for all data. 
As this value approaches 1, the accuracy of the data 
calculated by the system increases. When the ANFIS, SVM 
and ANN results are compared, the ANN results are observed 
to be better. The simulation results of both methods are given 
in Table 1. 
 

 
Fig. 15. ANN regression graph 

TABLE I.  THE SIMULATION RESULTS OF BOTH METHODS 

Performance 
Measures 

Method 

ANFIS SVM ANN 
Mean absolute 
error (MAE) 

9.96 7.72 6.71 

Root mean 
squared error 
(RMSE) 

28.76 10.96 9.55 

Relative 
absolute error 
(RAE) 

0.1773 0.1372 0.1195 

Root relative 
squared error  
(RRSE) 

0.4105 0.1561 0.1364 

Total Number 
of Instances 

1000      1000      1000 

VII. CONCLUSION 

In this study, the prediction of the highest rail voltage drop 
created by the traction force on an DC supplied railway with 
regard to the operating data was performed. 1000 random 
input data arrays and the calculated output data were used for 
the simulation. In the analyses carried out, the ANFIS, SVM 
and ANN  techniques were used. The rail voltage drop value 
was predicted. The RRSE value in the data obtained for the 
ANFIS in the calculations carried out is 41% , this value is 
16% in the SVM and 14% in the ANN. The RMSE values are 
29 V for the ANFIS simulation, 11 V for the SVM  and 10 V 
for the ANN. The MAE value acquired in the ANFIS is 10 V, 
in the SVM is 8 V,  this value is 7 V in the ANN. The RAE 
value in the ANFIS is 18%, in the SVM is 14%, this value is 
12% in the ANN. When the data obtained from the 
simulations are compared, the prediction values produced 
with the ANN are observed to be better. When the prediction 
data produced for both techniques are compared with the real 
data, it is observed that errors are at an acceptable rate and 
that the prediction data produced are usable. 
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Abstract—Nowadays, the competition between companies is 
rapidly increasing in every industry. This leads to companies 
trying to be prepared for the near future by forecasting business 
conditions. The estimated success rate in this context directly 
affects the success rate of the companies. Airline transport in 
Turkey, which has grown at a higher rate than Europe's, is an 
important part of the country's economy and transportation 
infrastructure. Furthermore, airports encourage development by 
motivating the commercial activities around them. In the 
competitive environment of airline transportation, successful 
forecasting is a crucial issue. Different methods such as multiple 
linear regression analysis, back-propagation neural networks 
(BPN), gravity models, multimode models, time series models are 
used in forecasting studies. In this study, an Artificial Neural 
Network (ANN) model is used for demand forecasting in domestic 
air transport in Turkey. In the scope of this study, AzureML, 
RScript and MATLAB were used for the dataset that is gained 
between 01.01.2007 - 01.11.2015 and some successful results were 
obtained. Pearson's correlation coefficient is used as the 
performance criteria for evaluation and it is observed that the 
results obtained from the proposed model are at an acceptable 
level which are gained between 0,79 and 0,93. Therefore, the 
proposed Artificial Neural Network (ANN) model can be used as 
a demand forecasting in many areas such as capacity planning, 
airport infrastructure planning, airplane investments in air 
transportation. 

Keywords—Demand forecasting, Artificial Neural Networks 
(ANNs), Domestic Air Transportation 

I. INTRODUCTION

It is important to know the domestic and international 
demands for air travel, how these might change over time, and 
the implications for the country’s airports. It should be analyzed 
carefully how demand may change for air travel in the future. 
This change may occur due to the improvements in the country 
or because of the global economy, or it may be due to the 
changes in the traveling costs because of the changes in fuel 
prices. 

Future investments and plans in the aviation sector depend 
on understanding what the implications are for airport capacity 
and whether there is a need for additional infrastructure.  

Due to the increasing infrastructure and fleet investments, 
Turkish Aviation market continues to expand and develop. 
Between 2003 and 2014, the Turkish aviation sector grew by 
13.7% annually, while for the global aviation industry grew 
only 5.7%. In the same period, passenger penetration in the 
market (total passengers / population ratio) increased by 
approximately 300%. Nevertheless, the level of penetration is 
still low compared to mature markets. This rate is 35.2% for 
Norway and 20.6% for Germany, while it is still 9.7% for 
Turkey. The General Directorate of State Airports Authority 
predicts that by 2017, the Turkish aviation market will increase 
by 11% to reach 117 million. Eurocontrol reports that Turkey 
expects to reach one of the fastest growth rates (4.2% average 
annual growth rate in 7 years) and the highest number of extra 
flights per day (1,248 additional flights per day in 2022). 
Turkey is in a unique position to reach Europe, Africa, India 
and partially China with short haul flights from its Istanbul hub. 
This gives a priceless geographical advantage to the local 
airline companies. 

Most local airline companies use Istanbul as their main hub. 
The city has two international airports: Sabiha Gökçen 
International Airport and Istanbul Atatürk Airport. Istanbul 
Atatürk Airport has become the third busiest airport in Europe 
in 2015. Due to the inadequate capacity of existing airports, 
Istanbul Grand Airport (IGA) will be the third international 
airport to be built in the city. This airport will be the largest 
airport in the world with an annual capacity of 150 million 
passengers. IGA is expected to affect the market in a positive 
direction. 

This development has led to more favorable ticket prices 
and increased inter-city links. The average domestic air 
transport ticket price has dropped by 25% between 2007 and 
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2015. As a result, firm positive tendency is observed in the 
passenger demand. 

On the other hand, there has not been any significant 
difference in the costs of sector companies. Therefore, it is 
critical for an airline company to better manage its income to 
sustain its success. Competition in the internal market is very 
high and income is minimal if not negative. For better pricing, 
decision makers need to have a better forecast demand. 

There are various methods such as multiple linear 
regression analysis [1], back-propagation neural networks 
(BPN) [2], gravity models, multimode models [3], time series 
models [4] are used in forecasting studies. Reference [5] has 
reviewed 115 studies and summarized demand modeling and 
forecasting techniques in the general air travel demand 
literature. 

Artificial Neural Networks (ANN) is an algorithmic theory 
of machine learning imitating human brain activity based on its 
experiences and knowledge. ANN is a powerful forecasting tool 
and widely used in the business world. It is also suitable for 
solving complex problems. The ANN models provide better 
predictions when compared to the conventional models. 
Despite these advantages, very few studies have been 
conducted to develop and test ANNs to forecast a domestic 
airline passenger demand in a country. Reference [6] has 
developed ANNs to forecast Brazil's domestic passenger 
demand. Reference [7], proposed an ANN for the expansion of 
Russia's air transport network. Reference [8] has worked on 
Australian domestic market and then prepared a comparison 
table for these three studies. 

In developing a model to forecast air travel demand it is very 
important to ensure statistical validity and to select the models 
with high estimating accuracy [9]. The availability of regressors 
(predictors, determinants) and data to be used in the model are 
important for the model success. The reference given in [9] used 
too many predictor variables and it has not been proven to 
improve the quality of forecasting. In addition, this may be 
detrimental to correct prediction, so indicator variables should 
be carefully selected. In general, the academic and professional 
planning literature has considered the passenger and freight 
demand for the air transport actors – airports and airlines – as 
dependent on the two main categories of the demand-driven 
factors: i) socio-economic and geographical factors; and ii) the 
air transport service-related factors [10]. Socio-economic and 
geographical factors are classified as "activity-related" factors 
and "location-dependent" factors [7]. Factors related to the 
activity are based on economic, cultural and political 
characteristics of the population. In the literature, most common 
activity-related regressor is the population. In many studies in 
the literature, regressors appear to be grouped under a common 
heading. In [11], the most mentioned factors are population, 
GDP, trade level and price. Reference [12] emphasizes factors 
such as population, average price, GDP, while [13] emphasizes 
links between tourism and aviation. According to [14], although 
there is a decline in the link between oil prices and demand, still 
the link is available. Reference [8] is a study of population, 

employment, bed capacity, oil price. Reference [15] is talking 
about tourism, GDP and employment. Reference [16] refers to 
population, GDP and employment. In addition to all these 
investigations, [17] has made some research in the literature and 
listed some regressors from 15 different article examples to 
reveal the most common ones. Reference [18]’s descriptive 
search is further summarized.  

In the context of the above-mentioned studies, it was 
appropriate to use the regressors listed below in this study. 

Passenger: The number of passengers flown in domestic 
routes in Turkey. 

Population: The population of the country. 

Outgoing citizens: The number of citizens went abroad. 

Incoming: The number of incoming tourists. 

GDP: Gross Domestic Product 

PCI: Per capita Income 

CPI: Consumer Price Index 

Oil Price: Airline Fuel Cost per Gallon 

Labor: The number of employed individuals 

Bed Capacity: Capacity of tourist accommodation 
establishments 

Seat Capacity: seat capacity airlines expect to offer 

Price: Average ticket price  

The aim of this study is to analyze the demand for domestic 
air transport in Turkey and to analyze the ability of various 
artificial neural network models to estimate the total number of 
passengers. 

 

II. MATERIALS AND METHODS 

A. Tools 
Due to success of ANN, many tools and algorithms emerged 

in the market. Within the scope of this study, three of the tools 
were tested together with the alternatives presented within 
themselves and the results were compared according to the 
success rates. The tools used are:  

- AzureML 

- RStudio Version 1.0.136  

- MATLAB R2016b 

The main purpose of this study is to determine the most 
successful results of each tool for the selected data set. 

B. Multicollinearity 
Multicollinearity is a high degree of correlation between 

two or more variables. In an ANN model, the data to be used as 
a regressor needs to be purified from multiple linearity so that 
it can give better results. Failure to evaluate the correlation 
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between assumed variables independently of each other can 
lead to major errors in regression practice. In fact, in an extreme 
case, collinearity can make the regression unstable; small 
changes to the input can lead to wild swings in the output [19]. 
Therefore, it is an important problem for a researcher to detect 
multicollinearity and to know the precautions to be taken 
against it. Although it is known that artificial neural networks 
are insensitive to multicollinearity problems, the data set in this 
study has been investigated for both cases where 
multicollinearity is considered a problem or not. 

In recent times, the most common way to detect 
multicollinearities is the variance inflation factor. The Variance 
Inflation Factor (VIF) is a means to detect multicollinearities 
between the independent variables of a model. The basic idea is 
to try to express a particular variable xk by a linear model based 
on all other independent variables. If the calculated model 
shows a high reliability (i.e. the goodness of fit is high) the 
tested variable xk is likely to be (multi)collinear to one or more 
of the other variables. 

For each regressor, the VIF definition can be expressed as 
in (1). 

  𝑉𝐼𝐹 = 1
1−𝑅𝑘

2           (1) 

where 𝑅𝑘2 represents the multicollinearity between the 
variables xi and xj under the condition (i ≠ j). 

If there is no correlation of any factors, all these VIFs will 
be 1. If the variance inflation factor (VIF) is equal to 1, there is 
no multicollinearity between the regressors, but if the VIF is 
greater than 1, the regressors may be moderately correlated 
[20]. Although some different values are used as threshold in 
some studies in the literature for the VIF value, a VIF of 10 or 
more signifies trouble [21]. 

VIF values are calculated for multicollinearity on the data 
set used in this study and some regressors are removed from the 
data set based on the results obtained. Prediction models were 
applied on a smaller set of data from the rest of the regressors. 
Still, throughout the research both datasets, the raw data 
(dataset1) and the smaller one(dataset2), are used to see the 
impact of removals. 

C. Number of Neurons in the Hidden Layer(s) 
There are many options to decide the number of neurons to 

be used in the hidden layer(s) in ANN. The most common of 
these methods are as follows: 

• The number of hidden layer neurons should be chosen 
to be 2/3 (or 70% to 90%) of the size of the input layer. 
If it is concluded that the number of neurons is 
insufficient, the number of neurons can be increased by 
the number of output neurons [22]. 

• The number of hidden layer neurons should be less than 
twice of the number of neurons in input layer [23]. 

• The size of the hidden layer neurons is between the 
input layer size and the output layer size [24]. 

When the above-mentioned methods are evaluated, it is 
deemed appropriate for this study to limit the maximum number 
of neurons in the hidden layer to the number of inputs. 

D. Performance Criteria 
Various alternatives are available to measure the 

performance of the models, such as mean absolute error (MAE), 
mean absolute percentage error (MAPE), mean square error 
(MSE), the root mean square error (RMSE), correlation 
coefficient (r), etc. According to the literature there is no 
standard for the best way to measure performance. In this 
research, Pearson’s Correlation Coefficient (r) is used. 

Pearson's correlation coefficient r is the most commonly 
used correlation coefficient. Values of r for pairs of variables 
are used as a means of summarizing the extent of the 
relationship between two variables. The possible values of r 
range from -1 to +1, with values close to 0 signifying little 
relationship between the two variables. 

   𝑟 = ∑ (𝑥𝑖−𝑥)(𝑦𝑖−𝑦)𝑛
𝑖=1

√∑ (𝑥𝑖−𝑥)2(𝑦𝑖−𝑦)2𝑛
𝑖=1

         (2)  

 

Pearson's correlation coefficient r is defined as in (2), where 
𝑥  and 𝑦 are the two variables with 𝑛 different values, 𝑥and 𝑦 
represent the averages of these variables. 

 

III. EXPERIMENTAL RESULTS 

 
The data used in this study consist of 107 observations 

obtained from the monthly figures between 01.01.2007 - 
01.11.2015, as there were no monthly data for some regressors 
before 01.01.2007. 

The extracted data set (dataset 2) obtained by applying VIF 
to the raw data (dataset 1) and extracting the regressors with the 
VIF value larger than 10 is summarized in Table I. 

The maximum number of neurons in the hidden layer 
selected to be 12 for data set 1, 7 for data set 2 (since 5 
regressors removed due to VIF) input.  

There are several different tools that can be used for 
machine learning and artificial neural networks in particular. In 
this study, three of these tools, AzureML, RStudio and 
MATLAB were used. The aim is not to determine the best tool 
but to make a comparison of their performances with the 
selected data set on Turkish aviation. 

For given data set 1 and data set 2, the best parameter 
settings were applied to the test tools. For this study, we aimed 
to be able to catch cases where r values were 0.89 and above. 
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TABLE I.  REGRESSOR REMOVAL FOR VIF > 10 

 

The r values of the test data (20%) are obtained as in Table 
II, and the results appear to be at generally acceptable levels 
with some minor differences. The graphical representation in  

 

Fig. 1. The Results of three highest r. 

TABLE II.  SUMMARY OF ALL 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 shows the results for 
the three models with the highest r value. 

Regression diagnostic plots are widely used to evaluate 
regression models. In a successful regression, the errors  

 

 

dataset1 RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RESULT dataset2
Population 560.87 133.62

Outgoing 4.51 4.43 3.74 3.56 3.53 2.85 Outgoing
Incoming 8.47 8.33 8.30 8.27 7.88 7.67 Incoming
GDP 1,583.84

PCI 1,022.88 2.79 1.72 1.69 1.69 1.65 PCI
CPI 83.05 81.81 46.60

OilPrice 2.42 2.41 2.40 2.40 1.86 1.81 OilPrice
Labor 35.61 28.40 24.30 19.15

Bed Capacity 11.65 11.64 11.63 11.56 10.09 8.90 Bed Capacity
Frequency 3.66 3.59 3.56 3.48 3.40 3.14 Frequency
Seat Capacity 31.98 29.70 26.61 15.07 11.37

PriceUSD 12.94 11.26 9.59 8.49 7.44 4.63 PriceUSD

REMOVE : GDP Population CPI Labor Seat Capacity

AzureML 
NN Tune 

Regression

AzureML 
NN Train 

Regression

Rscript 
nnet

Rscript 
NeuralNet

MATLAB 
TIMEDELAY 

(TANSIG)

MATLAB 
TIMEDELAY 

(LOGSIG)

MATLAB 
TIMEDELAY 
(PURELIN)

MATLAB 
NARX 

(TANSIG)

MATLAB 
NARX 

(LOGSIG)

MATLAB 
NARX 

(PURELIN)
daraset1 0.91 0.91 0.90 0.91 0.89 0.89 0.85 0.89 0.88 0.90

dataset2 0.87 0.88 0.93 0.91 0.79 0.86 0.85 0.89 0.85 0.87
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(residuals) are normally distributed, that they are centered on 
the regression line, that their variance doesn't change as a 
function of x. 

In Figure 2, RScript NNET model fit of the test data is 
shown as a scatter diagram, the predicted Passenger values are 
on the horizontal axis and the real values are on the vertical axis.  

It can be concluded that the results are successful because 
the dots are around the line along the total length of the line, the 
amount of variation around the line does not change over the 
length of the line, there are no outliers (single dots that lie far 
from the line) and the dots are not scattered inconsistently. 

 

Fig. 2. Real vs Predicted Passenger numbers 

Finally, in Figure 3, the dots are evenly distributed above 
and below the horizontal line at 0 without any sign of curvature. 
This even distribution shows that the model is successful. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Residuals vs Real 

IV. CONCLUSION 

 

In this article, demand forecasting for domestic air 
transportation using artificial neural network in Turkey is 
discussed. ANN is widely used in forecasting studies and there 
are many tools that give good results in this sense. In this study, 
different ANN tools have been examined on demand data for 
domestic air transport in Turkey and the results obtained are 
compared. 

The data used in the study are for the period from the 
beginning of 2007 to the end of 2015 since no data is available 
monthly before 2007. Using the USD inflation rate on the 
dataset, the related financial regressors are free from the 
inflation effect. 

At the end of the study, different results are obtained for 
different tools, but generally they are all satisfactory. As shown 
in Table II, the results did not change in three of the models, 
only one got better results. 

Since some of the regressors' values for 2016 have not yet 
been announced, 2015-year data has been applied to the models 
obtained because of this study. The r values obtained are shown 
in Fig.4. According to these results, only one model did not 
change performance and six models showed improvement, but 
three models showed deterioration. These results also support 
that artificial neural networks are insensitive to multiple 
linearity.  

This study showed that to predict the future demand such as 
for domestic air transportation, ticket pricing, airport 
infrastructure planning...etc., ANN models are useful methods 
because of their acceptable results. 

 

V. FUTURE WORK 

 

It is also contemplated that this work may be developed in 
different ways in the future. For example, having more data 
required by the nature of ANN models will enhance the 
performance of the models that are trained in this research. In 
addition, the higher number of regressors used will also 
increase the performance of the proposed model.  

By increasing the number of neurons used in hidden layers, 
the model performance could be increased. This could be 
subject to experiments for deep learning. Deep neural networks 
contain multiple non-linear hidden layers, and this makes them 
very expressive models that can learn very complicated 
relationships between their inputs and outputs [25]. But with the 
limited data yet, this study could be done after the observation 
data been extended. 

There are also some existing studies to measure the 
seasonality effect on the demand forecasting. Seasonally 
adjusted input data can improve the forecasting performance of  
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Fig. 4. Residuals vs Real 

the networks. Another future work may be to test similar 
models on seasonally adjusted data and to evaluate their results. 
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Abstract— Camera-based lane detection and vehicle 
tracking algorithms are one of the keystones for many 
autonomous systems. The navigational process of those systems 
is mainly focused on the output of detection algorithms. 
However, detection algorithms for lane detection need more 
pre-processing time and computational effort. They are also 
affected by environmental conditions and must regularly be 
improved. In this paper machine learning techniques and 
computer vision algorithms are utilized for the tasks of the lane 
and vehicle tracking of an autonomous vehicle control 
scenario. With the nature of used learning algorithm, the 
proposed system can handle complex image problems. The 
vehicle, on which we implement our algorithms, can manage to 
carry out the following tasks autonomously; tracking the lanes, 
following another vehicle, and stopping in necessary 
conditions. For that, one of the primary purposes is image-
based lane tracking methodology by using learning algorithms. 
Data augmentation is applied to create diversity for the 
dataset. Application in this methodology has been discussed. 
For lane tracking Convolutional Neural Network architecture 
which is based on NVIDIA’s PilotNet is preferred. For 
detecting objects and vehicles, the system is trained on the 
faster region-based convolutional neural network (Faster R-
CNN) to identify traffic light and stop sign are by Haar 
Cascade Classifier. All these learning models are trained on 
NVIDIA GTX 1070 Graphics Processing Unit (GPU) to reduce 
training time. Experimental results showed that the proposed 
system gives a favorable result to autonomously control 
vehicles for lane and vehicle tracking purposes by vision. 

Keywords— Controlling Autonomous Car, Machine 
Learning, Image Processing, Haar Cascade, Lane Tracking, 
Vehicle Tracking, Object Detection, GPU 

I. INTRODUCTION 

In recent years, autonomous car researches have been 
increased rapidly due to massive development in hardware 
and software products [14]. It is a revolutionary step in 
autonomous safe traveling. Many biggest technology 
companies are interested in this topic such as Google, Uber, 
Tesla, Samsung, etc. Autonomous Navigation Systems, 
especially with the use of image processing techniques, 
work well under certain conditions. Some new machine 
learning techniques proved that processing of driving 
situations is independent of conditions such as lighting, 
background; flexible, focused on the real target.  

In this paper, we implemented an autonomous car which 
can be controlled by the intelligent system which is trained 

and controlled according to visual information gathered 
from the environment. This type of control systems could be 
implemented as a rule-based control or could be trained by 
using machine learning algorithms. To increase the dynamic 
structure of the system and have it an enhanced decide 
mechanism for a wide variety of conditions we preferred the 
latter. In the proposed system we have two main goals: 
tracking the lane and following a target vehicle. 

The intelligence of the system tries to estimate the 
steering angle and speed data for tracking traffic lane. For 
reaching a better estimation, we need to use an effective 
learning algorithm with sufficient data. Training data for 
lane tracking is collected by capturing frames on a 
simulation platform Unity, which is a popular game engine. 
The model was trained by using a Convolutional Neural 
Network (CNN) approach with this training dataset. An 
autonomous car is used as the experimental platform, and it 
is aimed to control this car via steering and speed feedback 
of the trained system. Our aim is to make the system be 
independent of environmental changes. That’s the reason 
why there is no preprocessing stage for extraction of road 
lanes. The control system learns lane marking indirectly 
from input images. Hence, there is no explicit lane marking 
detection is done. Preprocessing is applied for 
normalization, cropping, resizing and color space 
conversion. Data augmentation is applied to eliminate 
unseen conditions and support variety of lanes.  

Additionally, the autonomous system needs to abide by 
safety regulations in traffic scenario. For that reason, Haar 
Cascade Classifier [15] which is one of the traditional image 
processing methods is applied to detect objects with the 
fixed shape such as traffic light and stop sign. That is used 
to decide stop conditions. In vehicle tracking scenario, a 
deep neural network algorithm is used for object detection 
of a vehicle in this project. Vehicle detection model is 
trained on Faster R-CNN algorithm. Model output is vehicle 
bounding boxes for given input frames if the target vehicle 
is detected. Then, we have applied our algorithm to decide 
the vehicle movement that will correspond to follow the 
target RC car. 

The rest of the paper is organized as follows. In the next 
section, we gave the related works and background 
knowledge about our system. The design and 
implementation details of the system and experimental 
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results are depicted in Section 3 and Section 4, respectively. 
Finally, conclusion and future works are drawn. 

II. RELATED WORK 
One of the fundamental requirements for autonomous 

driving systems is camera-based lane detection algorithms. 
While lane markings on standard roads can be precisely 
detected using these algorithms, the detection task can be 
tedious with the amount of pre-processing needed, which 
needs a considerable amount of computational power. In 
DeepLanes study [2], a deep learning approach for detection 
of lane markings is used. By mounting two cameras on both 
sides of the car which are facing downwards, frames are 
captured. Captured frames are trained on a deep neural 
network, which can tell the difference whether the lane is 
present or not. Also, the estimated lane position is obtained 
as the model output. 

On the other hand, for the safety of these autonomous 
systems, it is vital to detect other vehicles and objects on the 
road. There are many techniques for this task, but each 
technique has a trade-off for each other. Huang et al. [3] 
considered three detectors, which are Faster R-CNN, 
Region-based Fully Convolutional Networks (R-FCN), and 
Single Shot MultiBox Detector (SSD), which are viewed as 
“meta-architectures.” Comparison of the detection models is 
done by using different kinds of feature extractors (CNN 
Models), such as VGGNet, ResNet, Inception with respect to 
the image resolution and other parameterthe s show the 
accuracy of the feature extractors and overall mean average 
precision of the compared models. SSD w/MobileNet is 
suggested as the most accurate amongst other fastest 
models. Faster R-CNN is suggested as the most accurate 
among all other models with the speed trade-off. 

There are some other suggested techniques for vehicle 
detection and vehicle tracking. Billones et al. [4] propose a 
method for vehicle detection and tracking using corner 
feature points in which artificial neural network (ANN) is 
also used for classification. In the proposed method, corner 
feature points are extracted using, Harris, Shi-Tomasi, and 
FAST (Features from Accelerated Segment Test) algorithms 
according to R-Score criteria. 

Researchers at NVIDIA Corporation have provided a 
different approach for lane tracking. In this approach [1], the 
only single front-facing camera is used in the CNN model, 
which is called PilotNet. As the target value of training, the 
steering angle from the human driver is collected. There is 
no explicit training of lane marking detection, as the system 
automatically learns the discovery of useful road features. 
The foundation of the NVIDIA’s approach comes from the 
Defense Advanced Research Projects Agency (DARPA)’s 
project known as DARPA Autonomous Vehicle (DAVE) 
[5]. NVIDIA named their project as “DAVE-2”. While there 
are some similarities with DAVE and DAVE-2, such as 
having multiple cameras for training, which captures various 
videos from left and right camera angles with the time-
stamps which are matched with the human steering angle. 
The environment of both systems is different. In DAVE-2, 
three cameras are used for training. Left and right cameras 
are used for gathering off-center shift images, which are 
used in data augmentation for model training. Images that 

are collected from the front-facing camera used as input in 
the CNN model, in which returns the estimated steering 
angle. The estimated value and real value of steering angle 
are compared for image and weights are adjusted to bring 
the output closer to real value. This is done by using 
backpropagation.  

Another approach for detection of vehicles is proposed  
in [6], in which the ANN is used for recognition of the car, 
which has been trained using Haar-like features. For the 
extraction of these features, positive and negative car 
images are used. The size and features of the car can vary, 
but they all have features that are common, assuming they 
are unique for each vehicle. These features are converted 
into Haar-like features which are used for training of ANN.  

As a machine learning algorithm, Haar Feature-Based 
Cascade Classifiers have been used to detect objects with 
their edge features. Some researchers proved that neural 
networks could improve the detection performance but 
compromise the execution time [7]. Sharifara et al. [8] 
showed in their study that the Haar-like feature shows a 
good performance in detection rate but has a significant 
proportion of false detection. 

Deep learning is a machine learning technique that 
teaches computers what to do according to the examples 
provided on the training step. Learning can be supervised, 
semi-supervised and unsupervised. A multilayer perceptron 
(MLP) has at least three layers. A nonlinear activation 
function is evaluated to classify data because data is not 
linearly detachable. Connecting each node in layers to the 
next layers’ nodes led network make fully connected. 

Convolutional Neural Networks (CNNs) contain single 
or multiple convolutional layers which are continued with 
dense layers. The primary purpose of CNN architecture is 
taking advantage of the two-dimensional shape of an input, 
which is mainly image or audio. A CNN consists of 
convolutional and subsampling layers generally followed by 
fully connected layers. 

 
Fig. 1. A simple ConvNet [16] 

Generally speaking, there are four critical operations in a 
Convolutional Networks, shown in Fig. 1. These are; 
Convolution, Non-Linearity (ReLU), Pooling or Sub 
Sampling, Classification (Fully Connected Layer). 

TensorFlow is an open-source library for data science. It 
has many algorithms for machine learning applications such 
as neural networks. It can be run on multiple CPUs and 
GPUs. The performance comparison of deep learning with 
big data is depicted in [9]. In the used platform, TensorFlow 
represents tensors as n-dimensional arrays of base data 
types. A tensor is a generalization of vectors and matrices 
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with higher dimensions. Tensors are multilinear maps from 
vector spaces to the real numbers.  

III. IMPLEMENTATION 
On autonomous control system side, the project has 

three modules which are steering and speed prediction with 
the deep neural network, adjusting steering value with 
according to the position and classification of the vehicle 
with Faster R-CNN, object detection with Haar-cascade. 
Those modules need image frame from Raspberry-pi 
Control System (RCS). An Autonomous Control System 
(ACS) and RCS are communicated with a socket on 7000 
and 8000 ports. On both sides, Python libraries were used 
for communication. For the connection of systems, both IP 
addresses from both systems are required. ACS and RCS 
take their IP addresses automatically and bind sockets to 
themselves. ACS needs Raspberry Pi’s Ip Address for 
connection to send predicted value and stopping criteria 
values and get image frames on port 7000. RCS needs a 
computer’s IP address to send image frames and get the 
predicted data. The connections between the two systems 
are displayed in Fig. 2. 

 
Fig. 2. Deployment Diagram 

A. Collecting Training Dataset for Lane Tracking 
Training the system with a meaningful dataset is the 

essential part of training a model. In our project, the first 
dataset was acquired using the remotely controlled vehicle. 
Frames, speed, and steering data were captured on 
Raspberry Pi while the user was controlling the vehicle. The 
system can save frames at eight frames per second. Datasets 
that have been gathered by manually controlling RC vehicle 
had high loss values, and test prediction of frames was 
inconsistent due to an incorrect collection of the dataset, 
because of failure in manual driving. 

After the first attempt, the training dataset was collected 
on Unity3D simulation, which is a similar approach to 
Udacity’s Self Driving Car Simulation. A similar scene to 
our real-world lanes was created. A car has an AI controller 
script to follow waypoints correctly between lanes on the 
established scene. In this process, frames of car movement 
are captured in jpeg format, while image paths and speed, 
steering data were recorded in CSV format. This dataset has 
more consistent loss value than the manually collected 
dataset. Dataset has 12531 images and their data. Whilst the 
training dataset, preprocessing must be done for matching 

the input shape of the proposed model. This preprocessing 
includes crop, resize, and color space conversion operations. 
While resizing and color space conversion from RGB to 
YUV is done for the model, cropping operation is done to 
eliminate unnecessary parts of the frame. These parts 
include the sky and the front of the car. Also, after training 
model with this dataset, the model is tested on Unity3D 
before launching on a real system, in which Behavioral 
Cloning Program is used. The total amount of 12531 images 
are captured with the three cameras, that are positioned at 
the left, center and right of the car, on simulation with their 
corresponding steering angle, speed, throttle and reverse 
values. Steering angle takes an amount between -1 and 1, 
whereas speed takes a value between 0 and 25.  

In Fig. 3, our created scene on the Unity3D game engine 
is shown where AI controller drives on waypoints specified 
in the middle of the lanes and multiple frames are recorded 
with their corresponding current speed, steering, reverse and 
throttle. 

 
Fig. 3. Collecting dataset on Unity3D 

For a vehicle to learn center of the lane better, and adjust 
steering angle accordingly, data augmentation is done with 
the frames that are gathered from the side cameras. In Fig. 4, 
it is displayed. 

 
Fig. 4. Three Cameras Capturing  

B. Data Augmentation 
Training dataset for lane tracking has 12531 real images, 

and those images are augmented to 20000 images. 
Augmentation process for steering was constructed by 
translation of image 0.2 pixels to left or right, flipping the 
image randomly and negation of the corresponding steering 
value, changing brightness and shadow of the image 
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randomly. Augmentation process for speed is only changing 
shadow and brightness randomly. This data augmentation 
makes the model behave independently from its 
environment, background and other unwanted conditions. 
Augmentation step is totally random and done only 50% of 
the time. 

C. Training Lane Model 
Model is trained on a GPU-based computer with Keras. 

Keras uses TensorFlow as backend. The weight of model 
was trained to minimize Mean Squared Error between actual 
steering value and network’s output value. GPU-enabled 
platforms have more computational power than CPU-
enabled platforms by using TensorFlow. [10] Also with 
NVIDIA’s cuDNN treatment, GPU-based DNNs have been 
accelerated compared to CPU-based DNN. [11] In our 
research GPU-enabled platform has been used which is 
GTX 1070 with 1920 CUDA cores. 

D. Testing Lane Tracking Model 
The created model was tested on simulation; then it was 

tested in the real world. In Fig. 5, testing autonomous car in 
different environments is showed. ACS and RCS required 
parameters were settled; then we start sending, listening 
process. Raspberry Pi 3 sends frames that are taken from the 
camera module to the computer. The computer takes these 
frames and preprocesses to meet the expectations of the 
model input and to be able to predict on the model. Speed 
and steering models send two corresponding prediction 
values. With respect to the features that are extracted from 
the input image, steering prediction, and speed prediction 
changes. While speed increases on a straight road, on the 
right or left turns speed decreases.  

 
Fig. 5. Testing Autonomous Car in a different environment 

In Fig. 6, lane markings which were displayed on the 
autonomous control system are shown. 

E. Collecting Training Dataset for Vehicle Tracking 
In Fig. 7, training dataset for vehicle tracking collected 

by manually driving both car simultaneously. Back 
autonomous car was recording front RC car’s movements. 

 
Fig. 6. Road scene on the autonomous control system 

The front RC car’s left, right, and rear sides are covered 
with the brown colored, white colored and black colored 
sheets of paper or cardboards respectively. Vehicle dataset 
has the total amount of 770 images. It was labeled with label 
imager program as the vehicle as Pascal VOC XML format. 

 
Fig. 7. Collecting vehicle dataset 

F. Training Vehicle Detection Model 
This model is trained with Faster R-CNN. The reasoning 

behind Faster R-CNN selection is the difference between the 
center and left, right may be subtle and we needed higher 
accuracy. Since the computational power is not a problem, 
Faster R-CNN with RESNET Inception v2 feature extractor 
would give higher accuracy, which has been discussed in the 
related works section. The model has trained 52000 steps, in 
5 hours for vehicle detection. 

G. Testing and Configuring Steering 
Faster R-CNN helps ACS to detect the vehicle. After the 

detection process, the car has been covered with label box. 
In Fig. 8, we have managed to get vehicle coordinates from 
frame pixels of that label box. 

 
Fig. 8. Detection of front RC Car 

Our proposed approach for vehicle detection by labeling 
was not enough and only works on certain conditions. If the 
RC car in front has offset in the x-axis, which means if the 
car in front is leaning towards the right or left side of the 
camera view, the model gives inconsistent results due to 
lacking positional awareness. For example, given front car 
leaning towards the right side of camera view, left the side 
of the front car is seen by the camera, which is labeled as if 
the front car is going towards left, whereas it may not be the 
condition. Therefore, the positional arguments are needed to 
make an exact move. To make precise movements 
thresholds are needed. Thresholds are calculated by the 
Equation (1-4) given below. 

 
 	 	  (1) 
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(4) 

* L and R corresponds to Left and Right 

 
Fig. 9. Displaying detection box, the middle point of car and thresholds 

Given the above Equations (1-4), if the middle point of 
the detected vehicle is lower than the left threshold value, it 
means the front car is on the left side. If the middle point is 
in between the left and right threshold, the car is on the 
center. If the middle point is greater than the right threshold 
value, the car is on the right side. These conditions adjust 
camera mounted autonomous car’s (Car behind) steering, 
due to the target position. Fig. 9 shows the detection box, 
the middle point of the car and thresholds. 

H. Object Detection with Haar Cascade 
In this project, we have adopted a shape-based approach 

and used Haar feature-based cascade classifiers for the 
traffic light and stop sign detection. OpenCV library 
provides a cascade classifier detector and even a trainer. To 
train a Haar feature-based cascade classifier, positive and 
negative samples must be provided to the trainer. Positive 
samples are cropped pictures to show only the target object. 
Negative samples are any other pictures which don’t have 
the target object in sight. In Fig. 10, Positive samples and 
negative samples are shown, respectively. 

 
Fig. 10. Positive and Negative Samples 

Training samples including positive and negative frames are 
displayed in TABLE I.  

TABLE I.  TRAINING SAMPLES FOR STOP SIGN AND TRAFFIC 
LIGHT DETECTION 

Type # of Positive 
samples 

# of Negative 
samples 

Sample size 
(pixels) 

Stop Sign 20 400 25x25 

Traffic Light 26 400 25x45 

 

Since we had to know the state of the traffic light, there 
is an image processing needed to detect the traffic light 
state. In Fig. 11 summarizes the traffic light recognition 
process. 

 
Fig. 11. Traffic Light Recognition Process 

First, the grayscale image is processed with the trained 
Haar cascade classifier to detect the position of the traffic 
light. After this detection, the bounding box is drawn on the 
region of interest(ROI). Second, Gaussian Filter is applied 
to the ROI and reduced the noises. Third, the brightest spot 
in the ROI has been found via checking the brightest spot’s 
location in the ROI. 

While detecting the traffic light or stop sign, we 
measured the distance between the camera and the detected 
object. The camera gets calibrated with the images and the 
corresponding distance measurement. We found optimal 
focal length by calculating the focal length of given 
calibration images and taking all calculated focal lengths 
average. After finding the optimal focal length, the 
estimated distance measurement can be received. For 
calculating focal length and estimated distance, the 
Equations (5, 6) are given below: 

 	
	  (5) 

 
	 	

	  (6) 

* Current Width corresponds to the current detection box 
width. 

IV. EXPERIMENTAL RESULT 

A. Test Environment 
Two computers have been used for hardware and 

software specifications. The notebook has Intel Core i7-
7700HQ CPU, 12GB ram 4GB NVIDIA GTX 1050 GPU, 
Windows 10 64 bit. The desktop computer has Intel Core i5- 
6600k CPU, 16GB ram, 8GB NVIDIA GTX 1070 GPU and 
Windows 10 64 bit. 

B. Vehicle Hardware 
HC-SR04 module was mounted in front of the car. The 

sensor aims to detect an obstacle in front of the car and stop 
until the object was removed. Raspberry Pi camera module 
was mounted on top of the car to see the wide angle. It sends 
320x160 picture frame to the autonomous control system. 
The camera module is used for lane tracking, vehicle 
tracking and detect traffic light and stop sign. Hardware is 
displayed in Fig. 12: 

C. Experimental Setup 
The autonomous system is proceeding with three 

mechanisms: The First mechanism is obstacle detection with 
an ultrasonic sensor. The second mechanism is the traffic 
light and stops sign detection. The third mechanism is the 
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autonomous mode. In graphic user interface(GUI), the user 
can enter IP address and select an autonomous mode from 
systems with GUI or controller. Then, Raspberry Pi send 
frames to computer and computer evaluate frame due to the 
selected model. Then predicted values have sent to 
Raspberry Pi and autonomous car moves autonomously due 
to prediction and obstacle conditions. 

 

Fig. 12. Autonomous Car 

The autonomous system and its requirements have been 
completed successfully with configurations. Hardware was 
implemented successfully. After preparing ACS and RCS as 
explained in the Implementation section, both systems were 
started. The autonomous mode has worked effectively as 
explained in the Implementation section. 

Our best steering model has 0.0014 validation loss from 
ten epochs. Our best speed model has 2.89e-04 validation 
loss from ten epochs. Testing with these models had 
successful results to drive without going out of road lanes at 
an acceptable speed. Classification loss value and Total 
Loss Graph are shown in Fig. 13 for vehicle classification 
model and decreased until 47,000th step. The model can 
mix a vehicle and shoe; they have a relatively similar shape 
in point of view of the camera and lack of a bigger dataset.

 
Fig. 13. Classification Loss Value(left) and Total Loss Graph(right) 

V. CONCLUSIONS AND FUTURE WORK 
In this project, an autonomous car system was developed 

by using some top-trending methodologies: Deep Neural 
Networks, Haar Cascades, and Faster R-CNN Object 
Detection. DNN can solve complex image processing 
problems because model extracts an extensive amount of 
features from one image. Thus, we used the PilotNet 
architecture for lane tracking scenario, and Faster R-CNN 
for the vehicle following scenario, both of them have shown 
very good performance for tracking as depicted in the 
Experimental Results section.  

An autonomous car navigates autonomously relied on 
sensor data and prediction of models which is trained with 

machine learning approach. The system has been tested in 
different conditions that imitated from real-world scenarios. 
We had concluded that our system worked effectively when 
single lane tracks were provided. The system is not wholly 
independent of environment and light conditions because to 
achieve this; the feature model must be trained with an 
enormous dataset, which contains lots of these type of 
features. The autonomous car system would encounter some 
critical problems: if the system were used for real-life self-
driving car scenario, such that adding multiple cameras, and 
covering wider angles of vehicle’s front side. Besides, the 
Autonomous vehicle would need a more advanced Artificial 
Intelligence algorithms to take proper action via combining 
the outputs of the model(s) and sensors to handle real-life 
traffic complications.  

In the future study, the system can be improved with 
following features: support for path planning with image 
processing and sensors support for autopilot; ability to park 
automatically; ability to change lane safely; ability to 
communicate between cars; sophisticated Wi-Fi encryption; 
and the addition of backup cameras. Additionally, the 
system can be adapted to UAVs and used for autonomous 
navigation both indoor and outdoor applications [12, 13].  
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Abstract— With migration of TV and video delivery functions 
to cloud based platforms, number of Internet TV content 
providers is expected to grow significantly in the near future. It is 
clear that cloud based platforms are not able to address all 
business requirements of Internet TV applications from an end-to-
end perspective. Therefore, hybrid platforms where most video 
delivery functions are hosted in the cloud and management 
functions are hosted locally are to become more popular. 
Although, these hybrid platforms offer solutions to many of the 
business problems, it introduces yet another important issue: 
integration and interoperability. In this study, a new concept, 
namely “3600 Integration Gateway” is being proposed which is 
applied in a multi-layer cloud management platform that is 
interoperable with multiple cloud based Internet TV applications. 

Keywords — Internet TV, OTT, cloud architectures, hybrid 
architectures, management systems, middleware, content 
management, interoperability, integration, 3600 integration gateway 

I. INTRODUCTION

With the introduction of cloud-based solutions for Internet 
TV applications, it is anticipated that the number of players in 
this area will increase significantly. Although this change is not 
regarded as a major technological change, it is a change in the 
scale of revolution from a commercial angle, where the value 
chain and the players in this domain are impacted and new 
business models are introduced. The newly and evolving 
business needs can only be met by hybrid structures in which 
some of the functions and data are hosted in the cloud, and some 
of them are hosted in local data centers, rather than just cloud 
infrastructures and applications. The fact of having multiple 
cloud infrastructures and multiple video related applications in 
the market, each one having its own strengths and advantages, 
enables flexibility on choosing best of breed functionality. On 
the other hand, this introduces the challenge of integration 
issues and interoperability problems which is considered as an 
important threat for time to market and operational efficiency. 
In this paper, a new concept, namely “3600 Integration 
Gateway” is being proposed which is applied in a multi-layer 
cloud management platform that is interoperable with multiple 
cloud based Internet TV applications. The Integration Gateway 
exposes machine-to-machine interfaces for all external parties 
including cloud applications and third party software, contains 

a connector framework for cloud integration and hosts 
graphical user interfaces for machine-to-human interaction. 

In the second part of the paper, the development of TV 
technologies and video transmission technologies are briefly 
explained. The major milestones and technological 
development that have taken place since the early days of TV 
transmission to the transition to the cloud architectures have 
been studied and new technology requirements that have 
emerged have been discussed. 

In the third chapter, the functions and architecture of cloud 
applications used for Internet TV services are discussed. The 
technological building blocks that are required for ingestion of 
video content, content processing and conditioning, content 
storage, content delivery and the client applications on end-user 
devices for video play-out are briefly discussed.  

In the fourth chapter, challenges introduced with hybrid 
architectures and challenges related to end-user experience are 
discussed together with proposed solutions with 3600 
Integration Gateway approach and metadata enrichment 
techniques. 

Finally, the proposed cloud management system is 
described both in terms of functional building blocks and from 
an architecture standpoint. Additionally, the solutions that the 
proposed management system brings to end-to-end business 
needs are explained and evaluated.  

II. EVOLUTION OF VIDEO DELIVERY TECHNOLOGIES

Television and video technologies and transmission media 
have shown significant progress over time. This development is 
depicted in Figure 1. 

Figure 1. Evolution of TV Delivery Technologies 

The terrestrial transmission of analogue television signals, 
which began to be used in the first quarter of the 1900s and is 
still seldom used today, has left its place to digital television 
signals and transmission environments such as satellite and 
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cable in the last quarter of the same century. This transformation 
is considered as an important milestone for video delivery and 
one of the major technological outbreaks in this domain. 
Currently, the most widely used method is still based on the 
transmission of broadcasts digitally via satellite. 
 Pagani [1] lists his benefits of this technological 
transformation as follows; 

• More efficient use of the electromagnetic spectrum due to 
further compression of the digital signal and consequently 
more transmissions at the same bandwidth 
• Significant increase in image and sound quality and the 
ability to transmit images at higher resolution 
• The use of a 16: 9 aspect ratio and the beginning of 
improvements in end user devices (TV screens) to later reach 
flat and flat screens 
At the beginning of the 2000s, Internet Protocol Television 

(IPTV) became popular as a competing option for satellite and 
cable TV transmission. 

This technology promises end-user interaction and two-way 
communication by adopting broadcast transmissions over 
private and managed networks using the protocols and 
approaches used for the Internet. Standards for IPTV have been 
established in areas such as content preparation and 
management, content security, content transmission and 
presentation within a very short period of time, yet some 
standards are still being developed [2]. IPTV technology has 
also been a pioneer in the development of existing standards, 
especially in content coding and compression. This is due to the 
necessity of efficiently using the IP network, which is 
considered as one of the most critical resource. Julien 
Maisonneuve [3] relates the development of Motion Picture 
Engineering Group (MPEG) standards to the widespread 
adoption of IPTV. 

Simultaneously with the development of IPTV technology, 
the value chain and players in this area have also been reshaped. 
Telecommunication companies and network operators whose 
revenues over fixed telephone and Internet access services are 
endangered - Turk Telekom will be a good example in our 
country - made very important investments to IPTV to become 
a player. Most, if not all, of the major network operators in the 
world have become IPTV service providers. Only a handful of 
organizations in each country have been able to offer IPTV 
services, as only those can deploy and manage IP networks 
across the country. 

In the third milestone, over the top (OTT) technologies based 
on TV delivery over public Internet network instead of a 
managed IP network have come to the forefront. In the first 
stage, OTT services enabling concepts of multi-screen, 4 screen 
were introduced to compliment IPTV offerings of service 
providers. In time, sole OTT service offerings became popular 
as a standalone TV service. 

Peng Tan and Jim Slevinsky [4] list some of the key features 
that distinguish OTT services from IPTV as a service variety and 
technology offered to the end user: 

• Differentiation of end-user devices: Instead of set-top box 
(STB) in IPTV, TV broadcasts can be received via software 
installed in devices such as smartphones, Internet browsers, 
smart TVs 

• Best-effort and adaptive bitrate (ABR), instead of 
committed quality of service and quality of experience (QoS, 
QoE) 
• Content protection and digital rights management (DRM) 
approaches that are compatible with the use of public 
Internet network 
As the need for a managed fixed IP network is eliminated 

with OTT, broadcasters using this technology have also had the 
opportunity to grow very rapidly and address many different 
geographies. For example, Netflix, which was established in 
1997 to provide DVD rental service over the Internet, has begun 
video transmission using OTT infrastructure in 2010. It has 
reached 100 million members in only 6 years and still continues 
to grow rapidly [5]. 
 As a last step in the development of TV and video 
transmission technologies, nearly all of the functionality that an 
OTT service providers have built into a local data center is being 
offered by cloud providers. Service providers are able to use 
those functions over the cloud. Although this change is not 
regarded as a major technological change, it is a change in the 
scale of revolution from a commercial angle, where the value 
chain and the players in this domain are impacted and new 
business models are introduced. 
 Content owners will be able to become service providers in 
this market with the "pay as you grow" model without any 
upfront investment for infrastructure or technology. This will 
significantly increase the number of Internet TV service 
providers in a very short time. In a holistic view, the use of cloud 
technologies also minimized the data center and network 
requirements. With more efficient use of virtualization [6] and 
more flexible and automated scaling methods [7], productivity 
in this area has moved to higher levels. 

However, this model also introduces some challenges and 
technical problems to be tackled. Exposing application data to 
the cloud, especially the sensitive end-user data, the difficulty of 
differentiation of services from other service providers, 
consolidation, linking and processing of local data with data on 
the cloud can be listed as major problems. This leads to a fact 
that end-to-end business requirements cannot be fully met by 
only cloud-based structures. These issues can be addressed by 
hybrid architectures where some functions and data are hosted 
locally, and some functions and data are hosted in the cloud. Yet 
another challenge is; a function set in one cloud platform may 
not suffice to meet the set of business requirements. Therefore 
in some cases using applications or functions on multiple cloud 
platforms may have to be required. This may also be the case 
due to quality, cost and time to market reasons. So cloud 
management systems should be designed to get integrated to 
multiple cloud platforms simultaneously.  
 The solution proposed in this study includes a management 
system that can function locally and integrate with multiple 
cloud structures independent of the cloud technology being 
used. The system presents a solution that addresses the above 
mentioned problems. These problems and the proposed solution 
are explained in more detail in the following chapters.  

III. CLOUD BASED INTERNET TV APPLICATIONS 
As described in the previous section, as a last step in the 

evolution process of TV and video transmission technologies, 
the functions and data required for OTT technologies have been 
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moved to cloud-based structures. These functions and the 
technical building blocks of the end-to-end architecture are 
shown in Figure 2. In a typical Internet TV cloud architecture, 
all of these functions should be expected. 
 

 
Figure 2. Functional Blocks of Cloud Based TV Platforms 

The process for video transmission begins with the video 
acquisition phase of receiving, decoding and deciphering 
functions. Whether it is Linear Scheduled Channels - commonly 
referred as live channels- or video on demand (VOD) content, 
content are acquired from the source and made available for 
further processing. Almost all the live channels (national 
mainstream channels, news channels, sports channels, kids’ 
channels, etc.) are considered to be available on the satellite. 
Thus, obtaining the feeds for those channels is similar to using 
satellite receivers in homes, but with more professional 
integrated receiver decoder devices (IRD). In the event that the 
satellite broadcast is encrypted, IRD devices are also equipped 
with the ability to decode the broadcast and to make the 
broadcast unencrypted. Acquisition of VOD content is mostly 
done the content owner. Typically a VOD content consists of 
four files: video itself, a poster, metadata and a trailer video file. 
These files must already be prepared for cloud based TV 
infrastructures. 

In the next step of the process, the resulting content is 
tailored to the business model, targeted end-user devices, and the 
rest of the platform. These functions are performed with 
encoding recoding and encoding functions, which are collected 
under the video adaptation heading. A content is encoded at 
multiple quality levels and resolution. Content delivery at high 
quality levels will naturally lead to more traffic on the delivery 
network, but will also lead to a higher end-user experience. 
Similarly, lower resolution content can be transmitted at lower 
cost, but will result in a worse end-user experience. The MBR 
(multi bitrate) or adaptive bitrate (ABR) approach is 
implemented to ensure the adaptation of the transmission 
network and the adaptation of the video quality level based on 
the end user's preferences. Currently the most widely used 
coding technology is MPEG-4 (also known as AVC). With this 
coding and compression technology, high definition content 
(HD - high definition) can be compressed to 3-4 Mbps. High 
Efficiency Video Coding (HEVC) coding and compression 
technology, which has become widespread in recent years and 
will replace MPEG-4 in the near future, can compress 40% to 

50% more of the same quality broadcast than MPEG-4. In other 
words, HD content can be compressed to 2 Mbps using HEVC. 
A good cloud-based TV platform should be expected to support 
both of these standards. 

At this stage, the broadcast can be encrypted at will. 
Encryption may be mandatory in the direction of content owners' 
requests. Encryption is also used for conditional access. 
Controlling and managing end-user access to different content is 
often managed by conditionally distributing the keys of 
encrypted broadcasts. 

Another key component of the process is the component that 
contains the recording and storage infrastructure functions 
needed to enable end-users to access past publications and 
provide network-based recording functions. End users need to 
be in a contemporary TV service to record, process, and transmit 
broadcasts on demand for a certain amount of time so that the 
restarted features (restart TV), catchup TV, network personal 
video recording (nPVR) it is absolutely necessary that these 
functions are supported by a cloud-based TV infrastructure. 

Another important component is the service delivery 
platform (SDP), which provides end user management at the 
base level, content and authority management functions at the 
base level. In addition to functions such as end-user identity 
management and control, management of content authorization 
levels, this component also covers all data requests from end-
user applications. For example, if an end user wishes to access 
the video library, this component provides functions such as a 
video list, information about the content, program information, 
search engine, suggestion engine that the user can access. 
Suggestion engine function may be a direct part of this 
component, but SDP solutions that do not provide these 
functions but can be integrated with a third party suggestion 
engine are also widely used. 

The content delivery network (CDN), which has long been 
cloud based, has been customized for video transmission and is 
now being used in this area as well. These systems, which are 
used for video transmission, basically perform two functions. 
First; to keep a voluminous content such as video as close to the 
end user as possible. Caching ensures that traffic on the main 
backbone of the network is also kept at reasonable levels, while 
allowing users to access video content in a shorter period of 
time. This, of course, necessitates storage at the endpoints of the 
network. Several advanced caching approaches and algorithms 
are used to best manage storage requirements. The parameters 
such as the demand for the content to be viewed, the frequency 
of access to the content, etc. are the first values used to determine 
the use of the restricted storage facilities. As a storage medium, 
cost and impact calculations are performed between random 
access memories (RAM), solid state disks (SSD) and magnetic 
disks (HDD) to select the most appropriate solutions. Sometimes 
more than one storage medium can be used in a hybrid structure. 

The second important function of CDNs is to provide load 
distribution. Generally, end users are directed to the nearest 
service point to the region where they are located. This may also 
lead to better balance of load, availability of redundancy in the 
system, and differences in content storage. 
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Finally, the client software installed on end-user devices 
should also be briefly discussed. Of course, these applications 
are not clouds deployed applications, but all functionality in 
client applications should be considered an important 
component of the end-to-end architecture as they use the 
services provided in the SDP component on the cloud platform. 

IV. CHALLENGES 
User experience and customer satisfaction are considered as 

focal points in the TV space, similar to all other services offered 
to consumers. This is one of the main determinant and driver in 
technology development. Compared with many other IT 
services user experience is even more critical in the TV service 
delivery domain. For example; a service consumer may still 
accept a short-term Internet service interruption, or even an 
interruption of telephone service, but cannot accept the 
interruption or degradation of TV service in the middle of an 
important broadcast event. For this reason, the availability and 
quality of the service offered is very important for TV services. 
There are extensive number of studies and efforts to maintain 
and to measure the Quality of Experience (QoE) generally for 
cloud based applications [13]. Most of the outcomes of these 
studies apply to cloud based TV applications as well. Yet, there 
is still a significant area for improvement on TV delivery 
specific standards. 

In addition to technical aspects of service quality and high 
availability, user experience is also closely related to content 
itself. Issues such as 'content inspection and censorship' and 
'content discovery and search' are the subjects that affect the user 
experience and are not currently standardized well or the 
existing set of standards are not yet widespread. These issues can 
be addressed with metadata enrichment. 

Content inspection and censorship has been a topic of 
discussion for many years by many disciplinary experts in all 
dimensions. Discussions around the moral, ethical, 
psychological and legal aspects of the subject are still ongoing. 
Jacob Septimus has published a paper claiming that the level of 
inspection and censorship of TV content is at the forefront of 
issues that most affect US culture [8]. While the topic is 
discussed in many dimensions, how technology can contribute 
to tackle some of these challenges should also be discussed. A 
major challenge regarding having global standards is that the 
compliance requirements for content inspection differ from 
country to country. In our country, Radio and Television 
Supreme Council (RTÜK) is the main authority and supervisor 
on this subject. Content providers and distributors must classify 
and adapt their content as they must comply with the rules set 
defined by the RTÜK. Censoring of content prior to 
transmission, as widely applied today, may cause some 
problems. First of all, end-users’ perception of receiving content 
where the integrity is impaired and even shortened may lead to 
dissatisfaction and complaints. On the other hand, distribution 
of content that has never been audited is not possible because it 
is considered as a social threat. 

This study offers a new standard and tools to support this 
new standard based on leaving the control of inspection and 
censorship level management to the end user. In the approach 

namely Scene Based Ratings (SBR), the metadata of the video 
content is marked at the scene level, while the video content is 
not subject to any editing. For example; rather than marking an 
entire content as "+7", "+13", "+18", certain parts of the content 
and certain ranges are marked depending on the scene. Marking 
may apply only to audio, only to video, or both audio and video. 
Client applications must be equipped with the capabilities to 
appropriately censor these parts in the context of the end user's 
preference and parental constraints. The cloud management 
system proposed in this study will have the functions of marking 
the metadata of the video asset appropriately. There is no 
standard yet on the global scale in this regard. 

Another problem that can be improved with enriched 
metadata is content discovery and content search performance. 
Field surveys conducted reports that the average time spend on 
content search is 1.5 times the time spend on content viewing 
[9]. This indicates that the search, content recommendation 
functions and the current standards in this area are not at a 
sufficient level. The current and widely used VOD metadata 
standard is the Content v3.0 standard developed by Cable Labs 
[10]. Content v3.0, which is based on the Asset Distribution 
Interface (ADI) standard (predecessor of Content v3.0) that was 
introduced in 2010. This standard is used to express the data 
required for presentation, use and distribution of content. 
Information such as content type, summary, cast, producer, 
audio and subtitles, information about license and ownership, 
commercial information such as rental, purchase fees and 
license periods are all covered in the metadata. Most of this 
information is provided by the content providers. However, this 
information is often insufficient in expressing the entertainment 
value and in determining the audience to target. 

Yet another challenge in such hybrid architectures is the 
variety of integration points and communication protocols used 
in cloud applications and other third party applications. 
Integration of management software components to the cloud 
functions requires significant amount of adaptation effort and 
deep customizations. The need to get integrated with multiple 
cloud platforms drastically increases the level of complexity. 
Furthermore, the interfaces of applications in the cloud are 
often updated or even deprecated rapidly, bringing the 
maintenance complexity into the picture as well. Therefore, a 
well-defined adaptation and mediation layer between the 
management components and the cloud functions becomes a 
necessity.  

V. PROPOSED CLOUD MANAGEMENT SYSTEM 
As explained in previous sections, The business needs in TV 

delivery domain can only be met by hybrid structures in which 
some of the functions and data are hosted in the cloud, and some 
of them are hosted in local data centers, rather than just cloud 
infrastructures and applications. This introduces the challenge 
of integration issues and interoperability problems which is 
considered as an important threat for time to market and 
operational efficiency. The proposed Cloud Management 
System addresses the issues described above and will have an 
architecture to enable implementation of solutions to improve 
the user experience expressed in the previous chapter. Figure 3 
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depicts a functional representation of the hybridization of cloud 
functions and local functions.  

 

 
Figure 3. Functional Blocks of a Hybrid TV Platform 

 One of the most important components of the proposed 
management system is the 'Content Management' component, 
which is primarily responsible for converting a high-resolution 
video content into an appropriate format for cloud-based 
Internet TV platforms and automatically ingesting it into the 
cloud. A typical VOD content consists of four main 
components: a high-quality encoded video file, a poster 
representing content (usually one, in some cases multiple image 
files), a parent metadata file (an XML file usually in ADI or 
Content v3.0 format) and a short-form video file to be used as 
a trailer. 
 This component is responsible for producing all of these 
files, most importantly the metadata file, during the content 
production phase. Enriching the video content with additional 
audio or subtitles, editing the video content when necessary is 
also done at this stage. The management of content is mainly 
the establishment of transmission parameters and the ingestion 
of both content and information into the cloud platform. It is 
also the responsibility of this component to create and manage 
information about what quality levels the content will be 
encoded for, what end-user clients will be addressed 
(smartphones, tablets, Internet browsers, smart TVs), how long 
and in what period they will be in the video library, licensing 
information, etc. Unlike existing Content Management System 
(CMS) products on the market, the recommended solution will 
have functions that can produce very rich metadata. 
 Another component, the 'Customer Relationship 
Management' component, is responsible for managing end 
user's membership, authorization and package information. 
New and existing users register for services offered and 
packages of various levels (video service products) over this 
component. Automatic and instantaneous provisioning of 
subscription information to the cloud platform to enable these 
services are among the main functions of this component. 
 Internet TV applications are very data intensive 
applications, thus they are very important application area for 
big data analytics. Developed over the last years, client and 
server applications have the ability to capture and store virtually 
all data to examine the user's behavior. In addition to behavioral 
data such as time spent by end users on the screen (not only TV 

but also small screens), viewing time, content search times, 
video quality related issues such as downtime, freezing and 
pixilation, decoding problems, are also stored for technical 
analysis and reporting purposes. In the proposed hybrid 
structure, the data mentioned above occurs and is stored in the 
cloud infrastructure. However, since the information about 
content and end-user is stored in local applications, the data on 
the cloud itself can be very limited to generate meaningful 
reports. The proposed management system will have functions 
to generate reports by linking data from the cloud infrastructure 
with local data. The 'Analytics & Reporting' component is 
designed for this purpose. 

The most prominent aspect of the proposed management 
system when viewed from the architectural perspective is that 
it has a multi-layered software architecture. Figure 4 shows the 
proposed cloud management system in terms of software 
architecture. 

 

Figure 4. Architecture of Proposed Platform with 3600 Integration Gateway 

One of the main goals of the management system is that it 
is independent of the cloud application, cloud infrastructure and 
cloud technology used. For example; Any Internet TV 
application hosted on public cloud infrastructures such as 
Amazon Web Services (AWS) or Microsoft Azure, or any 
Internet TV application on a private cloud infrastructure, should 
be easily integrable with the proposed management system. 
This integration is done via connector components created at 
the integration gateway level. For each cloud platform in which 
the management system will be integrated, a connection 
component will be created that includes all the connectivity 
functions and interfaces. These connector modules are 
positioned under the ‘cloud integration services’. The 
integration gateway also exposes all interfaces to other third 
party software components including the client applications. 
The human interfaces (graphical user interfaces) are also 
positioned at the integration gateway. From a physical 
architecture standpoint, the service layer is clearly separated 
from the public zone for security and integrity reasons.  

So far, the most widely used mediation and adaptation 
approach for similar TV platforms is placing a northbound 
gateway software to integrate with business and operation 
systems (OSS/BSS tools). There is still a need for adaptation 
for client applications, adaptation for other local applications 
and unified user interfaces for platform management. This leads 
to having multiple mediation blocks or interfaces on a single 
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TV platform architecture over north, east and west bound 
integration points. The proposed approach of consolidating all 
integration requirements into a 3600 Integration Gateway layer 
will drastically reduce the operational complexity and improve 
time to market for such scenarios. 

The applications themselves are being developed in 
accordance with the MVC (model-view-controller) 
architecture, and that the data access layer, business layer and 
presentation layer functions are clearly separated from each 
other. Other applications (eg IOT applications) in which cloud 
technology has been widely used have already reported the 
achievement of the implementation of a multi-layered 
architecture [11]. Similarly, the benefits of multi-layered 
software architectures for cloud-based Internet TV applications 
have been demonstrated by Hysenbelliu and Teresa [12].  

VI. CONCLUSION 
In this paper, a new concept, namely “3600 Integration 

Gateway” is being proposed which is applied in a multi-layer 
cloud management platform that is interoperable with multiple 
cloud based Internet TV applications. The Integration Gateway 
exposes machine-to-machine interfaces for all external parties 
including cloud applications and third party software, contains 
a connector framework for cloud integration and hosts 
graphical user interfaces for machine-to-human interaction. 

Television and video technologies and transmission media 
have shown significant progress over time. The newly and 
evolving business needs for TV delivery applications can only 
be addressed by hybrid structures in which some of the 
functions and data are hosted in the cloud, and some of them 
are hosted in local data centers, rather than just cloud 
infrastructures and applications. This introduces the challenge 
of integration issues and interoperability problems which is 
considered as an important threat for time to market and 
operational efficiency. 

The proposed approach of consolidating all integration 
requirements into a 3600 Integration Gateway layer will 
drastically reduce the operational complexity and improve time 
to market for such scenarios.  

The proposed management system also provides solutions 
using metadata enrichment techniques to problems in the areas 
of 'content inspection and censorship' and 'content discovery 
and search'. These problems negatively affect the user 
experience and current set of standards are not sufficient or not 
yet widespread. Compared with many other IT services, user 
experience is even more critical in the TV service delivery 
domain. 

With the introduction of cloud-based solutions for Internet 
TV applications, it is anticipated that the number of players in 
this area will increase significantly. Therefore the need for such 
architectures and hybrid platforms will be more obvious in the 
near future. 
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Abstract—Natural gas is simple to use and easy to convert to 
different types of energy. Thus, its usage is increasing every year 
and this increase also validates itself in consumption. In this 
study, demand forecasting of natural gas delivered to U.S. 
consumers is studied. In the study, the time series decomposition 
method (TSD) and estimation of residuals after TSD method are 
performed with independent variables have been studied. Thus, 
more accurate model is tried to be obtained by combining 
residual estimates with TSD. Meteorological data, natural gas 
variables such as price, storage capacity and economic indicators 
are used in the residuals estimation. Sixteen variables are 
observed as effective in total thirty-eight independent variables. 
Residual modeling is performed by multiple linear regression 
where the insignificant variables are removed from the model. It 
is seen that standard precipitation index of 24 months (SP24), 
natural gas sold to commercial consumers (PNSCC), total 
natural gas underground storage capacity (NUSC) are effective 
independent variables on residual forecasting. Since the 
predictability is challenging, different models have been built 
according to whether SP24 is included in the model or not. The 
24-month forecasts are made with TSD and 5% mean absolute
percent error (MAPE) is obtained. The proposed models
estimated 1.5% and 4.5% MAPE respectively for SP24 and not
SP24 cases. The models decreased error on average 35.9%, and
15.4% respectively. The approach used in the study improved
forecasting results for natural gas delivered to consumers in the
U.S.

Keywords—componentdemand forecast; natural gas; time 
series decomposition; multiple linear regression 

I. INTRODUCTION

As a kind of fossil fuel, natural gas is efficient, clean and 
cheap. In the last decade, many countries have been using 
natural gas instead of other fuels, especially coal and gasoline 
[1]. On the other hand, forecasting natural gas consumption is 
not only important but also necessity. Forecasting results are 
used for determining household natural gas demand, 
consumptions of gas supplier companies, storage management. 
Primary energy consumption forecasting has fundamental 
importance since it is essential in a multitude of different 
sectors and activities [2]. A simple example is represented by 
companies, which sell energy, as they need to know the 
demand of their customers in order to organize their supply 

chains. The estimation of future consumption of primary 
energy is a key element also in case of energy infrastructure 
planning and construction, such as pipelines, storages and so 
on, because the expected consumptions are the main input for 
their evaluation and design. Other areas of application are the 
elaboration of energy policies, the study of demand side 
management strategies, the analysis of energy markets and 
many other fields [3]. There are different approaches for 
modelling forecast of consumption. In energy demand 
modeling, there are usually two main approaches: “top down” 
and “bottom up” modeling [4]. The bottom-up approach is 
mostly used when there is a detailed level of information based 
on equipment load factor, efficiencies and usage [5]. Top-down 
models determine the effect on energy consumption due to 
ongoing long-term changes or transitions within the residential 
sector, primarily for the purpose of determining supply 
requirements [4].  There are also different ways to improve the 
forecasting result such as applying time decomposition 
methods, which are widely used in energy sector. Time series 
decomposition (TSD) is efficient way to improve forecasting 
results. In time dependent continuous data, the original time 
series can be decomposed into several sub-series. Each sub-
series can be forecasted with the purpose of easy prediction 
tasks and fine results, and the final forecasted value can be 
obtained by summing the forecasted value of each sub-series 
[6], [7]. ARIMA model with an admissible seasonal 
decomposition, can produce seasonal adjustment filters that are 
effective for the full data span specified for adjustment [8]. In 
many studies different decomposition approaches have been 
preferred by researchers. Kuo-Ping Lin and Ping-Feng Pai used 
evolutionary seasonal decomposition with support vector 
machines for forecasting Solar power [9].  

Time based forecasts are divided into three categories 
depending on application area: long-term, mid-term and short-
term. Long-term forecasts are annual basis for 5 years or 
above, mid-term forecasts are month basis and short-term 
forecasts are daily or hourly estimations. There are various 
studies for monthly forecasts. K. Goswami and J. Hazarikaused 
different models of ARIMA approach for monthly temperature 
prediction. In their study, RMSE value shows that 
ARIMA(2,1,1)(0,1,1) method provides best result [10]. 
Prashant et al also used different forecasting approaches such 
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as Double ESM, Triple ESM, ARIMA and made comparisons 
between them. In the study RMSE and MAE results showed 
ARIMA method is better than other methods for their specific 
dataset [11]. Hassan used different ARIMA models for daily 
and monthly clearness index radiation for  prediction.In this 
study ARIMA(2,1,1) model with 0.01744 MSE value 
demonstrated best performance [12]. 

In this study, we aim to improve former forecasting results 
using two methods. Monthly natural gas data of U.S. 
decomposed with additive and multiplicatively. For the lower 
errors, the relationship between TSD errors and independent 
variables such as economic indicators, natural gas prices are 
examined. Also, heating and cooling degree days are tested. 
The improved versions of the models (Models except M1 and 
M2) are prepared and forecasting results are compared with 
TSD (M1 and M2 models).  The results of improved models 
have lower errors compared with TSD. 

II. METHODS 

A. Time Series Decomposition (TSD) 
Time series have trend, seasonal, cycle and, irregular 

components [13]–[15]. These components are decomposed 
with additively and multiplicatively. Long term tendencies are 
given as trend component. Longer periodic seasonal 
movements are given as cycle component. Seasonal component 
represents short periodic oscillations and irregular component 
represents not expected or couldn’t predicted values. 

B. Multiple Linear Regression Models (MLR) 
Multiple linear regression allows a dependent variable to be 

determined by a linear equation by one or more independent 
variables [13], [16], [17]. For each of the independent variables 
on the linear equation, the coefficients are calculated by the 
least squares method. Each independent variable is multiplied 
by its coefficient and the dependent variable values are 
established. The significance of the independent variables in 
the model is determined by t-test. Thus, the model contains 
unsignificant variables are removed from the model and a new 
model is prepared. In this study, the significance level is taken 
as p = 0.05. 

III. MODELING 

A. Preparing Dataset 
The first step of the study is preparation of the data. The 

data used in this study  is presented  by U.S. Energy 
Information Administration 
((https://www.eia.gov/dnav/ng/hist/n3060us2m.htm). The data 
is released 28/02/2018. Unit of the data is million cubic feet 
(MMcf). The m3 of unit MMcf in SI unit is 28,316.846592. 
The monthly natural gas consumption series show seasonal 
and time-related rising trend. This series is divided into two 
different modes with the decomposition method of time series. 
The models created as multiplicative TSD (called as M1) and 
additive TSD (called as M2). The years 2002-2015 (168 
samples) are used as training data to prepare the models. The 
year 2016-2017 (24 samples) are used for testing the models. 

After the models were generated and trained, the residues in 
the series are examined (Fig. 1). The polynomial error series 
for both models are determined in the residual graph. This 
shows that, the errors of the decomposition methods can also 
be estimated to give results that are more reliable. 
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Figure 1. Residuals of decomposition models. 

It is the point that this study would like to emphasize that 
make predictions of residual without trends and effects of 
seasonality. For both models, the residues were examined with 
natural gas related data, meteorological data and economic 
data. 

 The natural gas related data have price of natural gas sold 
to commercial consumers (Dollars per thousand cubic feet - 
PNSCC), price of natural gas delivered to residential 
consumers (Dollars per thousand cubic feet  - PNDRC), natural 
gas underground storage volume (MMcf - NUSV), total natural 
gas underground storage capacity (MMcf -NUSC) and natural 
gas gross withdrawals (MMcf -NGW). Cooling and heating 
degree-days are as the meteorological data gathered from U.S. 
Energy Information Administration  - Census Division 
(February 2018)  (Table 1.9 and Table 1.10 in 
https://www.eia.gov/totalenergy/data/browser/). Apart from 
these; precipitation index (PCP), temperature index (TAVG), 
minimum temperature index (TMIN), maximum temperature 
index (TMAX), palmer drought severity index (PDSI), palmer 
hydrological drought index (PHDI), palmer Z-index (ZNDX), 
modified palmer drought severity index (PMDI), cooling 
degree days (CDD), heating degree days (HDD-N), standard 
precipitation index (SPxx) are other data provided by The 
National Climatic Data Center (NCEI), a subsidiary of the 
National Climatic Data Center for Environmental Information 
(https://www7.ncdc.noaa.gov/CDO/cdo). Another important 
factor in long-term estimates is economic indicators. The data 
is taken from The Federal Reserve Bank of St. Louis 
(Accessed:02/03/2018 https://fred.stlouisfed.org/). The 
economic indicators used in the study are  consumer price 
index (for all urban consumers: all items, index 1982-
1984=100, seasonally adjusted and not adjusted), civilian 
unemployment rate (percent, seasonally adjusted and not 
adjusted), M2 money stock (billions of Dollars, seasonally 
adjusted and not adjusted), industrial production index (Index 
2012=100, seasonally adjusted), M1 money stock, (billions of 
Dollars, seasonally adjusted), personal consumption 
expenditures (billions of Dollars, seasonally adjusted annual 
rate), U.S. / Euro foreign exchange rate, (U.S. Dollars to one 
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Euro, not seasonally adjusted - FER), consumer price index for 
all urban consumers: all items less food and energy (index 
1982-1984=100, seasonally adjusted and not adjusted) and 
interest rates (discount rate for United States, Percent per 
Annum, not seasonally adjusted - IR). 

B. Error estimations 
The effects of these 38 indicators on TSD errors are first 

examined by Pearson correlation coefficient (ρ). ρcritic ≥ 0.25 
is taken and it is seen that 16 independent variables could be 
effective on the errors. Error estimation models are prepared 
with 16 variables by MLR. Insignificant variables in the MLR 
equation are removed and MLR models are reconstructed. 
Then different regression models are created for both residuals 
of the multiplicative and additive decomposition methods. 
MLR estimates are combined with decomposition estimates 
and final forecasts are determined.  

C. Error Measurements 
The differences between forecasts and actual values are 

measured by error terms. In this study mean absolute 
percentage error (MAPE) [18] is used to determine the errors. 
MAPE shows the error except the direction on the series. 

IV. RESULTS 
In the first stage of the study, naive multiplicative and 

additive decomposition methods are modeled using data from 
2002 to 2015. Next, the effect of the independent variables on 
the TSD errors are examined by using models. This 
examination is performed over the correlation coefficient and 
MLR models are built using independent variables where 
ρ≥0.25. The relationship between the independent variables 
and the TSD errors are shown in Table 1. MLR equations are 

generated with 16 independent variables for additive and 
multiplicative TSD error estimations. The statistical 
significance level of the equations variables are taken as p = 
0.05. In both decomposition methods, independent variables 
are reduced by subtracting insignificant variables and MLR 
equations are determined after 5 attempts for each method. 
These equations are shown in Table 2a. In these equations 
price of natural gas sold to commercial consumers (PNSCC), 
total natural gas underground storage capacity (NUSC), 
standard precipitation index of 24 months (SP24) and, interest 
rates (IR) are determined as significant. The decision makers 
determine three independent variables, but SP24 is in the 
model as an annual non-predictable variable. Therefore, the 
MLR models are recalculated by removing SP24 and the effect 
on the prediction is examined (Table 2b). In both models, 
SP24, which has a positive effect on the TSD error estimations 
is examined. The effect of SP24 can be seen over PNSCC and 
IR after being removed from the model.  

In the study, 2 forecasting models are created for additive 
and multiplicative TSD models, 4 forecasting models are 
created for TSD errors using  SP24 variable or not, thus, 6 
predictions are made in total. The time-dependent results of 
these estimates are shown in Fig. 2. The multiplicative TSD 
prediction model is named as M1, additive TSD prediction 
model is named as M2. M3, M4, M5 and M6 are the models 
built from the error estimation of TSD. M3 and M4 are 
multiplicative and additive prediction models that include 
SP24. Additionally, M5 and M6 are  multiplicative and 
additive prediction models where SP24 is not included. 

Fig. 2. shows the model estimations and forecasting results 
of six different models. The left part of the graph shows the 
train dataset used while constructing the model and estimates, 
the right detailed part shows the test dataset and forecasts. The 
test dataset is not given to the model previously. The main  

TABLE I.  DECOMPOSITION ERRORS' CORRELATION COEFFICIENTS OF INDICATORS (Ρ≥0.25). 

ρ values PNSCC PNDRC NUSV NUSC NGW PCP TAVG HDD SP02 SP03 SP24 TMIN TMAX HDD-N FER IR 

eMultiplicative 0.425 0.514 0.451 -0.301 -0.252 0.254 0.254 -0.309 0.274 0.259 0.354 0.255 0.252 -0.308 0.322 0.252 

eAdditive 0.426 0.519 0.477 -0.302 -0.252 0.254 0.255 -0.308 0.290 0.285 0.349 0.258 0.253 -0.307 0.311 0.251 
 

TABLE II.  MLR MODEL COEFFICIENTS AND STATS  
(A) MLR MODEL INCLUDED SP24 

eMultiplicative Coefficent t Stat p-value  eAdditive Coefficent t Stat p-value 
Intercept 205,986.62 0.91 0.37  Intercept 211,224.87 0.92 0.36 
PNSCC 27,474.95 5.23 0.00  PNSCC 28,664.56 5.40 0.00 
NUSC -0.05 -2.20 0.03  NUSC -0.06 -2.23 0.03 
SP24 3,2410.23 2.90 0.00  SP24 31,354.48 2.78 0.01 
IR -8,395.12 -1.53 0.13  IR -9,103.29 -1.64 0.10 

 

(B) MLR MODEL EXCLUDED SP24 

 

eMultiplicative Coefficent t Stat p-value  eAdditive Coefficent t Stat p-value 
Intercept 169,871.12 0.73 0.47  Intercept 176,285.82 0.75 0.45 
PNSCC 33,168.11 6.66 0.00  PNSCC 34,172.26 6.81 0.00 
NUSC -0.06 -2.18 0.03  NUSC -0.06 -2.21 0.03 
IR -11,334.06 -2.06 0.04  IR -11,946.49 -2.15 0.03 
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Figure 1. Forecasting results of the models. 
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Figure 2. Models residuals vs independent variable over the time.
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TABLE III.  FORECASTING MAPE ERROR RESULTS OF MODELS 

Multiplicative M1 M3 M5 Imp. M3 Imp. M5  Additive M2 M4 M6 Imp. M4 Imp. M6 

Train 4.5% 2.8% 3.8% 37.0% 15.8%  Train 4.4% 2.9% 3.8% 34.7% 14.9% 

Test 5.6% 1.5% 4.6% 73.0% 18.5%  Test 4.7% 1.5% 4.5% 67.5% 3.9% 

reason of this is to see whether two-year forecast can be 
performed correctly or not. It is seen that the predictive 
performances of M1 and M2 models with naive TSD models 
are worse than  aimed in the train dataset (M3, M4, M5, M6). 
Similar predictive performance can be seen in more details for 
forecasted 2016 and 2017 years. Especially, it can be seen that 
M3 and M4 models perform estimations with the lowest error 
during season transitions and summer months, and M5 and M6 
models make forecasts with low error. The M3 and M4 models, 
which fully overlap consumption in the summer months, can 
easily determine the fall consumption in February 2017. Unlike 
the M5 and M6 models, it can be seen that the SP24 variable is 
actually effective in the model. However, the SP24 data 
depends on the weather. State of the weather is not a variable 
which can be determined by human factor and it is hard to 
determine it as a forecaster variable. Nevertheless, total natural 
gas underground storage capacity and interest rates can be 
foreseeable variables. Accordingly, prepared models M5 and 
M6 forecasts are closer to the consumption realized in the 
summer than M1 and M2 models.  

Fig. 3 shows the time-dependent variation of independent 
variables used in modeling with residuals after TSD. Table II 
shows that, the PNSCC variable has a positive effect on 
determining error. In Fig. 3, PNSCC value increases or 
decreases according to the TSD error increase or decrease. 
When   Table II.a and II.b are compared, it is seen that the 
effect of the NUSC variable remains similar. Namely, SP24 
have no effect to the NUSC variable. In the model with SP24, 
p-value of IR is close to 0.1 (Table 2a), however in the model 
except SP24, p-value is close to 0.03 (Table 2b). Therefore, the 
SP24 has an effect on IR and the model needs independent 
variables.  

The MAPE values of the six models for the train and test 
data are shown in Table III. Mainly, two-year forecasting (one 
step 24 values forecasting) results show that MAPE of all 
models are less then 6%. The MAPE values indicates that 
TSD is a powerful forecasting method. The naive TSD, M1 
and M2, show close MAPE in the modeling (train) and 
forecasting (test), thus, it can be concluded that methods 
demonstrated the model are correct. M3 and M4 models are 
presented better results compared to M5 and M6 models due 
to the effect of the SP24 variable. Meteorological values have 
the positive effect in the model. Improvement in the M5 and 
M6 models also shows that error predictions can be an 
approach with independent variables. Therefore, for the model 
which includes SP24 average 35.9%, and the model without 
SP24 average 15.4% improvement are provided in the train 
dataset. 

V. CONCLUSION 
Natural gas is an energy source which is simple to use and 

easy to convert to different types of energy. Its usage increases 
every year and this increase yields increase in consumption. In 

this study, demand forecasting of natural gas delivered to U.S. 
consumers is studied. Instead of naive TSD, the study is done 
using residuals in the model to reduce errors. The direct and 
strong relation of SP24 on TSD errors are identified. The 
presence of economic and storage variables in the model show 
that there is a relationship between consumers consumption 
and feel safe. 
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Abstract—A cryptocurrency is a digital asset designed to work 
as a medium of exchange that uses cryptography to secure its 
transactions, to control the creation of additional units, and to 
verify the transfer of assets.  

Cryptocurrencies are a type of digital currencies, alternative 
currencies and virtual currencies. Cryptocurrencies use 
decentralized control as opposed to centralized electronic money 
and central banking systems.  The decentralized control of each 
cryptocurrency works through a blockchain, which is a public 
transaction database, functioning as a distributed ledger. 

Neural Networks field has many techniques to perform 
predictions. They are widely used to predict the future values of 
stock exchange indicators variables. In this paper we will try to use 
Artificial Neural Network to predict cryptocurrencies close prices, 
and we’ll study the difference in price change with the normal 
stock exchanges. 

Keywords—Cryptocurrency, Bitcoin, Neural Networks, Feed-
Forward Artificial Neural Network, Resilient Algorithm, Back 
Propagation Learning Algorithm. 

I. INTRODUCTION 

The concept of cryptocurrency was based on different 
papers appeared in the last few decades es. The earliest 
ideas of applying cryptography to cash came from David 
Chaum in 1983[20]. In October 31, 2008 Satoshi Nakamoto 
published white paper titled Bitcoin: A Peer-to-Peer 
Electronic Cash System via “The Cryptography Mailing List” 
[9]. In his paper he introduced his motivation saying “What is 
needed is an electronic payment system based on 
cryptographic proof instead of trust, allowing any two willing 
parties to transact directly with each other without the need for 
a trusted third party.” In January 3, 2009 Satoshi released 
Bitcoin source code and software client to the world [9]. 

The idea of prediction stock exchange prices appeared a 
long time ago. Many statistical and algorithmic methods were 
developed to achieve that goal. Stock market prediction is one 
of the most difficult tasks of time series analysis since the 
financial markets are influenced by many external social-
psychological and economic factors [6]. Since the early 
1990’s, ANNs have become the most popular machine 
learning technique used as alternative to standard statistical 
models in financial time series analysis and prediction [7]. In 
this paper we will use a feed forward ANN with Back 
Propagation Learning Algorithm to train the network. The 
data used in the research to train the network are collected 
used Crypto Compare API to cryptocurrencies different 
indicators, for two prediction trials, predicting day close prices 
and hour close prices using Encog Framework for machine 
learning. 

II. THE CRYPTOCURRENCY, BITCOIN AS A 

STUDY EXAMPLE 

We define an electronic coin as a chain of digital signatures. 
Each owner transfers the coin to the next by digitally signing 
a hash of the previous transaction and the public key of the 
next owner and adding these to the end of the coin [10] (figure 
1). 
Bitcoin is a peer-to-peer network that maintains a public 
decentralized ledger of digital math-based assets known as 
bitcoins. The integrity of this ledger is backed and secured by 
a subnetwork of computers (miners) who audit and archive 
its transactions for a reward [9]. A payee can verify the 
signatures to verify the chain of ownership. Their ownership 
cannot be changed within the ledger without instructions 
from their current owner that have been cryptographically 
authenticated (digital signatures) by a majority of nodes on 
the Bitcoin network. In essence, “sending a bitcoin” is 
sending instructions to the network to make a change of 
custody in the public ledger [9]. 

III. FEED FORWARD ARTIFICIAL NEURAL NETWORK

A. Artificial Neural Network:

An artificial neural network (ANN), usually called neural
network (NN), is a mathematical model or computational 
model that is inspired by the structure and/or functional 
aspects of biological neural networks. In an artificial neural 
network, simple artificial nodes, variously called "neurons" 
(Figure 2), are connected together to form a network of nodes 
mimicking the biological neural networks.  The artificial 
neuron receives one or more inputs (representing the one or 
more dendrites) sums them to produce an output (representing 

Fig. 1. Figure 1: Satoshi Nakamoto diagram in his paper "Bitcoin: 
A Peer-to-Peer Electronic Cash System”. 
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a biological neuron's axon). Usually the sums of each node are 
weighted, and the sum is passed through a non-linear function 
known as an activation function or transfer function. The 
transfer functions usually have a sigmoid shape, but they may 
also take the form of other non-linear functions, piecewise 
linear functions, or step functions [13][14][15][16]. 

 

 

B. Feed Forward Neural Network: 

In our model we use a feed forward neural with hidden 
layers. in feed forward network neurons are only connected 
forward. Each layer of the neural network contains 
connections the next layer without back connections network 
(Figure 3). Typically, the network consists of a set of sensory 
units or neurons that constitute the input layer, one or more 
hidden layers of computation nodes, and an output layer of 
computation nodes [14]. The input signal propagates through 
the network in a forward direction, on a layer by layer basis. 
Each neuron receives the input signal from the nodes in layer 
before as a vector: 

 
So, the net input will be calculated by: 
 

 
Where Wji is the weight matrix from i neuron to j neuron. 

And the output to the next layer is calculated like this: 

Where f(uj) is the activation function.  
 

C. Data Normalization: 

As the collected data has different values with different 
scales, it is necessary to adjust and normalize the values at 
the beginning of the modelling for improving the network 
training step. The data normalization range is chosen to be 
[0,1] and the equation for data normalization is given by:  

 

 

where Xk is the data series, X* is the normalized data, Xk,n is  
the original value [11][12]. 
 

III. Learning Algorithm, Resilient Back Propagation 
Algorithm 

 
A. Learning Algorithm: 

The property that is of primary significance for a neural 
network is the ability of the network to learn from its 
environment. Learning involves adjustments to the synaptic 
connections that exist between the neurons. Ideally the 
network becomes more knowledgeable about its environment 
after each iteration of the learning process. Learning is 
process by which the free parameters of a neural network are 
adapted through a process of stimulation by the environment 
in which the network is embedded. The type of learning is 
determined by the manner in which the parameter changes 
take place. A set of well-defined rules for the solution of a 
learning problem is called a learning algorithm. Learning 
algorithms differ from each other in the way in which the 
adjustment to a synaptic weight of a neuron is formulated. 
Another factor to be considered is the manner in which a 
neural network relates to its environment. In this context we 
speak of a learning paradigm that refers to a model of the 
environment in which the neural network operates [14]. 

 
B.  Supervised Learning: 

Training is the means by which the weights and threshold 
values of a neural network are adjusted to give desirable 
outputs, thus making the network adjust the response to the 
value which best fits the training data. Propagation Training 
is a form of supervised training, where the expected output is 
given to the training algorithm [8].  

Figure 3: Neuron’s components in the Artificial Neural 
Network. [14] 

Figure 2: The Feed Forward Neural Network with Hidden 
Layer. [14] 
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The learning rule is provided with a set of training 
set of proper network behavior: 
 

xn: Input to the network. 
dn: Corresponding correct desired output. 
 
As the inputs are applied to the network, the network outputs 
are compared with the desired outputs. 
The weight vector: 
The learning signal: 
 
The increment of the weight vector produced by 
the learning step at time t according to the general rule is: 
 

The learning rate c > 0.  
The adapted weight vector: 

 
In discrete time: 

[14]. 
 
C. Resilient Back Propagation: 

Resilient back propagation (Rprop), an algorithm that 
can be used to train a neural network, is similar to the more 
common (regular) back-propagation. But it has two main 
advantages over back propagation: First, training with Rprop 
is often faster than training with back propagation. Second, 
Rprop doesn't require to specify any free parameter values, as 
opposed to back propagation which needs values for the 
learning rate (and usually an optional momentum term). The 
main disadvantage of Rprop is that it's a more complex 
algorithm to implement than back propagation.  

The Algorithm:  

 
while epoch < maxEpochs loop 
  calculate gradient over all training 
     items 
  for each weight (and bias) loop 
    if prev and curr partials have same 
    sign 
      increase the previously used delta 
      update weight using  new delta 
    else if prev and curr partials have 

different signs 
      decrease the previously used delta 
      revert weight to prev value 
    end if 
    prev delta = new delta 
    prev gradient = curr gradient 
  end-for 
  ++epoch 
end-while 
return curr weights and bias values 
 

Rprop is based on a mathematical concept called the gradient 
(figure 4). The idea here is there must be some measure of 
error (there are several), and that the value of the error will 
change as the value of one weight changes, that the values of 
the other weights and biases the same. A gradient is made up 
of several "partial derivatives." A partial derivative for a 
weight can be thought of as the slope of the tangent line (the 

slope, not the tangent line itself) to the error function for some 
value of the weight. The sign of the slope/partial derivative 
indicates which direction to go in order to get to a smaller 
error. A negative slope means go in the positive weight 
direction, and vice versa. The steepness (magnitude) of the 
slope indicates how rapidly the error is changing and gives a 
hint at how far to move to get to a smaller error [17]. 

 

III. RESEARCH METHOD AND ENCOG MACHINE 
LEARNING FRAMEWORK 

 
A. Main Research Method: 

To examine the model specified before to predict 
cryptocurrencies close prices, we built an application 
contains data collectors and a neural network model based on 
Encog Machine Learning Framework. We performed tests on 
different cryptocurrencies on hour/day close prices. 

 
B. Research Data: 

 The data used in the research are collected using 
CryptoCompare API, which provides practical API to get 
Cryptocurrencies data with helpful variable to get suitable 
data, e.g. sample amount, hour/day/year-based observations 
[19]. The first set of collected data for training the model 
belongs to 400 observations from 3-2-2017 to 10 -3-2018 
based on daily close price and volume values, and the 
predictions are made on the close prices of 31 days between 
March-April 2018. The other set of data belongs to 200 
observations based on hour close prices from 27-3-2018 to 3-
4 -2018 and the predictions are performed on hour close 
prices from 4-4-2018 to 11-4-2018. 

 

Figure 4: Learning in Rprop [17] 

1239

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



C. Encog Machine Learning Framework: 
Encog is an advanced machine learning framework that 

supports a variety of advanced algorithms, as well as support 
classes to normalize and process data. Machine learning 
algorithms such as Support Vector Machines, Neural 
Networks, Bayesian Networks, Hidden Markov Models, 
Genetic Programming and Genetic Algorithms are supported. 
[18]. 

D. Chosen Currencies Variables and Parameters: 
We chose 3 cryptocurrencies for the test, Bitcoin, Bitcoin 

Cash and Dash. After performing the component analysis on 
the data that we have, we chose close price and market 
volume as input. 

After creating the basic network, the basic layers, input and 
output units and two hidden layers are being added using 
Encog Framework as specified above. The model is being 
trained with the first set of data through 1000 epochs, 
with the advantage that Rprop Algorithm doesn’t need 
extra parameter for learning, and using a sentinel value 
to avoid going high error values. 

 

IV. Experimental Results 
 

A. Frist Trail, 31 Days Close Prices: 
The first train data set belongs to 400 observations from 3-2-
2017 to 10-3-2018 based on daily close price and market 
volume values. The predictions are performed on the close 
prices days between from 10-3-2018 to 11-4-2018. Figures 5-
7. 

 
B. Second Trail, 150 hours Close Prices: 
The other train data set belongs to 200 observations based on 
hour close prices and market volume values from 27-3-2018 
to 3-4-2018. The predictions are performed on hour close 
prices from 4-4-2018 to 11-4-2018. Figures 8-10. 

 

 

 

Figure5: Bitcoin day close prices 10-3-2018 to 11-4-2018, 
Real values (blue), predictions (green). 

Figure 7: Dash day close prices 10-3-2018 to 11-4-2018. 
Real values (blue), predictions (green). 

Figure 8: Bitcoin hour close prices 4-4-2018 to 11-4-2018. 
Real values (blue), predictions (green). 

Figure 5: Bitcoin Cash hour close prices 4-4-2018 to 11-4-
2018. Real values (blue), predictions (green). 

Figure 6: Bitcoin Cash day close prices 10-3-2018 to 11-4-
2018, Real values (blue), predictions (green). 
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C. Conclusions: 
The task of predicting cryptocurrencies close prices seems to 
be more complex and harder than normal stock exchange 
predictions. 

The main reason beyond the complex prediction task is that 
cryptocurrencies seem to be influenced by more external 
social-psychological factors. The different nature, popularity 
and new usage culture in the internet of the cryptocurrencies. 
And other complex factor playing important roles in changing 
the prices that don’t exist in normal markets. 

The success rate of the predictions varies between 75% to 
97.3% for Bitcoin in day close price prediction (Figure 5). 
But seems to have less variation in other coin (Figures 6-7), 
which tell us that a specific cryptocurrency may need special 
model or strategies to get good results. 

The hour close-price-based predictions seem to have more 
stable results, due to the hour based more observable and less 
variating nature of change in the prices (Figures 8-10). 

From the results we suggest using more complex models to 
predict price changes for the cryptocurrencies. 

We suggest also making use of other technologies to analyze 
web-based news and data related to cryptocurrencies to get 
better predictions. Data Mining or other technologies may be 
useful for this goal. 
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The foundation of symmetrical components
decomposition for 3-phase systems

R. Armstrong, K. Busawon, Senior, IEEE, P. Minns and R. Binns

Abstract—It is well-known that the phasors of 3-phase un-
balanced systems can decomposed into 3 balanced symmetrical
components: i) positive-sequence ii) negative sequence iii) zero-
sequence components. While this decomposition is true and
generally taken at its face value, the underlying reasoning for
such a decomposition is almost inexistent in the literature. The
main aim of this paper is to present the underlying reasoning
and foundation behind such decomposition. We present four
approaches for symmetrical components derivation: i) Geometric
ii) Intuitive iii) Optimisation iv) Diagonalisation. The objective
of this work is to present in an integrated and coherent manner
the foundation of symmetrical components to engineers and
practioners. In particular, 3-dimensional complex valued vectors
are use as a framework to visualise the geometrical properties
of symmetrical components.

Keywords: Symmetrical components, complex projection,
Fortescue’s decomposition.

I. INTRODUCTION

It is well-known that the phasors of a 3-phase un-
balanced system can be decomposed into 3 balanced
components, positive-sequence, negative-sequence and zero-
sequence. These components were referred to as symmetrical
components by Fortescu [1]. In effect, over the years the
Fortescu’s decomposition methods has been employed in many
textbooks and for diverse applications (see list of references
herein).

However, when one examine closely the paper of Fortescu
[1], it can be observed that the underlying reason as to why
such decomposition is true is not fully explained. As such,
even though it is generally agreed that the above decomposi-
tion is correct, there is always a lingering question as to why
that might be so.

The main aim of this paper is to explain the reasoning and
foundation behind the decomposition of an unbalanced system
of phasors into symmetrical components. We presents four
methods for symmetrical components derivation: i) Geometric,
ii) Intuitive, iii) Optimisation and iv) Diagonalisation.

In the geometric method we give the geometric relationship
between an unbalanced three phase system and its symmetrical
components. In the intuitive approach we present a way of
representing a number by itself plus a set of added zeros.
The choice of the added zeros is crucial. However, once
correctly chosen the procedure is straightforward and sup-
ports Fortescue’s derivation. In the optimisation approach we
minimise the error norm between an unbalance system and a

R. Armstrong, K. Busawon, P. Minns and R. Binns are with Northumbria
University, Department of Mathematics, Physics and Electrical Engineering,
Newcastle upon Tyne, UK.

positive, negative and zero sequence vector, in order to yield
the magnitude of its component. In the diagonalisation method,
it is shown that the eigenvalues are the sequence impedances
and the eigenvectors are the symmetrical components vectors.

This paper is organised as follows: In the next section,
we present the complex vector representation of a set of 3
phasors and some basic definitions. In addition, we lay down
the notations used throughout the paper. In Section 3, the
geometrical approach to symmetrical components is presented.
Section 4, is devoted to the intuitive approach to symmetrical
components. Section 4 deals with the optimisation approach
to symmetrical component. Section 5 give a brief overview
of the diagonalisation approach to symmetrical components.
Finally, some concluding remarks are given in Section 6.

Notations:
Throughout this paper we shall use the following notations:
The set of complex numbers is denoted by C and the 3-

dimensional complex vector space is denoted by C3. Every
real scalar or complex number will be denoted by a small
letter. The complex conjugate of a complex number z is denote
by z

⇤ and its magnitude by |z|. Every vector will be denoted
by either a capital or a small bold letter. The transpose of
a vector V will be denoted by VT . The norm of a vector
V 2 C3 is denoted by kVk. We shall denote by V1 ? V2

two vectors V1 and V2 that are perpendicular to each other.
Finally, we shall denote by a the special complex number:

a = e

j 2⇡
3

= �1

2

+ j

p
3

2

(1)

which one of the primitives of the cube root of unity.

II. SOME DEFINITIONS AND PRELIMINARY RESULTS

A. Complex vector representation of a set of 3 phasors

In the majority of papers and textbooks, a set of 3 phasors
are depicted as co-planar vectors in the complex plane C. Such
depiction is only valid for magnitude and phase comparison
purpose between each vectors. However, not mathematically
rigorous when it comes to explain symmetrical components.
In effect, one cannot expect to decompose a vector on a
plane, which is of dimension 2, into three independent vectors.
For this reason, a proper way to characterise a set of 3
phasors would be to view them as a vector in the 3D complex
space C3

; that is, the complex space of dimension 3. In this
space, every axis is a complex plane and every vector has 3
components, each of which is a complex number itself. As a
result, under this representation, one cannot generally draw a
vector in C3 (as it is customarily done in the real vector space
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R3) but one can however abstractly visualise such a vector.
Consequently, throughout this work, every three phase set of
voltages will be represented by a vector in the complex 3D
space, C3 as follows:

V =

0

@
VA

VB

VC

1

A
.

B. Inner product, norm and orthogonality

Now, since the complex space C3 is a finite Hilbert space
[7], the inner product between two complex vectors V1 and
V2 is given by

hV1,V2i = V1 ·V⇤
2 = VT

1 V
⇤
2

where V⇤
2 is the complex conjugate of V2 and VT

1 denotes
the transpose of V1.

More precisely

hV1,V2i =

�
V1A V1B V1C

�
0

@
V

⇤
2A

V

⇤
2B

V

⇤
2C

1

A

= V1AV
⇤
2A + V1BV

⇤
2B + V1CV

⇤
2C .

In particular, we define the norm of V as

kVk2 = hV,Vi
= V ·V⇤

= VAV
⇤
A + VBV

⇤
B + VCV

⇤
C

= |VA|2 + |VB |2 + |VC |2 . (2)

Note that kVk = kV⇤k.
The inner product hV1,V2i is the complex projection of

the vector V1 onto V2. In particular, we say that two vectors
V1 and V2 in the complex space C3 are orthogonal if

hV1,V2i = 0. (3)

Remark 1: Note that hV1,V2i is a complex number.
However, kVk is a positive real scalar. in effect, note that in
practical terms the inner product of a set of 3-phase voltages,
V,with a set of 3-phase current, I, gives the total complex
power hV, Ii = V · I⇤ = S = P + jQ. More precisely,

V · I⇤ =

�
VA VB VC

�
0

@
I

⇤
A
I

⇤
B
I

⇤
C

1

A

= VAI
⇤
A + VBI

⇤
B + VCI

⇤
C

= (PA + jQA) + (PB + jQB) + (PC + jQC)

= PA + PB + PC + j (QA +QB +QC)

= P + jQ = S

which is the total complex power and vars.

V

P=U-V

U= W

W

Fig. 1: Orthogonal projection of V onto W

C. Orthogonal projection in complex space
For vectors in the real 3-dimensional space, we know that

the projection of a vector V 2 R3 onto a vector W 2 R3 is
orthogonal if and only if the angle between them is ⇡

2 . On the
other hand, as it has been stated previously, complex vectors
cannot be drawn as in the real case. Furthermore, it is not
possible to exhibit angles between complex vectors. Therefore,
one has to figure a new way expressing orthogonality between
two vectors in C3 withoust resorting to the notion of angles.
For this, recall that, by definition, the vector projection of
a vector V 2 C3 onto a vector W 2 C3 is a vector that is
pointing in the same direction of W multiplied by a scalar ↵ as
shown in Figure 1. This scalar is called the ’scalar projection’
of vector V onto W. In the context of 3-dimensional space,
↵ is a complex number. Additionally, in order to guarantee an
orthogonal projection of vector V onto W one has to choose
↵ appropriately.

In what follows, we give a technical result, under which V
is orthogonally projected onto W.

Lemma 1. Let the vector U = ↵W be the projection of V

in the direction of W with ↵ 2 C. Then, U is orthogonal to
W if and only if ↵ = � where

� =

hV,Wi
kWk2

=

V ·W⇤

kWk2
. (4)

Proof: From Figure 1, we can see that

P = V �U

So that
P ·W⇤

= V ·W⇤ �U ·W⇤

If � =

V·W⇤

kWk2 , that is V ·W⇤
= � kWk2, we have

P ·W⇤
= � kWk2 � ↵W ·W⇤

= � kWk2 � ↵ kWk2

From the last equality, we can see that P ·W⇤
= 0 (i.e. P

is orthogonal to W) if ↵ = �.
Conversely, suppose that P is orthogonal to W then

0 = P ·W⇤

= (V �U) ·W⇤

= (V � �W) ·W⇤

= V ·W⇤ � �W ·W⇤

Hence,
� =

V ·W⇤

kWk2
.
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This completes the proof of Lemma 1.

III. GEOMETRICAL APPROACH

In this section, we display the geometric relationship be-
tween an unbalanced three phase system and its symmetri-
cal components. We do not make any assumption that an
unbalance system can be decomposed into its symmetrical
components. We rather proceed by using the physical and
practical aspects of three phase real systems. The main aim
here is to find a new orthogonal basis in C3 - other than the
standard basis e1 =

�
1 0 0

�T
, e2 =

�
0 1 0

�T and
e3 =

�
0 0 1

�T - over which an unbalance set of vectors
can be decompose into.

A. Positive sequence component

Let

V =

0

@
VA

VB

VC

1

A (5)

be an arbitrary unbalanced set with VA, VB , and VC being
complex.

We start by stating the fact that a positive sequence set
of balanced voltages is supplied by the Electricity Supply
Authorities as

V+ =

0

@
VA+

VB+

VC+

1

A
= v1S+ (6)

with v1 = VA+ 2 C and

S+ =

0

@
1

a

2

a

1

A
. (7)

In other words, all the positive sequence set are taken to be
(complex) multiples of S+. This identifies a first base vector,
S+ in C3

.

Then, the positive sequence set contained in V can be
extracted by the process of projecting V onto S+ to determine
v1 using the above equation (4):

v1 =

V · S⇤
+

kS+k2

=

V · S⇤
+

3

=

1

3

�
VA VB VC

�
0

@
1

a

a

2

1

A

=

1

3

�
VA + aVB + a

2
VC

�
(8)

which yields the coefficient (or ’magnitude’) of the positive
sequence set.

B. Zero sequence component
Next, we use the well-known fact that a three phase system

with unbalanced loads, V, will exhibit an offset neutral
voltage. This gives

VA = VA+ + VN = v1 + VN

VB = VB+ + VN = a

2
v1 + VN

VC = VC+ + VN = av1 + VN

In vector form we have

V = V+ +V0

where

V0 = VN

0

@
1

1

1

1

A

Now, projecting this vector onto S+ =

�
1, a

2
, a

�T
, we get

V · S⇤
+ = (V+ +V0) · S⇤

+

= V+ · S⇤
+ +V0 · S⇤

+

= v1

�
1 + a

3
+ a

3
�
+ VN

�
1 + a+ a

2
�
= 3v1

This shows that vectors representing three co-phasal volt-
ages are orthogonal to vectors representing positive sequence
balanced set since V0 · S⇤

+ = 0. This identifies another base
vector, S0, in C3 where

S0 =

0

@
1

1

1

1

A (9)

which is defined as the zero sequence vector (since S0 ?
S+).

Therefore, one can simply project V onto the vector S0 in
order to extract the co-phasal (same phase) set. This yields

V · S⇤
0 = (V+ +V0) · S⇤

0

= V+ · S⇤
0 +V0 · S⇤

0

= v1

�
1 + a

2
+ a

�
+ VN (1 + 1 + 1) = 3VN

which identifies the magnitude of the offset vector V0. These
three co-phasal voltages have no sequence and are termed the
zero sequence set.

The coefficient of the zero sequence, v0, is then obtained
by using equation (4) and which yields:

v0 =

V · S⇤
0

kS0k2

=

1

3

(VA + VB + VC) = VN .

C. Negative sequence component
Now that we have obtained V0 and V+, we can obtained

the remaining voltage set by substracting the positive sequence
component V+ and the zero sequence component V0 from V.

That is,

R = V �V+ �V0

=

0

@
VA � v1 � v0

VB � v1a
2 � v0

VC � v1a� v0

1

A
=

0

@
R1

R2

R3

1

A
.
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By substituting v0 and v1 in R1, we get

R1 = VA � 1

3

�
VA + aVB + a

2
VC

�
� 1

3

(VA + VB + VC)

=

1

3

VA � 1

3

(1 + a)VB � 1

3

�
a

2
+ 1

�
VC

=

1

3

�
VA + a

2
VB + aVC

�
.

Similarly, one can check that

R2 =

1

3

a

�
VA + a

2
VB + aVC

�

R3 =

1

3

a

2
�
VA + a

2
VB + aVC

�

The remaining set R is then given by:

R =

0

@
1
3

�
VA + a

2
VB + aVC

�
1
3a

�
VA + a

2
VB + aVC

�
1
3a

2
�
VA + a

2
VB + aVC

�

1

A

= v2

0

@
1

a

2

a

1

A
= v2S� = V�.

with
v2 =

1

3

�
VA + a

2
VB + aVC

�
(10)

and

S� =

0

@
1

a

2

a

1

A (11)

This identifies the third base vector S� in C3
. The remain-

ing sequence R is completely represented by the negative
sequence vector V� and therefore contain no more compo-
nents. The three sequence magnitudes, v0, v1 and v2 can be
conveniently represented in matrix form

0

@
v0

v1

v2

1

A
=

1

3

0

@
1 1 1

1 a a

2

1 a

2
a

1

A

0

@
VA

VB

VC

1

A

which has inverse0

@
VA

VB

VC

1

A
=

0

@
1 1 1

1 a

2
a

1 a a

2

1

A

0

@
v0

v1

v2

1

A
= Sv

where

S =

0

@
1 1 1

1 a

2
a

1 a a

2

1

A and v =

0

@
v0

v1

v2

1

A
. (12)

The three sequence vectors S0, S+ and S� are mutually
orthogonal and therefore form an alternative basis to the
standard basis:

e1 =

0

@
1

0

0

1

A
, e2 =

0

@
0

1

0

1

A and e3 =

0

@
0

0

1

1

A
.

As such any vector W can be expressed in either basis

W = VA

0

@
1

0

0

1

A
+VB

0

@
0

1

0

1

A
+VC

0

@
0

0

1

1

A

= v0

0

@
1

1

1

1

A
+ v1

0

@
1

a

2

a

1

A
+ v2

0

@
1

a

a

2

1

A
.

In other words,

W = VAe1+VBe2+VCe3 = v0S0+ v1S++ v2S�. (13)

This is precisely Fortescue theorem: ” Any unbalanced 3-
phase set is the sum of three symmetrical balanced set”.

IV. INTUITIVE APPROACH

Another approach that can give an insight of Fortescue’s
symmetrical components comes from the fact that their deriva-
tion is essentially an ’add and substract’ technique. It is not
clear that Fortescue had such an insight. However, in his
paper these ideas were simply laid down and the underlying
reasoning was not explained. In what follows we explain the
underlying reasoning for such derivation for a 3-phase system.
Fortescue observed that a 3-phase system V+ = v1(1, a

2
, a)

T

is significantly different from another 3-phase system V� =

v2(1, a, a
2
)

T and that the corresponding multipliers are the
cube roots of unity (i.e. roots of x3�1 = 0 which are 1, a, a

2).
Furthermore, 1+a+a

2
= 0. Consider 3 voltages VA, VB and

VC .

We can write

VA =

1

3

(VA + VA + VA) + 0 + 0

Introducing VB and VC and using the fact that 1+a+a

2
=

0, we get

VA =

1

3

(VA + VA + VA) +
1

3

�
1 + a+ a

2
�
VB

+

1

3

�
1 + a

2
+ a

�
VC

Rearranging the terms, by collecting the 1st, 2nd and 3rd
terms from each brackets, we get

VA =

1

3

(VA + VB + VC) +
1

3

�
VA + aVB + a

2
VC

�

+

1

3

�
VA + a

2
VB + aVC

�

= v0 + v1 + v2

Next

VB = 0 +

1

3

(VB + VB + VB) + 0

Again introducing VA and VC , so that

VB =

1

3

�
1 + a

2
+ a

�
VA +

1

3

(VB + VB + VB)

+

1

3

�
1 + a+ a

2
�
VC

Again, rearranging the terms, by collecting the 1st, 2nd and
3rd terms from each brackets, we get

VB =

1

3

(VA + VB + VC) +
1

3

�
a

2
VA + VB + aVC

�

+

1

3

�
aVA + VB + a

2
VC

�
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Now since, a3 = 1 and a

4
= a, we have

VB =

1

3

(VA + VB + VC) +
1

3

a

2
�
VA + aVB + a

2
VC

�

+

1

3

a

�
a

3
VA + a

2
VB + aVC

�

=

1

3

(VA + VB + VC) +
1

3

a

2
�
VA + aVB + a

2
VC

�

+

1

3

a

�
VA + a

2
VB + aVC

�

= v0 + a

2
v1 + av2

Finally,

VC = 0 + 0 +

1

3

(VC + VC + VC)

=

1

3

�
1 + a+ a

2
�
VA +

1

3

�
1 + a

2
+ a

�
VB

+

1

3

(VC + VC + VC)

which can be rearranged to obtain

VC =

1

3

(VA + VB + VC) +
1

3

a

�
VA + aVB + a

2
VC

�

+

1

3

a

2
�
VA + a

2
VB + aVC

�

= v0 + av1 + a

2
v2.

In vector form, we have
0

@
VA

VB

VC

1

A
=

0

@
1

1

1

1

A
v0 +

0

@
1

a

2

a

1

A
v1 +

0

@
1

a

a

2

1

A
v2

which expresses VA, VB and VC in terms of v0, v1 and v2.

V. LEAST SQUARE OPTIMISATION APPROACH

Consider an unbalance 3-phase set of voltages

V =

0

@
VA

VB

VC

1

A

and a balanced 3-phase vector W as in (13); that is

W = V+ +V� +V0 =

0

@
v0 + v1 + v2

v0 + a

2
v1 + av2

v0 + av1 + a

2
v2

1

A

Let ✏ = V �W be the error vector between V and W, so
that,

✏ = V �W

=

0

@
VA

VB

VC

1

A�

0

@
v0 + v1 + v2

v0 + a

2
v1 + av2

v0 + av1 + a

2
v2

1

A

=

0

@
✏A

✏B

✏C

1

A
.

The main aim of this section is to find v0, v1 and v2 such that
k✏k is minimum. The norm of ✏ is given by

k✏k2 = h✏, ✏i
= |✏A|2 + |✏B |2 + |✏C |2 .

Now,

|✏A|2 = (VA � (v0 + v1 + v2)) (VA � (v0 + v1 + v2))
⇤

= VAV
⇤
A � VA (v

⇤
0 + v

⇤
1 + v

⇤
2)

�V

⇤
A (v0 + v1 + v2)

+ (v1 + v0 + v2) (v
⇤
0 + v

⇤
1 + v

⇤
2)

= |VA|2 � VA (v

⇤
0 + v

⇤
1 + v

⇤
2)

�V

⇤
A (v0 + v1 + v2) + |v1 + v0 + v2|2

Next, one can check that

|✏B |2 = |VB |2 � V

⇤
B

�
v0 + a

2
v1 + av2

�

�VB

�
v

⇤
0 + av

⇤
1 + a

2
v

⇤
2

�

+

��
v0 + a

2
v1 + av2

��2

Similarly, one can check that

|✏C |2 = |VC |2 � VC

�
v

⇤
0 + a

2
v

⇤
1 + av

⇤
2

�

�V

⇤
C

�
v0 + av1 + a

2
v2

�

+

��
v0 + av1 + a

2
v2

��2

After some lenghty calculations, one can verify that

k✏k2 = kVk2 + 3 |v1|2 + 3 |v0|2 + 3 |v2|2

�v

⇤
0 (VC + VA + VB)

�v

⇤
1

�
VA + aVB + a

2
VC

�

�v

⇤
2

�
VA + a

2
VB + aVC

�

�v0 (VC + VA + VB)
⇤

�v1

�
VA + aVB + a

2
VC

�⇤

�v2

�
VA + a

2
VB + aVC

�⇤
.

Now let us rewrite the variables involved in complex polar
form; that is, v0 = |v0| ej✓0 , v1 = |v1| ej✓1 , v2 = |v2| ej✓2 ,
(VC + VA + VB) = |E0| ej�0 and

�
VA + aVB + a

2
VC

�
=

|E1| ej�1 and
�
VA + a

2
VB + aVC

�
= |E2| ej�2

. Note that
here |v0| , ✓0, |v1|, ✓1 and |v2| and ✓2 are unknown while
|E0| , �0, |E1|, �1 and |E2| and �2 are known. The aim here
is to find the variables |v0| , ✓0, |v1|, ✓1, |v2| and ✓2 so that
k✏k is minimum. These are attained when:

@ k✏k2

@ |v0|
= 6 |v0|� 2 |E0| cos (✓0 � �0) = 0 (14)

@ k✏k2

@ |✓0|
= 2 |v0| |E0| sin (✓0 � �0) = 0 (15)

@ k✏k2

@ |v1|
= 6 |v1|� 2 |E1| cos (✓1 � �1) = 0 (16)

@ k✏k2

@ |✓1|
= 2 |v1| |E1| sin (✓1 � �1) = 0 (17)

@ k✏k2

@ |v2|
= 6 |v2|� 2 |E2| cos (✓2 � �2) = 0 (18)

@ k✏k2

@ |✓2|
= 2 |v2| |E2| sin (✓2 � �2) = 0 (19)
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This leads to

k✏k2 = kVk2 + 3 |v0|2 + 3 |v1|2 + 3 |v2|2

�2 |v0| |E0| cos (✓0 � �0)

�2 |v1| |E1| cos (✓1 � �1)

�2 |v2| |E2| cos (✓2 � �2)

Since the minimum is attained when ✓i = �i and |Ei| = 3 |vi|,
i = 0, 1, 2 one can show that: k✏k2 = 0.

VI. DIAGONALISATION APPROACH

Consider an unbalanced 3-phase system:

V = ZI (20)

More precisely,
0

@
VA

VB

VC

1

A
=

0

@
Z11 Z12 Z13

Z21 Z22 Z23

Z31 Z32 Z33

1

A

0

@
IA

IB

IC

1

A (21)

For a symmetrical 3-phase system Z11 = Z22 = Z33 =

Za. For a physically unbalanced system, using Geometrical
Mean Distance (GMD) and Geometrical Mean Radius (GMR),
one can represent such a system as an equivalent physically
balanced system. If the system contains rotating synchronous
alternators, then Z12 6= Z21, Z23 6= Z32 and Z13 6= Z31.

This is due to the rotation of the rotor. When the alternator is
carrying load current in the stator, the interaction of the stator
magnetic field and the root magnetic field causes the field
in the air gap to be skewed; i.e. not radial. This allows the
leakage flux to be pulled in one direction, thereby increasing
the mutual coupling.

Z11 = Z22 = Z33 = Za

Z12 = Z23 = Z31 = Zb

Z21 = Z32 = Z13 = Zc

Therefore, the impedance matrix is given by

Z =

0

@
Za Zb Zc

Zc Za Zb

Zb Zc Za

1

A

One can check that the eigenvalues of Z are

s0 = Za + Zb + Zc

s1 = Za + a

2
Zb + aZc

s2 = Za + aZb + a

2
Zc

and the eigenvectors associated to s0, s1 and s2 are S0 =

(1, 1, 1)

T
, S+ =

�
1, a

2
, a

�T and S� =

�
1, a, a

2
�T

. Now,
using the eigenvectors as an alternative basis, we can rewrite
the current and the voltage as follows:

I = i0S0 + i1S+ + i2S� = SIseq

V = v0S0 + v1S+ + v2S� = SVseq

where

S =

0

@
1 1 1

1 a

2
a

1 a a

2

1

A

and

Iseq =

0

@
i0

i1

i2

1

A and Vseq=

0

@
v0

v1

v2

1

A
.

Now, from the above, we have

Vseq = S�1V =S�1ZI =
�
S�1ZS

�
Iseq = ZseqIseq

Hence,

Zseq = S�1ZS

= diag
�
z11, z22, z33

�

where

z11 = Za + Zb + Zc

z22 = Za + a

2
Zb + aZc

z33 = Za + aZb + a

2
Zc

which is the impedance that the system presents to the flow of
the sequence currents. The diagonal elements of Zseq are the
zero, positive and negative sequence impedances respectively.

VII. CONCLUDING REMARKS

In this paper,we have presented four approaches for sym-
metrical components derivation, namely a geometric, intu-
itive, optimisation and diagonalisation approach. We have first
represented any 3-phase set of voltages as a three dimen-
sional vector in the complex space. Then, from the circuit
considerations three special vectors are identified and the
symmetrical components are seen to be the resolution of the
unbalanced set along these special set of vectors. This forms
the basis of the geometrical approach. The intuitive approach
finds a way of representing a number by itself plus a set of
added zeros and coincides with Fortescue’s derivation. The
optimisation approach consist in minimising the error norm
between an arbitrary vector and a given sequence vector, for
instance, in order to yield the magnitude of that component.
In the diagonalisation it is shown that the eigenvalues are the
sequence impedances and the eigenvectors are the symmetrical
components vectors. Further works will consists in extending
these approaches to n-phase systems.
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Abstract—This paper presents a study of a Photovoltaic (PV)

grid-connected system. The system contains PV panels, boost

converters controlled by an Incremental Conductance algorithm

(INC) to extract the maximum power and a two-level inverter

linking the PV system to the power system. The sliding mode con-

trol (SMC) is used to control inverter. Simulations are performed

under Matlab/SimPower System software. The performance and

behavior of the proposed system are presented in the simulation

results.

Index Terms—Photovoltaic, Boost converter, Incremental Con-

ductance algorithm,two-level inverter, sliding mode control.

I. INTRODUCTION

The conversion of light into electricity is done via PV cells,
these are generally silicon-based with an efficiency of 12%
to 16%. At beginning, the use of PV energy was mainly for
important projects due to its high cost, like space projects
for instance. However, a lot of research has been carried out
to improve the efficiency of PV cells, which resulted in a
considerable cost reduction [1]. The worldwide installed PV
capacity has recently grown in a fast pace reaching 140 GW
[2]. PV energy can be divided into three important categories,
namely [3]:

• Stand-alone PV systems for isolated sites: these are
usually used for water pumping in agricultural activities,
or in supplying remote homes where grid connection is
not viable, these systems incorporate storage batteries.
The study in [4] shows that there are several application
modes of photovoltaic agriculture.

• Hybrid systems: such systems combine multiple re-
sources and contain storage batteries, they can be either
on-grid or off-grid systems. A state of art development
of hybrid energy system using wind and PV-solar is
presented in [5].

• Grid-connected PV systems: these are usually large-
scale systems dedicated to the production of high power.
For example, in [6] the performance analysis of a grid
connected photovoltaic park on the island of Crete is
done, they are concluded that the Grid-connected PV
systems is considered satisfactory.

In this article, we are interested in studying a complete
grid-connected PV system. Since all the power extracted from

the PV panels is entirely injected into the electrical network,
for direct transmission, distribution and consumption, this is
facilitated with the rapid advancements in power electronics
[7]. The absence of batteries make from the grid connected
systems more cost effective and require less maintenance
[8]. The aim of this study is to increase the performance
and robustness of PV generator connected to the three-phase
electricity network by using simple converters and developed
control algorithms.

II. SYSTEM DESCRIPTION

According to [8], there is many topologies of PV system
connected to the grid. In this paper, the multi string topology
is used. This structure is divided into three parts:

• The first stage represents the PV generator which is a
set of PV panels.

• The second stage represent a set of boost converters.
• The last stage connects the two previous stages to the

grid via an inverter.
Figure 1 shows the system under study with its three stages.
As illustrated in the figure, each of the boost converters uses
an incremental MPPT [9] to extract the maximum power from
the PV, while SMC is used for controlling the inverter.

III. PHOTOVOLTAIC PANEL MODEL

To approach the real behavior of the PV panel, a lot of
research has been done on the modeling of PV cells. K.
Nishioka [10] proposed a three-diode model, while J.A. Gow
[11] worked on a two-diode model. Villalva [12] on the other
hand was interested in the one diode model only, this model
has been chosen in this work because of its simplicity. It
consists of PV current generator, a diode, a parallel resistor
and series resistor as seen in the following figure:

The expressions of this model are given as follows

I = Iph � I0[exp(
(Vpv +RsI)

(Vta)
)� 1]� (Vpv +RsI)

Rp
(1)

Vt =
(NskT )

q

(2)
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Fig. 1. Photovoltaic system connected to the power system.

Fig. 2. Model of the photovoltaic panel.

IV. MODELING OF THE BOOST CONVERTER

The boost converter is an adaptation stage between the PV
panels and the inverter. It is used to regulate the input voltage.
Fig. 3 shows the equivalent circuit of the boost converter,
which consists of an inductor L, a switch S, a diode D and a
capacitor C. The latter must be larger enough to smooth the
output voltage.

We divide the mode of operation of the boost converter
according to the state of the switch S:

• If S is activated (S = 1), the inductor is charged by the PV
panels. The diode is used to block the capacitor current.

• If S is deactivated (S = 0), the energy stored in the
inductor is added together with that of the generator
(booster effect), and the diode turned on.

Fig. 3. Boost converter circuit

The duty cycle of the boost converter is given as follows:

↵ = 1� Vpv

Vdc
(3)

V. MPPT COMMAND: INCREMENT OF THE CONDUCTANCE
(INC)

To track the maximum power point, it is necessary to use the
MPPT control (Maximum Power Point Tracking). The MPPT
controls the boost converter to extract the maximum power
from the PV panels regardless of climate conditions.

There are several types of MPPT commands that have been
developed, such as the the Perturb and Observe algorithm (P &
O) proposed by C.Hua [13], the Fractional Open Circuit Volt-
age algorithm proposed by J.Ahmad [14] and the Conductance
Increment algorithm (INC) proposed by R. I. Putri [15]. The
INC command has several advantages; it is independent of PV
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panel parameters, simple to implement and robust to climate
change. Figure 4 shows the flowchart of the INC command.

Fig. 4. Flowchart of the INC command.

VI. MATHEMATICAL MODEL OF POWERS, FILTER RL AND
CONTINUOUS BUS

The PV generator (PV panels + boost) is connected to the
grid via an inverter with an RL filter.

The grid pulsation !s is obtained by a PLL [16], the
latter is used to synchronize the inverter voltage with that
of the power system. In addition, PLL determines the Park
transformation angle ✓s. Grid voltages are sinusoidal and
symmetrical so the direct voltage component of the network
is given by (Vsd = 0) and the quadrature voltage is defined
as (Vsq = Vs). The equations of the active and reactive power
(Ps, Qs) are as follows:

⇢
Ps = Vsq.isq

Qs = Vsq.isd
(4)

By neglecting the losses in the capacitor, the inverter and the
RL filter and applying Park’s transformation; the mathematical
model of the filter and DC bus are obtained as:

8
>>>>><

>>>>>:

difd

dt

=
1

Lf
(�Rf ifd + !sLf ifq � Vfd)

difq

dt

=
1

Lf
(Vsq �Rf ifq � !sLf ifd � Vfq)

dVdc

dt

=
1

C

(ifq + ipv)

(5)

With (Vfd, Vfq, ifd, ifq) are the voltages and currents of the
filter, Rf the filter resistance, Lf the filter inductance, Vdc the

continuous bus voltage, ipv the current of photovoltaic panels
and C the capacitor.

Remark: We use the direct current ifd to control the reactive
power and the quadrature current ifq to control the voltage of
the DC bus.

VII. INVERTER CONTROL BY SLIDING MODE

Late seventies V. I.UTKIN [17] introduced the SM theory.
The principle of this control is to force the system to wait
for a given surface and then switch around it to the point
of equilibrium. This control has several advantages such as
robustness, reliability and simplicity. It is used in order to
control the voltage of the DC bus and to control the power
factor. The SMC depends on three main things:

A. The choice of sliding surface

To ensure the convergence of a variable to its desired value,
J.J.Slotine [18] proposed the following surface equation

S = (
d

dt

+ �)n�1
e(x) (6)

With:
� positive coefficient.
n Relative degree.

By applying the previous form on our system. We get the
surfaces as follows:

⇢
S1 = i

⇤
fd � ifd

S2 = V̇

⇤
dc � 1

C (ifq + ipv) + �(V ⇤
dc � Vdc)

(7)

B. Convergence condition

To ensure the stability of the systems, we generally use the
Lyapunov function:

V (x) =
1

2
S

2(x) (8)

So, for the surface to converge to zero, a condition of
attractiveness has been proposed by V. I.UTKIN [17]:

S(x) ˙
S(x) < 0 (9)

C. Calculation of control laws

According to J.J.Slotine [18], the command V necessary to
bring the variable to be controlled to the surface and then to
its equilibrium is defined by the relation:

V = Veq + VN (10)

Where:Veq Corresponds to the equivalent control, it is
calculated by setting Ṡ = 0,VN = 0.

After the calculation of Veq , VN is chosen in such a way the
convergence condition S(x) ˙

S(x) < 0 is verified. The simplest
solution is to choose VN as relays.

So, we obtain equation (11) where Vd, Vq and K are the
Direct voltage,the quadrature voltage and Positive coefficient
respectively.

8
<

:
Vd = �Lf

˙
ifd

⇤ �Rf ifd + !sLf ifq �Ksing(S1)

Vq = �CLf V̈dc
⇤
+ Vsq �Rf ifq � !sLf ifd + Lf

˙
ipv � CLf�( ˙

Vdc
⇤ � 1

C

(ifq + ipv))�Ksing(S2)
(11)
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VIII. SIMULATION RESULTS

The simulations that were performed using MATLAB
SimPower-System is illustrated in the following Fig. 5:

Fig. 5. Simulation Blocks under MATLAB SimPower-System.

The simulation is applied under a constant temperature
environment of 25 C, a continuous bus reference fixed at 700
V and a grid with 220/380 V and a frequency of 50 Hz. The
simulation results obtained are as follows:

Fig. 6. Irradiance and power curve.

Fig. 7. Output voltage of photovoltaic panels.

Fig. 8. Inverter input voltage.

Fig. 9. Voltage and current curve

Fig. 10. Current of Filter, Grid and Load

The Fig. 6 illustrates the change by the power supplied pro-
duced by the photovoltaic pannel. This power varies according
to the irradiance. For a maximum value of the irradiance
G=1000 Wm

2 the power is equal to P=4830 W. In the Fig.
7, the voltage curve shows the evolution of the efficiency of
the MPPT command based on the incremental command. Fig.
8 shows the performance of the response of the continuous
bus Vdc, which follows the set point, marked by an overshoot
less than 10% and a very short response time about 0.05s. In
addition, Fig. 9 shows the voltage and current of the filter, the
absence of phase shift shows that the power factor is unitary.
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Fig. 11. Current frequency analysis of the source

These last two Fig.s (8-9) show the efficiency of the control
by sliding mode. Fig. 10 shows the current of the load, the
filter and the grid. These currents are in phase and have
the same frequency. This figure shows also that the power
absorbed from the grid decreases as the photovoltaic generator
produces more power. In the Fig. 11 observe that the quality
of the energy supply meets the standard interconnection laws
such as (IEEE1547, IEC61727) [19] (the THD is less than
5%).

IX. CONCLUSION

In this paper, we have described the photovoltaic system
connected to the power system. We have modeled the main
elements of the complet system, Photovoltaic panel, boost
converter and inverter with RL filter. To extract the maximum
power we have used an Increment of Conductance MPPT.
A sliding mode control has been introduced to control the
continuous bus voltage Vdc and the reactive power Qs. Finally,
the results obtained show the reliability of the INC algorithm,
and the efficiency of sliding mode control in terms of tracking
and precision.
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Abstract— In this paper, we investigate the achievements 
and challenges of using polar codes in 5th generation New Radio 
(5G-NR) communications systems. Polar codes are considered 
the promising technique to solve the problems that emerged in 
previous generation wireless communications systems such as 
latency, complexity, error correction capability, network 
infrastructure and Quality of Service (QoS). Polar codes have 
been chosen as the standard control channels in 5G-NR by the 
3rd Generation Partnership Project (3GPP). In this work, we 
compare polar codes with the two competitor codes that might 
be used in 5G-NR, which are turbo codes and Low Density 
Parity Check (LDPC) Codes. The comparison between them 
focused on advantages and disadvantages of each code scheme 
to make it easy understanding the performance, achievements, 
and challenges of each code. 

Keywords— polar codes; ldpc codes; turbo codes; eMBB; 
URLLC; mMTC; error floors; complexity. 

I. INTRODUCTION 

Nowadays, wireless communications systems are 
improving rapidly. Therefore, the need for enhancing the 
current applications, delivering new services and applications 
becomes necessary. Turbo codes have been in use from the 
second generation (2G) into the fourth generation (4G) 
wireless systems, however, it is debating whether using turbo 
codes, LDPC codes or polar codes in the fifth generation (5G) 
wireless communication system. 

 Recently, polar codes have shown good performance as 
they are considered the first codes that have the ability to 
achieve the limit of Shannon capacity and they provide the 
lowest complexity compared with LDPC and turbo codes. In 
[1], it was agreed to use LDPC codes in uplink and downlink 
data channels and polar codes in uplink and downlink control 
channels. Many types of researches on how to use polar codes 
in 5G systems have found, nevertheless, many drawbacks in 
encoding and decoding detected. In encoding, the coding rate 
has appeared as a problem in classical polar codes that 
introduced by Arıkan in [2]. The rate matching technique was 
introduced to solve the problem of coding rate which studied 
in this paper. Classical Successive Cancellation (SC) decoding 
shows the lowest complexity among all the discovered 
techniques, however, it provides poor performance in Block 
Error Rate (BLER) calculation. Thenceforth, many techniques 
have appeared to fix this problem, meanwhile, each one of 
them has advantages and disadvantages. 

Every channel coding has scenarios (usages) that judge 
whether a code is suitable or not to be used in 5G systems. 
Some of these scenarios are Enhanced mobile broadband 
(eMBB), ultra-reliable and low-latency communications 
(URLLC) and Massive machine type communications 
(mMTC). Other factors such as encoding, decoding 

complexity, error floor, error corrections, etc., play a major 
role in choosing the suitable 5G coding scheme.  

The main purpose of this paper is to discuss the benefits 
and challenges of using polar codes in 5G systems. We also 
compare LDPC, turbo, and polar codes in advantages and 
disadvantages of using each one of them in 5G. In this paper, 
we do not detail the definition of polar codes, for an 
introduction we recommend referring to [3]. 

The remainder of this paper is organized as follows. 
Section II presents a brief definition of polar codes. Section III 
explains the encoding of classical polar codes, rate-matching 
polar codes, and the definition of the most common decoding 
methods. Section IV discusses the BLER of different coding 
schemes and the three main scenarios of choosing a suitable 
coding scheme to 5G which are eMBB, URLLC and mMTC. 
In this section, we also discuss system complexity and error 
floor of the turbo, LDPC, and polar codes. Section V presents 
the conclusion. 

II. POLAR CODES DEFINITION
Polar codes are considered the first codes that have the 

ability to achieve the limit of Shannon capacity with low 
encoding and decoding complexity. Polar codes are 
generated from channel polarization explained in [2]. They 
are formed by transforming the general channels into virtual 
channels in which they are either useful channels or useless 
channels. The useful channels have high channel capacity and 
useless channels have low channel capacity. In polar codes, 
we have N number of codewords which are powers of two 
with K number of highly reliable channels and they are 
assigned to information bits . We denote  to the index 
of information data bits and  to the index of frozen data 
bits.  

Fig. 1. Polar Codes Construction. 

Fig.1 shows the simple construction of polar codes in case 
of using two channels to generate the codeword that is sent 
through a channel. The codeword consists of information 
set	 , and frozen set  and they are generated by using 
generator matrix  that uses nth Kronecker product as 

u1 

u2 

x1 

x2 

W

W

y1 

y2 

W2 
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 where 	 . A codeword  of Nth 
vector can be calculated by, 
 
                                                                           (1) 

where  is the input vector with	 , , , , and 
consists of  and . 

III. POLAR CODES ENCODING AND DECODING 
Polar encoding and decoding introduced firstly in [2]. We 

generate the codeword cN by multiplying the  vector by the 
 matrix. Then the codeword  is transmitted through a 

channel. At the receiver side,  is received and decoded by 
many methods. Successive Cancelation (SC), which 
proposed in [2], suggested that decoding is done with the help 
of calculating Log-Likelihood Ratio (LLR) values. The 
output vector  is generated by using LLR soft-decision 
successively from	 , then hard-decision is applied to 
decide whether the output is 0 or 1,  

 
                

													 ,																		 	
, ,															 	                (2) 

where 	is defined as 	 , and the decision is 
based on, 

      , 	 ,						 		 ,
,

,												 																			
         (3) 

 
SC performs well when N tends to infinity [2]. Regarding 

the system complexity, SC provides a perfect result, which 
is ,  compared to other decoding methods. 
Nevertheless, it is not a practical method because of the 
ability of error correction, the BLER value, and the difficulty 
of designing a code with infinity codeword. Therefore, 
attempts kept on going to find a practical method [4], [5]. 

 
Fig. 2. Polar codes with different list sizes. 

Successive Cancelation List (SCL) decoding introduced 
in [6] in order to fix the problem of error correction in SC 
decoding. SC decoding activates only one path while SCL 
decoding method activates L number of paths. As the number 
of L increases, the system complexity increases as well, 
which the complexity becomes  When the 

number of tracks attains into a predetermined value which is 
L, the best path is chosen and all other paths are discarded 
and this method works well with moderate code lengths. 

SCL decoding suffers from some drawbacks such as if the 
correct codeword does not belong to the chosen path, then we 
will mess a correct code. Error detecting codes such as Cyclic 
Redundancy Codes (CRC) were added to improve the error 
detection in SCL decoding. This method introduced in [6], 
and it is considered the first step to the 5th generation error-
correction to improve SCL performance. Fig. 2 shows the 
simulation results of using SCL-CRC with different list sizes 
L. We conclude that as list size increases, BLER decreases as 
well, however the complexity of computation increases at the 
same time.  

In [7], [8], Adaptive SCL decoding introduced to enhance 
the system complexity and improve the throughput of the 
decoder. This method uses SC, SCL, and SCL-CRC 
altogether. It uses SC to evaluate a free bit vector then it 
calculates the CRC vector. If the CRC vector is true, we use 
the SC decoding method as a decoder, otherwise, we use the 
hard-decision SCL decoding method to decode the codeword.  

Classical polar codes suffer from the length of rate-
matching problem in which a predefined code rate R with N 
length codeword, which N must be powers of two, should be 
applied. The following section explains the rate-matching 
method that solves the problem of the coding rate in classical 
polar codes. 

A. Rate-Matching Polar Codes 

Classical polar codes have N number of codewords, 
which N must be powers of two and K information bits, 
which K must be less than N. The K information bits upload 
to the most reliable channels. Polar codes need to achieve a 
predefined rate R=K/N hence a problem of coding rate 
appears, and it is considered a limitation of applying polar 
codes for 5G systems. Therefore, rate-matching with either 
puncturing or shortening polar codes introduced in [9] to 
solve this problem.  

Puncturing and shortening polar codes seek to reduce the 
value of the mother code N. In Puncturing polar codes, we do 
not transmit some code bits, and at the decoder, we deal with 
these bits as erased bits. In shortening polar codes, we 
introduce a sub-code to the code bits in which we assume a 
fixed value, mostly zeros, to one or more code bits. These 
code bits are not transmitted as they are known at the decoder. 
This method changes the reliability of the sub-channels 
depending on the method that is used. The puncturing is 
powerful in case of low data rates and shortening is powerful 
in case of high data rates [10]. The erasure bits that produced 
from puncturing are called incapable bits and they are totally 
unreliable. Shortening does improve the reliability of the 
channels because it introduces high reliable bits which they 
correctly decoded in SC in case of correctly decoding the 
previous bits [11].  

Algorithm 1 shows the encoding of rate-matching polar 
codes where  refers to the input data bits. We get many 
advantages from this method because it helps to reduce the 
system complexity and gives a good granularity meanwhile it 
increases the BLER as shown in Fig. 3. This Figure shows 
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that as list size increases, the BLER decreases. It is clear that 
classical polar codes achieve better BLER than polar codes 
with the punctured set in case of different list sizes and 
different code rates. Decoding polar codes under this method 
is done by following the steps one to five in Algorithm 1 
firstly, then steps six to eighteen will be applied inversely to 
get the original data bits. Under this method, there is a strong 
trade-off between system complexity and BLER [9]. The 
relationship between BLER, list size, and system complexity 
is that as list size increases, the BLER decreases, meanwhile 
the system complexity increases as well. 

 

 

 

 

 

 

 

 

Fig. 3. Polar codes with rate-matching method in case of different list sizes. 

IV. 5G DISCUSSION USING POLAR CODES 
Turbo codes played an important role to achieve high 

performance in 4G wireless communication systems. As the 
fifth generation communication system requires 
improvements in many aspects such as latency should be 1 
ms instead of 10 ms in 4G [12], low complexity of encoding 
and decoding, and more services that adapt with the 
environment of modern daily life. The 5G system network 
should be flexible to offer suitable supports to various 
services, a large amount of connectivity and a large amount 
of capacity. 5G system networks require throughput up to 20 
Gbps in the downlink (DL) comparing to 1Gbps in 4G 
systems. Many studies focus on studying channel coding to 
find out which code will be suitable for 5G. In this section, 
we give some of the main usages and services that 5G needs 
and comparison between turbo, LDPC and polar codes.  

A. BLER 

In Fig. 4, we used 100 maximum number of errors and 
100000 maximum number of frames which adhere to the 
Monte-Carlo approach of calculating BLER. The modulation 
technique that used in the simulation is Binary Phase Shift 
Keying (BPSK).  

From Fig. 4, we conclude that classical polar codes 
outperform polar codes with the punctured set, even though 
polar codes with the punctured set solve the problem of 
coding rate. LDPC codes outperform both types of polar 
codes. We used (L =8, N =128) in both types of polar codes.  
LDPC codes give better BLER performance than polar codes 
in which the iterations of LDPC codes are 20 iterations. In 
this simulation, the turbo codes perform better than LDPC 
and polar codes in which the iterations are two nevertheless, 
turbo codes suffer from high system complexity and the 
existence of error floor, and therefore, they are undesirable in 
5G systems. 

 
Fig. 4. BLER calculation of different codes schemes. 

B. eMBB 

Enhanced mobile broadband stands for high data rates and 
high amount of capacities. Some of its features are diversity, 
modulation and waveform type such as Filtered–Orthogonal 
Frequency Division Multiple (F-OFDM). The eMBB 
application in 5G requires high code rates than that used in 
4G because of the advanced services in 5G systems [13]. 
LDPC codes achieve high-performance in case of code rates 
greater than or equal to 0.5. LDPC codes in case of high codes 
rates support good area efficiency and good power. Turbo 
codes, on the other hand, have weak performance, low power 
and low area efficiency in case of small blocks. LDPC codes 
have difficulty in supporting good granularity of codes while 
turbo codes achieve good granularity of codes [14].  

5G systems need to make many significant improvements 
in many aspects regarding the eMBB such as improving 
coding efficiency, coverage area, and signal efficiency. Some 
technologies were added such as densification and using the 
millimeter wave (mmWave) spectrum and advance MIMO 
technique to increase the bandwidth of the signal [15]. The 
efficiency of polar codes is still not obvious because of the 
limited data on SC decoder. Polar codes in general works 
perfectly with small data rates compared to LDPC codes, 
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Algorithm 1: Rate-Matching polar codes encoding 
 
1  begin   start by   (M,K)  
2             	  Specify the value of the mother code  , ,  
3           	    Generate (N-M) puncture position   , ,  
4            	    Generate (M-K) frozen set   , ,  
5             	 	 	    Generate (N-K) entry frozen set position   
6             calculate 	 , , ,  
7             
8                 	 	  
9              	
10               	  
11             	
12             	  polar encoding using Kronecker product,                      
13             , , ,  Adding shortening process 
14              	  
15                  	 	 	 
16               else 
17                  	    ,  	 , , ,  
18              end 
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therefore in [1], it is decided to dedicate LDPC codes for data 
channels and polar codes for control channels. 

C. URLLC 

The 5G New Radio (NR) is provided to support more 
smart usages such as URLLC and mMTC. These two 
scenarios are promising because they deal with high 
reliability, availability and very few milliseconds latency 
[13]. Polar codes, especially in case of large list size, achieve 
high performance and they support almost all the code rates. 
LDPC codes and turbo codes achieve poor performance 
especially in the case of small block size hence Hybrid 
Automatic Repeat Request (HARQ) is used to getting a high-
reliability [14]. Polar codes indeed are a promising technique 
to be used in NR-5G systems because of the low complexity 
and the absence of error floor that other codes suffer such as 
LDPC and Turbo codes.  

In [16], Huawei Company tested polar codes as a channel 
coding method for a 5G trial system and perceived the result 
of 27 Gbps downlink speed which is a powerful result, 
nevertheless the latency was quite large in the decoding 
process. The channel coding method of URLLC and mMTC 
scenarios for NR-5G until now has not been chosen. 
Moreover, the expected codes are polar, LDPC and turbo 
codes [1], [17]. The URLLC scenario asks for secure 
networks with strong network connections because of the 
advanced services in 5G. These services are promising that 
make 5G distinctive from previous generations. These 
services include telesurgery which deals with remote medical 
surgery, intelligent transportation, end to end (end2end) 
communication, a vehicle to everything (V2X) 
communication, smart grid, etc., [18]. 

D. mMTC 

Massive machine type communications refers to service 
many users wireless connections with low complexity and 
low energy consumption, i.e., the battery should stand for a 
long time [19]. A suitable modulation technique that has short 
block size such as QPSK is required to offer these services. 
The chosen channel coding scheme to 5G should have low 
complexity in the encoding and decoding to get strong error 
protection and efficient energy consumption [17]. Polar 
codes achieve high-performance in this scenario because of 
the low complexity and the ability to work with all code rates. 
LDPC codes achieve high-performance in case of large code 
rates. Turbo codes achieve poor performance because of the 
error floor [14].  

Fig. 5 summarizes the usages of the three scenarios which 
are eMBB, URLLC, and mMTC for IMT 2020 and beyond 
[20]. In the figure, each scenario is drawn with its associated 
services and applications that might be supported in 5G 
systems. 

 
Fig. 5. IMT scenarios for IMT 2020 and beyond [20]. 

E. System Complexity 

Performing comparison between the three suggested 
codes in 5G systems is applied by calculating Maximum, 
Minimum and Addition operations (MaxMinAdd) [21],[22]. 
The 4G-LTE turbo decoder achieves 155 MaxMinAdd 
operations in one iteration [23], and it achieves around 4340 
MaxMinAdd operations per data bit in case of applying 6 and 
28 iterations as low and full degree parallelism of turbo 
decoder respectively. LDPC codes, on the other hand, 
achieve 840 MaxMinAdd operations per data bit in case of 28 
iterations and low coding rate as R = 1/2, and achieve 560 
MaxMinAdd operations per data bit in the same iterations but 
high coding rate of 5/6 which is lower than that achieved by 
turbo decoders [24]. SC polar codes calculate the 
computation complexity by  MaxMinAdd 
operations. SC with R = 1/2 and K = 4096 has 26 
MaxMinAdd per data bit which is the lowest complexity of 
the three codes. Therefore, polar codes are preferred to be 
used in 5G systems. 

F. Error Floor 

Error floor is a phenomenon of an abrupt decrease in the 
slope of a curve especially at a high level of SNR. Turbo 
codes and LDPC codes suffer from this kind of error in which 
the iteration operation of decoding causes this error to be 
high. In LDPC codes, error floor usually occurs at high code 
rates while in turbo codes occurs at low code rates [25]. Error 
floor in LDPC and turbo codes prevents the waterfall shape 
from improvement which occurs at a specific point. After this 
point, the code's performance becomes flat. LDPC codes 
suffer from this error especially in the interval from moderate 
to high SNR [26]. Polar codes, on the other hand, do not 
suffer from this error. It was proven in [27] that polar codes 
are free from this kind of errors because the probability of 
error increases to a value that roughly affects polar codes. 

Table I summarizes the comparison between polar, 
LDPC, and turbo codes according to eMBB, URLLC, 
mMTC, error floor, and system complexity which explained 
in details above.   
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TABLE I. Comparison between Polar Codes, LDPC and Turbo Codes 

 Polar Codes LDPC Codes Turbo Codes

eMBB - Not 
Considered 

- Good 
Performance at 
high code rates 

- Achieve poor 
granularity 

- Poor 
Performance 

- Achieve good 
granularity 

URLLC 

- Great 
Performance 

- Support all 
code rates 

- Poor 
performance at 
low code rates 

- HARQ is 
required to 
support 
reliability 

- Poor 
performance at 
low code rates 

- HARQ is 
required to 
support 
reliability 

mMTC - Good   
performance 

- Good 
performance at 
high code rates. 

- HARQ is 
required to 
support 
reliability 

- Poor 
performance. 

- HARQ is 
required to 
support 
reliability 

System 
Complexity 

- Low 
complexity 

- High complexity - High complexity

Error floor - No error floor  - There is error 
floor 

- There is error 
floor 

V. CONCLUSION 
In this work, we have analyzed the polar codes within the 

5th generation communications systems. We started our work 
by introducing the rate-matching method of polar codes. 
Because classical polar codes have a problem of coding rate 
in which they achieve a predefined code rate R, rate-matching 
method solved this problem by supposing a codeword M 
which M is less than the mother codeword N and using either 
puncturing or shortening method. Although the rate matching 
polar codes solved the problem of coding rate, it changes the 
reliability of the sub-channels according to the strategy that 
is used. Classical polar codes achieve better performance in 
BLER calculation than polar codes with punctured set. In our 
study, we also explained the channel coding schemes 
assigned to 5G systems and the three suggested codes are 
turbo, LDPC, and polar codes. We detailed the most common 
achievements and challenges for each coding scheme. 
Moreover, the comparison between polar codes with LDPC 
and turbo codes based on the most significant criteria such as 
BLER, eMBB, URLLC, mMTC, system complexity, and 
error floor. Polar codes achieved poor performance in BLER 
compared to LDPC and turbo codes however they achieve 
high-performance in URLLC and mMTC compared to LDPC 
and turbo codes. Furthermore, polar codes have the lowest 
system complexity and do not suffer from error floor 
compared to the two competitor codes. Regarding the eMBB 
scenario, LDPC codes achieve good performance especially 
at high data rates compared to polar codes. Therefore, 3GPP 
assigned LDPC codes to data channels and polar codes to 
control channels in 5G NR systems. 
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Abstract— Inverters are widely used as electrical drive 
systems in many industrial applications. The inverter IGBT 
switch open-circuit fault; object of our study; is one type of the 
inverter faults that attracts the attention of many researchers. In 
this paper an open-circuit fault detection technique is proposed 
using the artificial neural network (ANN) aided by the Clarke 
transform. The technique is presented according to two 
approaches. The first approach calculates the Clarke stator 
currents and other quantities such as the intervals fault angles α 
and the trajectory surface S. Once all these quantities are 
obtained, they are then introduced to the ANN structure for the 
learning process; the output obtained from the ANN corresponds 
to the exact angle related to the inverter IGBT switch open-
circuit fault. The second approach follows exactly the same 
calculation steps as the first approach except that in this case all 
the computation is performed within the ANN architecture. To 
illustrate the effectiveness of the technique and validate the 
results, some experimental works are conducted using a three-
phase voltage inverter fed induction motor. 

Keywords—Inverter; Diagnostic; Detection; Open-Circuit 
Fault; Clarke Transform; Artificial Neural Network 

I. INTRODUCTION 

The association of static converters with induction motors 
known as drives has gradually replaced DC drives in many 
industrial applications for speed variation. The attraction for 
the induction motor is mainly for its robustness, low cost and 
high performance that can be achieved through the 
development of electronic components for the implementation 
of sophisticated control laws. However, control algorithms can 
become completely inefficient for both the system and the 
environnent when a failure occurs. The increase in reliability, 
availability and dependability of the systems is currently one 
of the major concerns of manufacturers [1]. For reasons of 
safety but also for economic reasons, it is necessary to monitor 
regularly the operating state of these systems. 

Inverters play a very important role in electrical drive 
systems and are largely used in many industrial applications. 
The monitoring and diagnosis of these inverters are very 
important tasks to ensure continuity of service. According to 
the existing literature, most common and critical faults in the 
inverters are found to be due to inverter IGBT switches [2, 3]. 
Several papers have been published for the detection and 
location of open-circuit faults mainly in open-loop control 

system [4, 5]. The authors [6, 7] propose the Park vector 
technique, whose principle is based on the tracking of the 
current trajectory of Park (id, iq). In the healthy case, the 
trajectory has a circle shape and in the case of an IGBT switch 
open-circuit fault, the circle becomes a semicircle. The 
position of the trajectory in the (d, q) frame enables us to 
compute the interval of the angles used to locate the faulty 
IGBT switch. Other researchers [8, 9, 4 and 10] have proposed 
the Park average current (idmean, iqmean) technique to calculate 
the exact open-circuit fault angle in order to identify the faulty 
IGBT switch.  

The paper addresses a diagnostic study of a two-level 
three-phase voltage inverter fed induction motor when 
controlled by an indirect vector control strategy (a closed loop 
control). The paper proposes a technique for open-circuit fault 
detection and location using a mathematical model based on 
the artificial neural network (ANN) aided with the Clarke 
transform. Two proposed approaches are investigated; the first 
approach makes use the of the three acquired lines stator 
currents (ias, ibs, ics) to calculate the Clarke stator currents as 
well as the intervals fault angles  and the trajectory surface S. 
These quantities are then introduced as inputs in the ANN 
structure; the output obtained from the ANN corresponds to the 
fault angles related to the inverter IGBT switch open-circuit 
faults. The second approach accomplishes the same 
calculation steps made in the first approach except that in this 
case all these calculations are computed within the ANN 
structure. That is the input to the ANN structure are now the 
three acquired lines stator currents (ias, ibs, ics) and the output 
corresponds to the exact angles related to the IGBT switch 
open-circuit faults. To show the merits of the proposed 
technique, some experimental results carried out in our LDEE 
laboratory are presented. 

II. OPEN-CIRCUIT FAULT DETECTION BY FIRST APPROACH

The calculation steps carried out in this first approach are
well depicted by the block diagram of Fig. 1. The quantities 
calculated are then entered in the ANN structure for the 
learning process; the output from the ANN corresponds to the 
exact angles related to the inverter IGBT switch open-circuit 
faults. 
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Fig.1 Block diagram for IGBT open-circuit fault detection by ANN-Clarke 
transform (First approach). 

The mathematical model of the first approach is presented 
by the following steps: 

1st step: Acquisition of the three currents of the stator (ias, ibs, 
ics) given as follows: 
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2nd step:  Calculation of the Clarke stator currents: 

( )°
¯

°
®



−=

−−=

csibsisi

csibsiasisi

3

1
3

1

3

1

3

2

β

α

                                (2) 

3th step:  Calculation of the mean value of the Clarke stator 
currents: 
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4th step:  Calculation of the intervals of the open-circuit fault 
angle of each IGBT switch and the trajectory surface: 
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FSHSS −=
                                                                       (5) 

Where 

SH: The trajectory surface for the healthy case. 

SF: The trajectory surface for the faulty (open-circuit fault) 
case. 

5th step: Computation of the exact angle of the fault 
corresponding to the inverter IGBT switch open-circuit fault: 
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A. ANN architecture description for the first approach   
The proposed ANN is a multilayer network of (4-15-1) 

whose adopted architecture is illustrated in Fig.2. 

 

Fig. 2 Proposed ANN architecture (First approach). 

Each neuron is connected to all the neurons of the next 
layer by connections whose weights are any real numbers 
[11]. The ANN architecture used in this paper is explained 
through the following three main tasks: 

� The construction of the ANN block using the 
Luneburg  algorithm, 

� The data acquisition (learning base), 
� The network test. 

B. Construction of the ANN block system  
In reference to Fig. 2, the used network consists of three 

layers namely: 

� An input layer composed of four neurons, whose role 
is to transmit the values of the inputs that correspond 
to (Iαmean, Iβmean, α, S) to the next layer, called hidden 
layer. 

� A hidden layer with fifteen neurons with selected 
sigmoid activation functions. 

� An output layer, this layer is composed of one 
neuron; output corresponding to the fault angle . 
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C. Data acquisition (Learning basis) 
Before building the ANN block system, one must first 

access to the learning phase. This can be in the form of a table. 
The latter consists of vectors (which represent the input layer 
of the ANN), where each vector consists of two parameters. A 
very rich database for healthy and faulty (open-circuit) cases 
can be developed, which has a lot of information about the 
open-circuit fault. During this phase, the angle of the healthy 
case is taken as a reference, and then the angle for the faulty 
case are computed and compared with of the healthy case. 
From this comparison, it can be deduced either state 0 (no 
variation in the angle) or state 1 (variation in the angle). The 
following Table I is to resume the task of this phase. 

TABLE I.  FAULT CLASSIFICATION 

State Fault type Symbol Code 

1 Healthy State HS 0 

2 Open-Circuit at K1 OC 1 

III. OPEN-CIRCUIT FAULT DETECTION BY SECOND 
APPROACH  

The second approach consists in using the same 
calculation procedure as in the first approach except that in 
this case all the calculation steps are computed within the ANN 
structure. That is the input of the ANN structure are now the 
three acquired lines stator currents (ias, ibs, ics) and the output 
represents the angle corresponding to the inverter IGBT 
switch open-circuit faults as depicted by the block diagram of 
Fig.3. 

Fig.3 Block diagram for IGBT open-circuit fault detection by ANN-Clarke 
transform (Second approach). 

A. ANN architecture description for the second approach   
The proposed ANN is a multilayer network of (3-15-4-1) 

whose adopted architecture is illustrated in Fig.4. 

 

Fig. 4 Proposed ANN architecture (Second approach). 

B. Construction of the ANN block system  
The construction of the ANN uses three distinct layers: 

� An input layer which consists of three neurons, 
whose role is to transmit the values of the inputs that 
correspond to the variables (ias, ibs, ics) to the next 
layer called the hidden layer. 

� A hidden layer 1 with fifteen neurons and the hidden 
layer 2 with four neurons with selected sigmoid 
activation functions. 

� An output layer, this layer is composed of one 
neurons; output corresponding to the fault angle . 

C. Data acquisition (Learning basis) 
After building the ANN blocks system, the learning phase 

is the second step to access. At this stage the various inverter 
IGBT switch faults are presented in the form of a table (see 
Table II). The input layer of the ANN is composed of a set of 
vectors; where each vector consists of 3 parameters [6]. A 
very rich database is built for both healthy and faulty modes of 
operation. The database must have a lot of information about 
the different cases of open-circuit faults. For this phase of 
construction the following tasks are carried out: 

� The current vectors of the inverter are simulated in 
normal mode (healthy inverter). 

� The current vectors of the inverter are simulated in 
faulty mode (presence of open-circuit faults at the 
various inverter switches: K1, K2, K3, K4, K5and K6). 

� The maximum values of the current vectors in each 
case are used. 

TABLE II. FAULTS (OPEN-CIRCUIT) CLASSIFICATION  

State Fault type Symbol Code 

1 Healthy state ES 0 0 0 
2 Open-circuit K1 OC1 1 0 0 
3 Open-circuit K2 OC2 0 1 0 
4 Open-circuit K3 OC3 0 0 1 
5 Open-circuit K4 OC4 1 1 0 
7 Open-circuit K5 OC5 0 1 1 
6 Open-circuit K6 OC6 1 0 1 
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In the following, the ANN test results are presented. An 
automatic learning of the ANN is performed until a small 
squared error of 1.3294e-09 is obtained. It should be noted 
that this small error is obtained after 3297 iterations. 

The system diagnostic block output consists of the 
following quantities: Iαmean, Iβmean, α, S and . The information 
of each quantity for the healthy and faulty cases is 
summarized in Table III. 

TABLE III SYSTEM DIAGNOSTIC BLOCK OUTPUT  

IGBT States 

ANN- Clarke calculation 

Iαmean Iβmean Fault angles intervals
 
 α° 

Trajectory’s 

surface S 
Exact angles ° 

Healthy State 0.0274 0.0156 [0, 360] 7.5688e-005 29.5561 

Open-circuit K1 -5.7511 0.3127 [150, 210] 7.8202 176.8882 

Open-circuit K2 5.4361 -0.036 [330, 30] 7.6575 359.6198 

Open-circuit K3 1.3236 -3.151 [270, 330] 7.7224 292.7804 

Open-circuit K4 -1.356 3.5092 [90, 150] 7.5196 111.1316 

Open-circuit K5 1.3041 3.4924 [30, 90] 7.2918 69.5234 

Open-circuit K6 -1.562 -3.289 [210, 270] 7.7647 244.5908 

IV. EXPERIMENTAL TEST-RIG DESCRIPTION AND RESULTS   
The experimental test-rig used in this paper, includes a 

three-phase induction squirrel-cage motor fed by a three-phase 
two-level voltage source inverter. The detailed characteristics 
of the motor are given in the appendix. Furthermore, the motor 
is mechanically coupled to a DC generator supplying resistors 
which allows varying the load torque. Moreover, the 
measuring system includes three current Hall Effect sensors 
and three voltage sensors and a DSPACE 1104 acquisition 
card to generate pulses for triggering the IGBT gates. The 
whole set as shown in the photo of Fig. 5 is connected to a 
computer for visualizing the processed sensed signal [11]. 

 

Fig.5 Photo of the experimental test-rig 

Given the randomness of the measured signals and to have 
a reliable analysis, five acquisitions are made for each case. 
The acquisition time used is Tacq = 20s. Finally, and to see the 
effect of the load on the induction motor signals, only one 
mode of operation is considered; the rated load operation with 
a rated current of 7A and an estimated torque of 20Nm and a 
frequency of sampling Fe = 10KHz. 

The following experimental results related to the proposed 
detection technique for inverter IGBT switch open-circuit fault 
detection and location are valid for both illustrated approaches 
(First approach and Second approach). The experimental tests 
are conducted and the results are presented (as an example) 

only for the case when the IGBT switches K3 and K5 of the 
inverter are supposed to be faulty; see Fig.6. 

  

  

  
Fig.6 Clarke current trajectories intervals angles  for healthy and IGBT K3 

and K5 open-circuit cases 
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Fig.7 depicts a graphical representation using the polar 
coordinates tool for the simple reading of the exact fault angle 
making use of the vector position; once this vector is located, 
the corresponding IGBT faulty switch is identified.  As an 
example, the fault of the IGBT switch at K3 whose fault angle 
interval is α = [270 °, 330 °] corresponds to the exact angle of 
fault which is equal to  = 292.7804 °; see Table III and Fig.7. 

 
Fig.7. Polar coordinates graphical presentation for exact fault angles related to 

the IGBT switch open-circuit faults in the inverter 

V. CONCLUSION  
The paper tackles an issue related to the technique of 

diagnosis and detection of an open-circuit fault of a two-level 
inverter fed induction motor controlled by indirect vector 
control. The paper discusses the ANN-Clarke technique as a 
detection tool to locate an inverter IGBT switch open-circuit 
fault. The ANN is used to  output the fault angle that is 
corresponding to the IGBT switch open-circuit fault. The 
technique used proposed two ways of computing the fault 
angle corresponding to the inverter faulty IGBT switch. In the 
first approach part of the quantities are calculated and then 
introduced in the ANN structure which is used to output the 
angle corresponding to the fault. Whereas, in the second 
approach, all the quantities are computed within the ANN 
structure and its output gives also the angle corresponding to 
the fault. The development of a simple graphical 
representation based on polar coordinates is also carried out to 
facilitate the detection and location of the inverter fault using 
the vector representation of the fault current based on the 
neural network instead of the representation of trajectory used 
in the Clarke transform technique. The advantages and 
effectiveness of the proposed contribution of the ANN-Clarke 
detection technique for a healthy and faulty inverter cases are 
illustrated using experimental work. 

APPENDIX 

Rated Power 3 KW 
Supply frequency 50 Hz 

Rated voltage 380 V 
Rated current 7A 
Rotor speed 1440 rev/min 

Number of rotor bars 28 
Number of stator slots 36 

Power factor 0.83 
Pair poles umber 2 
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Abstract—This work presents a study of the magnetic force and a 
simulation of a control of a planar magnetic bearing chosen to 
levitate a planar magnetic object. This choice is because of the big 
magnetic force obtained by this geometry that ensures a good 
levitation. To maintain the object in a desired position the acting 
magnetic force must be controlled. Such control is based on the 
correction of the supplying current as a function of the object 
displacement. To permit the changing of the current, a four 
quadrants chopper has been used to energize the bearing. The 
bearing parameters required for the simulation have been 
analytically defined. The implementation of the proposed PID 
control has led to good results 

Keywords— Actuators, displacement control, feedback circuits, 
PID control, magnetic levitation. 

I. INTRODUCTION 

 Magnetic bearings are widely used for the levitation in the 
domain of transportation (Maglev) [1-5]. Their disadvantage 
resides in the instability of the levitated object. To achieve a 
stable levitation, a control circuit must be associated to the 
system. The control process is based on the control of the 
applied magnetic force by the action on the bearing exciting 
current according to the object displacement. In [6-8] the force 
control has been treated for the case of an alternative 
supplying current. For such control an approach based on the 
use of a PID regulator has been applied. In the case of radial 
magnetic bearings control LQ and H∞ approaches have been 
applied [9-12]. In this work, a problem of magnetic levitation 
has been treated. Such a treatment has been focused on the 
design of a PID control of a planar ferromagnetic object (see 
Fig. 1).  
To permit the changing of the current that generates the 
applied magnetic force, a four quadrants chopper has been 
considered [13],[14]. The bearing parameters required for the 
simulation have been analytically defined. In our system the 
magnetic force expression has been linearized. A position 
sensor has been considered. 

Fig. 1.  General View of the studied device. An E shape core has been used 

To permit the changing of the current according to the 
evolution of the object displacement an adjustable constant 
voltage has been used. This later is produced by a four 
quadrants chopper. To achieve the correction of the current, a 
control loop has been used where a PID regulator has been 
integrated. The gains regulator has been calculated by the pole 
placement method [15-16]. 

II. MODELING OF THE LEVITATION PROBLEM

To achieve an active magnetic levitation of ferromagnetic 
object, a static magnetic field can be used. To compute the 
distribution of such field in the study domain, we solve the 
following equation. 

JA
&&&&

 ���� ¸
¹
·¨

©
§
P
1 (1) 

             
                                                      Here A

&
is the magnetic vector potential, µ is the magnetic

permeability and J
&

 is the current density. 

To compute the magnetic force applied on the levitated object, 
the expression of the Maxwell stress tensor is given by [9-10]. 
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Here F
&

is the magnetic force, H
&

is the magnetic field 

strength, n& is the unit normal vector and 0μ is the magnetic
Permeability of vacuum. To obtain the expression of the 
magnetic force applied to the levitated object, an analytical 
modeling has been applied to the magnetic circuit related to  
the levitation system. For the considered one degree of 
freedom problem, the force is given by [17],[18]. 
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Here x  is the air gap between the core and the levitated object, 
i is the current and c is a constant depending on the magnetic 
circuit properties. As a function of the winding geometrical 
parameters, the constant c is given by 
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                                            (4)   

Here N is the number of turns of the coils, S  is the cross 
section of the air gap and µ0 is the magnetic permeability of 
vacuum. 
Really, the levitated object oscillates around the equilibrium 
position with very small displacement. So the applying of the 
Taylor series expansion on (3) has led to the force expression  
 
                         ikixkxFF �� 0                                   (5) 
                                                               
The coefficients k x  and ki  are respectively the displacement 
and current gains. They are analytically evaluated and given 
by 
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x0 and i0 are respectively the displacement of the levitated 
object and the exciting current at the equilibrium position.  
The evolution of the voltage in the coil is governed by the 
equation given by  
 

                         
dt
diLRiV �                                        (7) 

 
 
 
                                                    

Here R and L are the resistor and the inductance of the coils. 
The voltage generated by the position sensor expressed as a 
function of the detected object displacement is given by 
 
      

              
     xV s .D                                                 (8)                                                                             

The constant α is the displacing sensor gain. 
The introduction of the magnetic and the gravitational forces 
in the Newton principle law applied to the levitated object has 
led to the dynamic equation below [6] 
 

                          
xmmgF ��. �                                          (9)                                                               

The substitution of (3) in (9) has led to the object dynamic 
governing equation  
                 
                          xmikixkx �� �                                        (10)                                                      

 

III. OBTAINED RESULTS 
      In this work, we have considered a device of important 
depth which has permit the neglecting of the effect of the 
winding ends. To solve the magnetic problem, a 2-D 
numerical finite element resolution has been achieved. The 
distribution of the field in the figure (2) . 
 

 
Fig. 2. 

   
Distribution of the magnetic field in the studied domain.

  
 

A. simulation of the control and obtained results 
The association of the proposed supply circuit, the control 
loop and the magnetic bearing is clarified in Fig. 4. The four 
quadrants chopper is constituted by four switches (IGBT, 
diodes).  This chopper permits the changing of the exciting 
current according the two directions in the two axes (x,-x). The 
magnetic bearing is represented by an inductance in series 
with a resistor.  
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Fig. 3. 

  
 Simulation bloc of the control of the studied planar magnetic bearing. 

The parameters related to the electromagnets they are 
analytically  defined are the résistor : 0097.0R , the 
inductance HL 456.3 , the mass of the levitated 
object kgm 1 . The number of turns of coil is 

1000 N spires, The parameter c  is analytically computed 

0346.0 c . The equilibrium position mx 02.00  , the 

regulator gains are kp=665.7145, ki=6.4005×103, 
kd=.416.6966. 

 

Fig. 4. 
  

 Evolution of the position  as function the time. 

 

Fig. 5. 
  

 Evolution of magnetic force as function the time. 

 

Fig. 6. 
  

 Evolution of the velocity as function the time. 
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Fig. 7 .   Evolution of the current as function the time. 

 

IV. CONCLUSION 
In this work, a study of a planar magnetic levitation system 
has been achieved. The aim of such study was the conception 
of a control of the levitation with a new configuration of a 
planar magnetic bearing. The use of a four quadrants chopper 
has been justified by the need of a controlled dc supplying 
voltage. To permit a control a PID controller has used. The 
chosen of this planar configuration is because of the big 
magnetic levitation force that has been generated if it 
compared with a U shape core. In our study, we have chosen a 
gain of the position sensor equal to 1 which has led to a good 
stability of the system. Practically, a real value for the gain of 
the position sensor must be considered. This can lead to 
changes in the estimated value of the system.  
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Abstract—For the design and dimensioning of electromechanical 
systems, it is necessary to know the distribution of the magnetic 
field in each part of the magnetic system and in particular to the 
air gap in which the energy conversion takes place. In this paper 
an analytical model for predicting the magnetic field distribution 
in the air gap of iron-cored internal rotor of surface mounted 
magnet and a slotless stator with ideal Halbach magnetization is 
presented. A Halbach array is a special arrangement of 
permanent magnets that concentrates the magnetic flux lines on 
one side while reducing the flux lines on the other side to nearly 
zero.  The calculation of the analytical model of the magnetic 
field distribution of the permanent magnet synchronous motor is 
based on Maxwell's evaluation, and partial differential equations 
supplemented by material's laws. However, a numerical 
calculation is necessary, especially with the complex geometry of 
these devices. The model is based on evaluation and calculation of 
governing partial differential equations at no load conditions and 
is extended to the prediction of the armature reaction field, back 
electromagnetic force and electromagnetic torque produced by 
the 3-phase stator windings of iron-cored internal rotor. The 
influence of the temperature of magnet on electromagnetic 
characteristics variations of the motor are also investigated. The 
efficacy of the analytical model is validated by comparing the 
results with finite element analyses. 

Keywords—Partial differential equations, Analytical magnetic 
fields solution, Permanent-magnet machine, Slotless motors, 
Internal rotor, Back-EMF, Electromagnetic torque.  

I. INTRODUCTION 

In past literature, the PMs Configurations studied were 
usually simple with radial or parallel magnetization of the PMs. 
The analytical model is based on the solution of Laplace and 
Poisson equations which are issued from Maxwell’s equations 
by using a scalar or vector potential formulation of the fields in 
the air-gap with boundary conditions adapted to the geometry 
analyzed [2-11]. Even with a simple PM structure, the 
analytical solutions will give long analytical expressions of B 
in the air gap. In 1979 Halbach [1] introduced the analytical 
calculation of flux density in a quadruple. Several papers have 
used this investigation to develop analytical models of 
magnetic field distribution in a slotless permanent magnet 
machine with either internal or external rotor [2]-[5].   

Other researchers applied this type of magnetization to 
permanent magnet machines and made comparison of flux 

density distribution between radial and shifting magnetization 
[6]. The effect of slotting was modelled  in several papers as 
well [7]-[10] by using relative air gap permeance obtained 
from a real conformal function which is able  to take into 
account the effect of slotting in the radial and parallel flux 
density by multiplying the field distribution in the slotless air 
gap with this permeance.  Several other publications employed 
the analytical expressions to calculate crucial quantities of 
back-EMF of PM machines [11]-[14]. 

The most commonly types of machines with Halbach 
structure are usually found when a large constant field is 
needed. They do well in high-speed applications and also in 
applications requiring high dynamics. This can be found in 
alternators at high speeds, on servomotors, it is extensively 
applied to axial field motor [15], rotary machine [16]  slotless 
machine [17], linear machine [18], tubular machine [19], 
spherical motor [20], planer machine [21], and these structures 
can also be found in magnetic couplings like magnetic gear 
[22], magnetic cylinder [23], magnetic refrigerator [24], or 
magnetic bearings [25]. Other structures that allow for 
consistently higher performance in a given size flywheel 
energy storage system [26], elliptically polarizing undulator 
[27], Maglev and eddy current break systems [28], etc.  

In this study, the approach proposed by Zhu et al. [29] has 
been extended to calculate magnetic field of slotless permanent 
magnet motors due to Halbach permanent magnets in the case 
of internal iron-cored rotor. The model is extended to the 
prediction of the armature reaction field, back-EMF and 
electromagnetic torque produced by the 3-phase stator 
windings. An amended general solution for the magnet region 
is presented and the necessary modifications are made. 

II. ANALYTICAL MODEL FOR MAGNETIC FIELD CALCULATION

The analytical model under study is shown in Figure 1. It is
divided into two distinct regions, a permanent magnetic 
magnetized with deal Halbach structure and the other region is 
air space.  

In order to obtain an analytical solution for the field 
distribution produced in a multipole Halbach magnetized 
magnet machine, the following assumptions are made. 
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� The magnet is oriented according to the Halbach 
magnetization and is fully magnetized in the 
direction of magnetization. 

� End effects are ignored, i.e., the motor is assumed 
to have infinite axial length.  

� The motor has slotless stator structure. 

� The airspace between the magnets and iron inter-
poles has the same permeability as the magnets 
but with zero magnetization. 

� Stator and rotor back-iron has infinite 
permeability. 

� The magnetic flux density vector has only radial 
and tangential components; this implies that the 
magnetic vector potential has only a z-component. 

� The permanent magnets have linear 
demagnetization characteristic. 

 
Fig. 1.  Internal rotor motor topology 

A. Governing Partial Differential Equations 
The governing partial differential equations (PDE) can be 

expressed in terms of either the scalar or vector magnetic 
potential. The scalar magnetic potential is only defined in the 
absence of currents or when currents are considered as 
infinitesimal sheets between two adjacent regions and their 
effects appear in boundary conditions. Therefore, in the 
presence of any explicit current, the vector magnetic potential 
must be used. In this study, the scalar magnetic potential , is 
used to express the governing equations of the electromagnetic 
problem since the armature is open-circuit and the eddy current 
reaction is neglected. In the absence of any current, the 
magnetic field intensity vector is curl free,  ×  = 0, and can 
be expressed as the negative gradient of : 

                                        (1) 
 

The field vectors  and  are coupled by 

  in the air space                                           (2) 

   in the permanent magnet.         (3) 

Where 	is the magnetization vector in [A/m] which is 
non-zero for only hard magnetic media,	  is the free space 
permeability, and  is the relative permeability of the magnet.  

The magnetic field produced by a Halbach magnetized 
magnet machine can be described by the scalar magnetic 
potential  as follows 

In the air gap 

							      (4) 

In the magnet 
	 					   

(5) 

Where  

       
(6)               

Where  and	  are related to the radial and 
circumferential components of  by 

                                       (7) 

   And                         (8) 

Rs, Rm, Rr, and Ri are the outer bore radius, the outer and 
inner radii of the magnet, and the inner bore radius, 
respectively. 

B.  Boundary Conditions 
In electromagnetic problems with several media, the 

perpendicular component of the magnetic flux density vector  
should be continuous at the interface between two adjacent 
media (Equation. 9). Also, the parallel component of the 
magnetic field intensity vector on one side of the interface is 
equal to that of the other side in the absence of any surface 
current density between them (Equation. 10)  such as presented 
by figure 2.  

 

 

 
Fig. 2.  Interfaces boundary conditions 

                          (9) 

                                 (10) 

In the case of infinitely permeable media the magnetic field 
intensity is zero; therefore, the parallel component of the 
magnetic field intensity vector of any medium adjacent to an 
infinitely permeable medium should also be zero at their 
common borders. The boundary conditions to be satisfied for 
the internal rotor topology are expressed as: 

                                             (11) 

1

2 Bn2 B2 

Ht1 
Ht2 

2 

Bn1 
B1 1 
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,              (12) 

                                         (13)      

The number of distinct regions determines the number of 
integration constants in its turn depends on the form of the 
solution in each region.  

However, the number of integral constants must be the 
same as independent equations by applying boundary 
conditions. 

C.  Magnetization Vector 
For a Halbach magnetized magnet machine, the 

magnetization distribution 	varies sinusoidally. In polar 
coordinates, they are expressed as: 

      (14) 

Where - is for an internal rotor machine (external field) and 
in the case of an external rotor machine this sign is replaced by 
+ (internal field), 	and  are the unit vectors in the radial and 
circumferential directions, respectively, p is the number of pole 
pairs,  is the amplitude of magnetization, and		  
is the remanence of the magnet.  

Figure 3 shows the Halbach magnetization pattern in 
surface magnet topologies for internal rotor motors and their 
corresponding radial and tangential components where its 
period is 2ωp. For finite element analysis in the case study, 
ideal Halbach structure is obtained by dividing the magnets 
into several segments as shown in figure 4 to provide a 
sinusoidal magnetization. 

 
 

Fig. 3.  Waveforms of the radial Mr and tangential Mθ components of 
magnetization 

 
Fig. 4.  a-Magnet with ideal Halbach magnetization, b-Magnet zoom 

D.  General Solution 
The governing equation in terms of scalar magnetic 

potential in the air-gap is expressed by Laplace equation, and 
for the magnets region is a Poisson equation. The general 
solution for the air-gap and winding region in case of slotted 
motor can be expressed as 

,                             (15) 

,       (16) 

 
In order to find the constants , , ,   in the case of 

internal rotor structures, the radial component of the magnetic 
flux density Br,q , and the tangential component of the magnetic 
field intensity Hr,q need to be expressed for all  regions. These 
are 

	                         (17) 

																												(18) 

	                    (19) 

	                       (20) 

			(21) 

						 (22) 

 

							 	                    (23) 

 

								 	                      (24) 

 
Applying the boundary conditions and after a tedious 

algebraic manipulation even the following analytical 
expressions for the constants , , ,  are obtained in the 
case of internal rotor motors.  

																																															(25) 

                                                                      (26) 

																																	(27) 

                                       (28) 
 

Where 
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	 																																				(29) 

                                                (30) 

                                 (31) 

                                     (32) 

                             (33) 

                                 (34)                                              

E. Analytical Calculation of Back EMF 
The back EMF waveform of a surface PM motor can be 

calculated from the no-load flux density distribution with the 
knowledge of the armature winding distribution. According to 
Faraday’s law the voltage induced in a single coil is equal to 
the negative derivative of the flux linked by the coil, i.e., 

                                 (35) 
 

The magnetic flux linked by each coil is defined by 

, ,                  (36) 

Where L  is the axial length of the motor, R is the average 
winding radius,  is the coil pitch.  

The total back EMF per phase is calculated by adding the 
voltages induced in all coils of the phase winding connected in 
series. The voltages induced in adjacent slots are phases shifted 
so they should be summed as vectors, which is taken into 
account via distribution factor as 

                                   (37)  

Where q is the number of slots per pole per phase and  is 
the phase shift between the voltages induced in two adjacent 
slots. In a three-phase winding, the total number of turns per 
phase connected in series is given by  for a 
single layer winding, and  for a two layer 
winding, where	  is the number of parallel paths. 

The back-EMFs induced in windings b and c can be easily 
obtained from that of winding a by 120 and 240 electrical 
degrees offset, respectively. Subsequently the line back-EMFs 
are found from the phase back-EMFs. 

F. Analytical Calculation of Electromagnetic Torque 
The torque generated by the PMSM is calculated using the 

following expression: 

                       (38) 

With                       	 	                (39) 

and                      (40) 

G. Effect of temperature 
Generally, the remanent flux density Br decreases with 
temperature. This effect is usually specified in terms of the 
reversible temperature coefficient of Br, quoted in % per 
degree °C. If this coefficient is given the symbol αBr  , then the 
remanent flux density at temperature T °C is given by 

                        (41) 

where Br(20)  is the value of  Br at 20 C° . 

The most common material in modern high performance PM 
machines is NdFeB, because it can have a very high energy 
product, which leads to a high remanence flux density and a 
high coercive field strength. NdFeB magnets with remanence 
flux density of 1.5 T are commercially available, but their 
maximum operating temperature must be limited below 
100°C. The material characteristics of NdFeB  are reported in 
figure 5. 

 

Fig. 5. Material characteristics of NdFeB [30]  

III. FINITE ELEMENT ANALYSIS OF PERMANENT MAGNETS 
MOTOR 

Analytical models based on solving the Poisson and 
Laplace equation are inadequate if the geometry of the 
structure becomes complex. For this reason, most researches 
and designers used numerical techniques. However, several 
techniques can use as a finite element, finite difference, finite 
volume and boundary integral equations. These methods are 
either used alone or coupled. For the structures studied. In our 
work, the 2D model is most used for its simplicity in data entry 
and calculation time more or less reduced.  The finite element 
method allows the numerical solution of the Poisson equation 
(or Laplace) through an integral formulation of Galerkin or 
weighted residuals. 

Finite Element Method Magnetics (FEMM) is employed to 
investigate in this paper. FEMM is free software that can be 
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used to perform electrostatic thermal and magneto-static 
problems on two-dimensional planar and axisymmetric 
domains. Motor geometry, meshing and analysis are done by 
using a Lua script which is supported by FEMM to provide an 
easier way to the changing and control of motor geometry. The 
design parameters and materials used throughout the 
simulation are shown in table 1 below. The cross section of 
slotless ideal Halbach PMSM discussed in this paper is shown 
in figure 1. Each rotor pole contains a sinusoidally magnetized 
XG196/96 magnets obtained by using a maximum number of 
segments as shown in figure 2. An infinitely long machine is 
considered, thus the effect of the axial length is neglected. 

 
Fig. 6. Magnetization curves for XG196/96 permanent-magnet materials 

The motor consists of permanent-magnetic steel XG196/96 
represented by his magnetization curve shown in figure 3  
possesses residual flux density 0.96 Tesla, coercive force 690 
kA/m, maximum magnetic energy product 183 kJ/m3, and 
relative recoil magnetic permeability 1. The second 
corresponding quadrant of hysteresis loop for a permanent 
magnet is shown in figure 6 it’s similar to the hysteresis loop of 
ferromagnetic material in nature. However, the hysteresis loop 
of XG196/96 is characterized by a large residual flux density 
value. The coercivity Hc corresponds to the value of magnetic 
field intensity required to reduce the material flux density to 
zero. The significance of remanent magnetization is that it can 
produce magnetic flux in a magnetic circuit in the absence of 
external excitation. 

The cross-section of slotless PMSM magnetized by the 
ideal Halbach is shown in figure 7. Each rotor pole contains 
sinusoidal magnetized XG196 / 96 magnets obtained using a 
maximum number of segments as shown in figure 7. 

 
Fig. 7.  a-Motor mesh, b- Magnet mesh zoom 

IV. VALIDATION 

In order to validate the derived expressions, the magnetic 
field distributions of internal rotor motor are presented. The 
dimensions and parameters of the four-pole studied machine 
are given in Table I. 

Figures. 8 and 9, respectively, show the radial and 
tangential components of the field solution at r = (Rm + Rs)/2) 
in the air gap for internal rotor, slotless stator Halbach 
magnetized magnet machine, where it is compared to the  
finite-element solution. As can be seen, excellent agreement is 
achieved between analytical and finite-element predictions for  
internal rotor machines.  

 
Fig. 8.  Comparison of radial magnetic field solution calculated analytically 
and by FEM at the centerline of the magnet 

 
Fig. 9.  Comparison of tangential magnetic field solution calculated 
analytically and by FEM at the centerline of the magnet 

TABLE I.   DIMESIONS AND PARAMETERS OF STUDIED MACHINE 

Parameter Symbol Value and unit
Air gap length 
Frequency 
Height of magnet 
Height of slot 
Number of turns per coil 
Number of slots 
Number of pole pairs 
Outer radius of the magnet 
Phase current 
Relative recoil permeability 
Radius of the external stator surface 
Radius of the internal stator surface 
Radius of the rotor core surface 
Radius of the internal rotor surface 
Rotor speed 

g 
f 

hm 
hs 
Nc 
Qc 
P 
Rm 
I 

 
Rs 
Rr 
Ri 
Rin 

r 

0.5 mm 
50 Hz 

3.5 mm 
6.34mm 

157 
24 
4 

37mm 
1.54 A 

1 
60mm 

37.5mm 
33.5mm 
13mm 

1500rpm 
 

The meshed FE model in the slotless PM motor are shown 
in figure 10. Since conformal mapping inherently assumes that 
iron is infinitely permeable, for better comparison of analytical 
and numerical results the same assumption has been made in 
the FE simulation as well. However, figure 10 shows an 
enlarged detail of the air gap and the shifting magnetization of 
the magnet bars. The mesh size has been adjusted using 
adaptive solver to reduce errors in the critical areas, namely the 
tooth tips. 
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Fig. 10. Finite element mesh of the geometry zoomed at the air gap region 

Figure 11 show the magnetic field distributions of internal 
rotor, slotless stator Halbach magnetized magnet machine, 
obtained from the numerical solution. The direction of the flux 
density is shown by arrows and its magnitude is illustrated 
using the colored contour. The results show a magnetic flux 
concentration appears at both corners of each magnet adjacent 
to the stator side when the pole arc to pole-pitch ratio is not 
unity. The magnetic induction and flux density lines 
distribution are shown in figure 12.  

 
 

Fig. 11.  Flux distribution in the slotless  PMSM. 

 
Fig. 12. Magnetic induction [T] 

The first phase back-EMFs has been, shown in Figure 13 
for the ideal Halbach magnetization patterns where induced 
sinusoidal back-EMF which is most suitable for PM motors. 
Figure. 14 shows the analytically calculated electromagnetic 
torque at rated stator current. 

The remanent flux density Br decreases with temperature 
as shown in figure 15. The influence of the magnet 
temperature on the waveform for the EMF simulation is also 
studied, analytically, and presented in figure 16. The 
temperature rise of the magnets decreases their density of 
remanent flux, and consequently the production of torque. 

  

 
Fig. 13.  First phase back-EMF versus rotor positional angle 

 
Fig. 14.  Analytically calculated of electromagnetic torque 

 

Fig. 15. Comparison of radial magnetic field solution calculated analytically 
for differents temperature at the centerline of the magnet. 

 

Fig. 16. Comparison of first phase back-EMF versus rotor positional angle for 
differents temperature. 

V. CONCLUSION 
An analytical model in polar coordinates has been 

developed for modelling slotless Halbach permanent magnetic 
motor with internal iron cored rotor. Scalar magnetic potential 
has been used to analyze magnetic field in segmented magnets 
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and air space. With given flux density distribution created by 
magnets alone, performances of motor are determined. It has 
been shown that the Halbach magnetized rotor with the slotless 
stator core has the strong and the sinusoidal air-gap flux 
density. Analytical results and predictions have been validated 
by finite element calculations. 

The influence of the temperature of magnet on the 
waveform for the EMF simulation is also investigated 
analytically. The temperature rise of the magnets decreases. 
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Abstract—This paper has develop a control strategy in order

to control the reactive active power supplied by renewable energy

resources (RESs) to enhance grid voltage stability. The grid

considered is a microgrid with large-scale photovoltaic (PV)

and fuel cell (FC) generators. The system was tested under

load disturbances and sun radiation variation. The stability of

the voltage improved at the load bus. The study showed the

effectiveness of adding FC (dispatchable source) to a microgrid

in order to regulate the voltage. The effectiveness of the proposed

controller was verified using MATLAB/SIMULINK.

Index Terms—Renewable energy resources, Photovoltaic, Re-

active power control, Microgrid.

I. INTRODUCTION

There is an increase in demand for electricity to be
transferred over long distances due to the ever increasing
load growth, compelling the integration of distributed energy
resources (DERs) a very effective solution [1]. In essence,
DERs have the ability to minimize both the electrical and
physical distances existing between power generation and
consumption points. This in turn reduces power losses as well
as carbon emissions during transmission and distribution. In
addition, DERs can eradicate the challenges from transmission
and distribution lines and augment the reactive power supply
enhancing power stability and grid voltages profiles. Moreover,
they can efficiently use waste heat hence elongating the
need for establishment of new transmission lines and large
electricity generation plants. [1]–[3].

Among the DERs, Renewable energy sources (RESs) pro-
vide superior merits over the others and include plenty of
abundance, low operational costs, nil emission of carbon diox-
ide, as well as low maintenance costs [4], [5]. Consequently,
the merits boost the need for integration of RES into power
generating systems globally. For instance, 25 % off power
consumed in Germany is supplied by RES. [6]. None the
less, high penetration of RESs has drawbacks when connected
to the grid such as unstable network voltage amplitude and
frequency, circulating currents, reverse power flow, and high
voltage profiles in transmission lines [6], [7]. The disadvan-

tages are more vivid when RES are connected to a distribution
network carrying low voltage power [6], [8].

Studies of various configurations have been conducted [4],
[6], [9]. The studies reveal that a combination of photovoltaic
(PV) and Fuel Cell (FC) is the most appealing thus forms
the basis of investigation in this paper [10], [11]. A major
hindrance to the integration of RES is the intermittence nature
of the technologies involved. This is however can be overcome
through incorporation of a controllable battery storage to
the micro grid [11]–[13]. Though a battery in the system
increases cost while decreasing the ease for operatorability and
efficiency. Additionally, battery storage has a limited life cycle
compared to the other micro grid components. Thus, sources
like PV that are intermittent need to be combined with other
DERs that have a fast response rate like FC to ensure the
system has the capability of smoothing out the intermittent
PV source [10].

This study is organized in various sections that comprise it.
Section II is the introduction, section III gives a description
of micro grid components and control mechanisms; section
IV gives an account of a proposed large scale micro grid and
section IV gives the control loops. Section V informs about
the test results of system simulation and section VI concludes
the report.

II. MICROGRID COMPONENTS

A. PV sources
Sources of electricity are PV and Fuel cell. A solar cell is

the part responsible for generating electricity in the PV source.
The output power in a solar cell is obtained by the following
formula: [14]–[16]:

P = V

o

I

o

= V

o

(I
ph

� I

d

� V

d

R

sh

) (1)

Where V

o

output voltage, I

o

output current, I

ph

is the
photocurrent, V

d

is the diode voltage, R
sh

is the equivalent
shunt resistance and I

d

is the diode current.
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The equation (1) gives a summary of the modeling of the
PV circuit. A step-by-step derivative can be found in [15].

B. FC sources

On its part, FC contains chemical energy of Hydrogen (H2)
and Oxygen (O2) that the cell converts into electrical energy
when reactions occur at two electrodes of a solid oxide fuel
cells (SOFC) [17]. The fuel cells output voltage (V

cell

) is given
by the formula:

V

cell

= E

cell

� V

act,cell

� V

ohm,cell

� V

conc,cell

(2)

Where E

cell

is the open circuit voltage, V

act,cell

is the
activation drop affected by the fuel-cell internal temperature
and current; V

ohm,cell

is the ohmic voltage drop comprising
the resistance of the electrodes, the electrolyte, and the in-
terconnection between fuel cells, and V

conc,cell

is the cell-
concentration voltage (drop due to mass diffusion) from the
flow channels to the reaction sites (the catalyst surfaces).

III. THE MICROGRID

Normally during the implementation and operation of micro
grid, the DER technology employed is integrated without the
disrupting the operation of the utility grid. Installers have the
capability of installing DERs without the need for rewiring
or reforming the grid distribution infrastructure [18], [19]. A
microgrid helps a power system in monitoring and controlling
faults that can be brought by outages by ensuring that the
damaged section of the distribution network remains isolated
from the rest [2]. Generally, a micro grid is set up with an
ability to function when it is connected to the national grid or
when it is in an island mode. Also, it has to be able to restore
quality of grid power when it falls below certain standards
[18], [20]–[22]. Additionally, it is able to augment both the
flexibility and reliability of the systems via many options of
DERs available [23]–[25], also use DER waste heat to improve
generation efficiency [9], [26]–[28].

Penetration of renewable DERs into power systems con-
tinues to increase at a high rate. Micro grids consisting of
small sized DERs are becoming widely used due to their low
upfront costs and simplicity. However, large scale ones attract
operators and investors because they offer competitive features
like lower cost per watt installed as well as high clean energy
integration capability. Numerous large scale DERs projects
incorporate loads and storage devices. A consortium for Elec-
tric Reliability Technology Solutions (CERTS) has installed
two grid connected micro grid projects; the first one was
installed in Alameda County Santa Rita Jail in California and
is comprised of three DERs: two 1.2 MW diesel generators,
a 1.2 MW PV, and a 1 MW FC [29]. The project also has a
2 MW, 4 MWh battery storage system. The second consists
of two DERs are used: 2.5 MVA wind turbine and 2.5 MVA
synchronous generator installed in Ontario Canada [30]. The
details and components of the proposed large-scale microgrid
are discussed in the subsequent sections of the paper.

A. Fuel Cell Distributed Generator
During simulation of a proposed 1.1 MW FC source micro

grid project, a dynamic model for a 5.5 kW tubular SOFC
stack is used in [17], [31]. The plant is composed of 50 FC
stacks mounted on 10 strings of 5 FC stacks each connected
in series to provide 1100V. Cumulatively, each FC stack
generates 22kW (100A and 220V). Figure 1 below illustrates
the characteristics of current against voltage and power against
current for the 5.5kw SOFC stack.

Fig. 1. Fuel cell voltage and power vs current

B. PV Distributed Generator
The proposed PV plant is configured with 9 DERs that are

connected in parallel. Each configuration generates 1.037 MW
adding up to a total capacity of 9.3 MWp at 1000 W/m2. The
SunPower model SPR-305-WHT PV modules are used whose
parameters V

oc

, I
sc

, V
mp

, and I
mp

are 64.2 V, 5.96 A, 54.7
V, and 5.58 A, in that order. 17 modules are connected in
per string whereas the number of strings in parallel is 200. A
1.1MVA inverter used so each PV generator is connected to a
single inverter. Figure 2 shows the curves of the current and
the power versus voltage for the PV RES.

IV. CONTROLLING LOOPS

A. Phase looked loop (PLL)
Output signal generated has to be in phase with the input

signal. This output signal is generated using a phase loaded
loop (PLL). In this case, the input is the three phase grid
voltage while the phase angle of one of the three phases is
the output. Figure 3 shows the DC voltage regulation loop
(as outer loop) and Figure 4 is the PLL showing the current
loop (as inner loop). The two loops (inner and outer) can be
linearized as well as be considered decoupled.

B. Outer Loop Controller
This controller is determining the quantity of the injected

current to grid or absorbed by the grid [32]. The outer voltage
control loop extract maximum power from the PV generator
by regulating the DC link voltage to (as shown in Figure 3).
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Fig. 2. Photovoltaic current and power vs voltage for DER

Inputs of the MPPT are the DC measured voltage (V
dc,mes

),
DC-measured current (I

dc,mes

), which persistently compares
the values of power, voltage and current, in both present and
past then suitably increases or decreases the reference voltage
(V

dc,ref

). Output I

d,ref

; d axis reference of the current,
which feeds the inner loop controller input is produced by
proportional and integral (PI) controllers.

Fig. 3. DC voltage regulator (outer loop).

C. Inner Loop Controller

Figure 4 shows the inner loop controller function, which
controls the reactive power dispatched to the utility, the
(I

q,ref

) which is the reference of q axis of the current controls
the reactive power. (I

q,ref

) is set to zero to maintain unity
power factor at PV source and it has a dynamic value in FC
source to regulate the voltage at B

L

as shown in Figure 5.
The PLL block converts the measured three phase voltages and
currents from the three-phase reference frame to dq0 reference
frame. The values are then used by the reactive power regulator
to produce V

d

, V

q

that operate the system in a unity power
factor mode. These signals are used by the PWM generator to
produce the desired switch pulses. The value of I

d,ref

comes
from the outer loop.

V. SIMULATION RESULTS AND FINDINGS

Some of the factors that influence location of a DER are
determined in most cases by environmental and economic
factors that may not be near the point of common coupling
(PCC). The simulated model in here put into consideration

Fig. 4. Reactive power regulator (inner loop).

Fig. 5. Reactive power controller at FC source.

the impact of distribution-line distance. The distance between
DER and the PCC can have an impact on power stability
of the system via line power losses, resonance, short-circuit
current, and communication between parallel DERs [33], [34].
Figure 6 illustrates the structure of micro grid structure that is
comprised of the PV source, FC source, and load connected
to the main bus (Bb).

The microgrid structure study here is as presented in Figs.
6, it has the PV source, FC source, and load connected to the
main bus (B

b

).

Fig. 6. The tested Configuration

A. Case study: Variation in Radiation and Load
In this case all the sources and load are connected to B

b

. The
line distance (Z

L

) is 10m and is represented by the model.
Active power, reactive power, and RMS voltage at B

pv1, B
FC

,
B
L

, B
b

and PCC are presented in the subsequent sections. The
DC V

ref

was fixed at 930 V for the PV source and 1100 V for
the FC source using the inverter controller. Then the reactive
power transmitted to the PCC was adjusted to zero in the PV
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while the FC transmitted the needed amount to control the
voltage. The solar radiation in this case is as illustrated in
Table. I. The loads initial value was 2 MW. At 2.5 s, a 0.4
MW and 0.2MVar load was connected, then disconnected at
3.5 s. The DC-link capacitor was 24 mF.

TABLE I
THE SOLAR RADIATION ON THE PV PANEL

Radiation W/m2 Time (s)

From To

1000 0 2
700 2 4
900 4 5

In the investigated case, the active power (MW) at buses
B
pv1, B

FC

, B
L

, B
b

, and PCC are as shown in Figure 7. Sum-
mary results are shown in Table II in (MW); B

b

possesses the
highest amount of active power because it is formed from the
summation or the power produced at PV and FC. The power
dispatched to the PCC reduced when the radiation decreases
and when the local load increases. Power consumption by the
local load was 2 MW initially before the 0.4 MW load was
connected at 2.5 s then gotten rid of at 3.5 s. B

FC

transmitted
1.1 MW regularly. B

pv1 was at the beginning 1 MW before
it dropped when the solar radiation dropped at 2 s. Equation
(3) from [35] shows that the function of active power (p

R

(t))
with the time has the shape of cosine function with the DC
power |V ||I|cos✓:

p

R

(t) = |V ||I|cos✓ + |V ||I|cos✓cos2(wt+ ✓

v

) (3)

The cosine function has maximum and minimum, however the
calculated active power from (4) is only the average power:

P = |V ||I|cos✓ (4)

Fig. 7. Active power of buses Bpv1, BFC , BL, Bb, and PCC

Figure 8 shows the results of reactive power at various buses
including B

pv1, B
FC

, B
L

, B
b

, and PCC. B
pv1 generates no

reactive power complying with the preset values set by the
inner controller. BL consumed 0.2 MVar between 2.5 s and
3.5 s when the reactive load is connected. A substantial value
of reactive power was directed at the PCC. Voltage regulation
at B

L

was required at hence high amount of reactive power
was dispatched at B

FC

for that purpose. When in operation,
during steady state till 2 s the reactive power at B

FC

seemed
stable at -0.19 MVar. After that a disturbance in the system
occurred as a consequence for solar radiation drop, so that the
reactive power required to be injected to regulate the voltage.
During the low radiation and high load between 2.5 s to 3.5 s,
the injected reactive power required is higher. B

b

always has
reactive power a bit lower than at B

FC

due to the consumed Q
at Z

L

between B
FC

and B
b

. The values of the reactive power
are as summarized in Table II in MVar. The reactive power
generated by a given AC system reveals the amplitude of the
pulsating power, as given by formula (5) below [35]:

p

X

(t) = |V ||I|sin✓sin2(wt+ ✓

v

) (5)

Where p
X

(t) is the function of reactive power with time. It
has a shape of a cosine function with a zero average value.
Because of that the calculated reactive power in (6) is the
maximum of the reactive power.

Q = |V ||I|sin✓ (6)

Fig. 8. Reactive power of buses Bpv1, BFC , BL, Bb, and PCC

Figure 9 below illustrates the phase-A RMS voltage of
buses B

pv1, B
FC

, B
L

, B
b

and PCC. At the commencement,
all the voltages had equal values. When there was variation
in irradiance and load shifts, the potential difference between
B
FC

and B
L

increased and voltage at B
FC

was controlled
to transmit the necessary reactive power. Voltage at B

L

was
controlled to 239 V, however, the time of interval between the
disturbances had to be longer to allow the voltage to reach
steady state. Table II summarizes the voltage values.

VI. CONCLUSIONS

A Microgird with large-scale RESs have been researched
for their effect to distribution infrastructure under different

1278

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Fig. 9. Phase-A RMS voltage of buses Bpv1, BFC , BL, Bb, and PCC

TABLE II
SUMMARY OF THE RESULTS (R STANDS FOR RADIATION)

Item

Initial R Load R

value Drop Rise Drop Rise

Ppcc 8.4 5.465 5.066 5.446 7.41
PBpv1 1.037 0.707 0.709 0.709 0.926
PBFC 1.1 1.1 1.1 1.1 1.1
PBb 10.43 7.465 7.477 7.48 9.44
PBL 1.99 1.97 2.379 2 1.995
Qpcc -0.429 0.27 0.706 0.59 -0.1
QBpv1 0 0 0 0 0
QBFC -0.19 0.428 1.105 0.75 0.1
QBb -0.2985 0.375 1.037 0.7 0.025
QBL 0 0 0.198 0 0
Vpcc 6345 6312 6360 6365 6355
VBpv1 239.9 238.5 240.4 240.6 240.2
VBFC 239.3 240.5 245 243.8 240.8
VBb 239.7 238.4 240.3 240.5 240.1
VBL 239 237.7 238.6 239.7 239.3

solar irradiation conditions with serious unsettling influences
and load disturbance. The Microgrid, containing PV and FC
sources with a local load, was connected to a low voltage
utility grid distribution infrastructure. It had a control method-
ology for dealing with the responsive power created by the
sources; the control system enhanced the voltage security of
the heap transport. The investigation likewise uncovers how
FC as a dispatchable source can upgrade control stream. The
voltage controller actualized in the FC inverter enhanced the
voltage soundness at the local load in the Microgrid. Below
are some of the conceivable future works subsequent to this
examination: a technique to characterize the ideal responsive
power reference for each PV and FC unit associated with
different designs of Microgrid, an investigation of transformer
tap changer consequences for lessening the receptive power
required to manage voltage, and an examination of the impacts
of Microgrid association on every one of the transports of a
30-transport test framework.
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Abstract — The introduction of robots into the physical 
world of humans necessitates complying with the rules of 
society, such as respect for people's personal space. This study 
concentrates on the determination of the personal space of the 
humans when the mobile robots approach them because of the 
frequent use of these robots in recent years specifically in a 
service field. For this purpose, unlike other works, gender 
difference, as well as the rules peculiar to the social and cultural 
structure of the Turkish society have been taken into 
consideration instead of general social rules, and thus 
improvement of the personal space determination is intended to 
be peculiar to the Turkish society. Moreover, two main rules 
have been established to be the basis of this proposed method of 
personal space determination. It is aimed that mobile robots 
comply with the rules of Turkish society thanks to these main 
rules in the course of being used. According to study results, 
sample illustrations are presented by calculating the personal 
space for groups consisting of one, two, three, four and five 
persons. As a result of the calculations, the changes between 
individuals and groups' personal spaces are shown. In addition, 
a sample path planning application using Ant Lion 
Optimization (ALO) algorithm is also presented. 

Keywords — Personal space, Turkish society, Mobile robot, 
Gender 

I. INTRODUCTION 

Robot technology is used in many areas today. Especially, 
the fact that robots have begun to work together with humans 
has brought the issue of human-robot interaction into the 
agenda and paved the way for further studies. In the near 
future, mobile robots will become an element that helps 
people in our daily lives or in our working lives [1]. Since 
robots that are in the same environment as humans will 
perform various tasks, it is necessary to have the ability to 
perceive and act appropriately with social rules. Researches 
on mobile robot show that these robots can be used in many 
areas [2]. However, the environments in which these robots 
operate (especially for service robots) are common areas 

where people are also involved. For this reason, robots will 
interact with humans whether they want it or not. Therefore 
robots are required to comply with a number of social rules 
that people are accustomed to. Suppose that, people wait in a 
queue at a bank or a hospital. If a person does not know or 
does not apply social rules, there will be a disorder there. 
Likewise, in the event that a robot does not know the social 
rules of humans when it is asked to do a job, it might hinder 
people around or fail to do its task. For this reason, service 
robots should be designed to comprehend the social behavior 
of people and to act in accordance with social rules [3]. In 
recent studies, it has been found that the distance between 
humans and robots is very important in this process [4]. 
Robots, especially the ones to be used in service, must act to 
fulfill their tasks and must plan its path safely and efficiently 
while achieving their goals. The majority of these obstacles 
are human-induced and that makes the matter quite 
challenging. The reason for this is that people are not just static 
obstacles, but rather have a personal space that is unique to 
them. This means that when the robot is moving, it should take 
the personal space of the human into account instead of the 
human body. 

In this study, a cultural approach to the collaboration 
process of mobile robots with humans has been introduced. 
For this purpose, in addition to the general personal space 
parameters, the social and cultural rules peculiar to Turkish 
society and the gender of the persons are taken into 
consideration. Therefore, two basic rules that can be used in 
personal space calculation have been defined. Moreover, a 
sample path planning application is also implemented using 
the ALO algorithm developed by Mirjalili [11]. The second 
section of this study is emphasized on the concept of personal 
space and adaptation of mobile robots to Turkish society and 
gender. In the third section, an example path planning along 
with sample personal space calculations and ALO algorithm 
is presented. In the last section, the study is concluded. 
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II. PERSONAL SPACE IN TERMS OF MOBILE ROBOTS 

As a social rule, the concept of personal space can be 
expressed as a kind of border surrounding people. The 
personal space can be used as a boundary to determine how 
much distance the mobile robot should keep between it and 
the humans. By using this boundary, the robot protects its 
position or moves according to the movement of the people 
around. The personal space has become a concept as ‘area 
with invisible boundaries surrounding a person’s body into 
which intruders may not come’ [5]. Fig. 1 presents the 
definition of personal space. 

Fig. 1. Definition of personal space [6] 

Edward T. Hall [7], in his study of human behavior in 
public spaces, has discovered that each person creates a 
moving zone surrounding his sphere involuntarily, and he has 
expressed that the concept of personal space is a non-verbal 
communication between two or more people. This zone is 
shown in Fig. 1 and it consists of 4 different areas, which are 
[8]: 

• Intimate Distance 

• Personal Distance 

• Social Distance 

• Public Distance 

The personal space differs according to various 
parameters; gender, age, culture, personality, psychological 
health and experience of the person can be considered as a few 
of these parameters. Furthermore, if a person contacts another 
person, the characteristics of the other person will also have 
an impact on the personal space. 

Ahmet Rüstemli [5] has examined the relationship 
between gender and personal space in Turkish society and as 
a result; he has revealed that the personal spaces of people 
vary according to gender and the personal space of men is 
smaller than that of women.  Likewise, he has come to the 
conclusion that when two people are together, the personal 
space is broader in female ones compared to males. S. Çelik 
[9] on the other hand, assessed the personal space in a culture-
based way. As a result of his study on the personal space 
differences between American and Turkish people, he found 
out that a Turkish person is more sincere than an American 
person, and therefore his personal space is smaller than the 

American. According to these studies, we can come to the 
following two conclusions about the concept of personal space 
in Turkish society; 

1) In the Turkish society, the personal space differs 
according to gender, and this difference is that the 
personal spaces of men are smaller than the personal 
space of the women. 

2) When Turkish society is compared to American 
society, the personal spaces of the Turkish individuals 
are smaller than the personal spaces of the Americans’. 

These two main conclusions can be used to enable mobile 
robots to work in the Turkish society without disturbing 
people while working with them, in other words, without 
getting into personal spaces of individuals. For this to be 
applicable, in this study the approach proposed by Gomez and 
his friends [10] was taken as a basis to be able to make social 
path planning of mobile robots. Gomez and his friends have 
made a personal space determination for single and grouped 
people for social path planning of mobile robots in their study. 
For this, they have calculated the personal space around a 
person with the following expression [10]. 

  (1) 

In the equation,  is a Gaussian function expressing a 
personal space,  and  are two-dimensional vectors which 
are the Cartesian plane expressions of person’s position and 
other points surrounding the person, and  is a covariance 
matrix defined as follows for the points in front and rear of the 
person [10]. 

 	 	 	   (2) 

In the equation,  and , are the covariance matrices 
defined for the points in front and back directions of the 
person. Gomez and his friends took the expression 	 in these 
matrices as =0.45⁄2=0.255m. This coefficient is the basic 
parameter used to determine the width of the personal space. 
Accordingly, using  for the points left in front of the 
person, , which is the area obtained from Equation-1; and 

 calculated using   for the remaining points on the back 
side, it is possible to define the entire personal space for that 
person [10]. 

 	  (3) 

In equation (3),  represents the  component of the 
Cartesian plane of the point .  is 1 when  , in 
other cases it is 0.  

If the concept of the personal space given in Equation 3 is 
to be arranged for Turkish Society, it is necessary to change 
the coefficient  in this expression. According to the two 
previous results;  

1) For male individuals in Turkish society, the  
coefficient to be used in personal space calculation 
should be chosen smaller than  meters. 

2) For female individuals in Turkish society, the  
coefficient to be used in the personal space calculation 
should be selected to be larger than  meters. 
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It should be noted that for Turkish society the exact values 
of these coefficients should be determined by social science 
researchers. However, in terms of giving an idea of the 
researches to be done for mobile robots, the coefficients in 
this study are as follows; hypothetically, a personal space 
determination was established by accepting 

 meters for male individuals and  
meters for female individuals. 

III. EXPERIMENTS AND RESULTS  

In this study, sample personal space illustrations were 
made for the model which will enable the determination of 
personal spaces in terms of mobile robots presented in the 
second section. Therefore, for one and two-person groups, 
both of the standard personal space determination 
illustrations suggested in the study of Gomez and his friends 
[10] and the personal space illustrations calculated using the 
coefficients suggested in this study are performed. 

According to this; in Fig. 2, standard personal space 
illustrations are presented for male and female individuals, 
respectively. 

Fig. 2. Personal space ( ) for male (left) and female (right) 
calculated by Gomez and his friends [10] (F: Front, R: Rear) 

In Fig. 2, the blue color is used for the male individual 
and red color is used for the female individual, also 
abbreviation “F” indicates the front side of the person and 
abbreviation “R” indicates rear of the person. According to 
Fig. 2, personal spaces of both genders are at the same 
dimension. 

In Fig. 3, personal space illustrations for both genders are 
determined according to the coefficients suggested in this 
study. 

Fig. 3. Personal space calculated for man (left, ( )) and woman 
(right, ( )) in Turkish society. (F: Front of person, R: Rear of 

person) 

According to Fig. 3, the calculated personal space 
dimensions for Turkish society are different in both genders. 
The personal spaces of female individuals are larger than that 
of men, and the personal spaces of Turkish men are smaller 
than the standard personal space, as well. Finally, Fig. 4 and 
Fig. 5 demonstrate personal space illustrations of for two-
person groups (female-male) calculated by Gomez and his 
friends [10] and calculated according to the rules presented in 
this study, respectively. For the formulation of the personal 
space calculation of groups, you can refer to the study of 
Gomez and his friends [10]. 

Fig. 4. Personal space calculated by Gomez and his friends. for a two-
person (male and female) group. (The black point is the center of the 

group.) 

Fig. 5. Personal space calculated for two persons (Male and Female) 
group in Turkish society. (The black point is the center of the group.) 

According to Fig. 4 and Fig. 5, when two-person groups 
consisting of a man and a woman are formed, the personal 
space dimensions are reproduced not according to the sum of 
the personal spaces of two separate persons but according to 
the group itself. In Fig. 4 and Fig. 5, this situation arises both 
in the illustration based on Gomez and his friends [10] and in 
the illustrations based on the rules specific to Turkish Society. 
According to this; it is clear that if the groups are formed of 
more than two persons, the group's personal space will 
change accordingly. Similarly, the personal spaces obtained 
for groups consisting of three or four persons are 
demonstrated in Fig. 6-7-8 and 9, respectively. The  
coefficients used in all the calculations, the person or group 
coordinates and the number of personal space points obtained 
as a result of calculation are also demonstrated in Table 1. 
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Fig. 6. Personal space calculated by Gomez and his friends [10] for a 
group of 3 people (2 female 1 male). (The black point is the center of the 

group.)  

Fig. 7. According to Turkish Society, personal space for a group of three 
persons (2 female 1 male). (The black point is the center of the group.)  

Fig. 8. Personal space calculated by Gomez and his friends [10] for a 
group of four people (2 female 2 male). (The black point is the center of the 

group.) 

 

 

 

 

 

 

 

Fig. 9. Personal space for a group of four persons (2 female 2 male) 
according to Turkish Society. (The black point is the center of the group.)  

TABLE I.  DATA TABLE OF THE COEFFICIENT BY GROUPS IN PERSONAL 
SPACE DRAWINGS, GROUP CENTER, AND THE NUMBER OF DOTS IN THE 
PERSONAL SPACE 

Grup Type and 
Number of People 

 
Coefficient 

Group Center 
Coordinates 

Point 
Numbers 

of Personal 
Space 

According to 
Gomez and his 
friends [10] One 
Person (Female or 
Male) 

Female: 0.45 
Male: 0.45 

Female (15,10) 
Male (5,10) 

F: 12597 
M: 12597 

One Person 
(Turkish Female or 
Turkish Male) 

Female: 0.55 
Male: 0.40 

Female (15,10) 
Male (5,10) 

F: 12604 
M: 12592 

According to 
Gomez and his 
friends [10] 
2 people 
(1 Female and 1 
Male) 

Female: 0.45 
Male: 0.45 

X= 12,5 
Y= 11,25 12628 

2 people 
(1 Turkish Female 
1 Turkish Male) 

Female: 0.55 
Male: 0.40 

X= 12,5 
Y= 11,25 12640 

According to 
Gomez and his 
friends [10] 
3 people 
(2 Female 1 Male) 

Female: 0.45 

Male: 0.45 

X= 17.6667 

Y= 15.6340 
12724 

3 people 
(2 Turkish Female 
1 Turkish Male) 

Female: 0.55 
Male: 0.40 

X= 17.6667 
Y= 15.6340 

12666 

According to 
Gomez and his 
friends [10] 
4 people 
(2 Female 2 Male) 

Female: 0.45 
Male: 0.45 

X= 17.3750 
Y= 15.1005 12689 

4 people 
(2 Turkish Female 
2 Turkish Male) 

Female: 0.55 
Male: 0.40 

X= 17.3750 
Y= 15.1005 12638 

 

Having looked at Fig. 6-9 and Table 1, the effect of the 
two basic rules proposed to be used in the calculation of 
personal space for Turkish Community is clearly visible. For 
example, when the point numbers of personal space in Table 
1 are examined, the point numbers of personal space of a 
Turkish woman are broader than the results obtained from 
Gomez’s calculations made for a single woman. However, 
when we look at groups of four, we can see that point numbers 
of a group consisting of Turkish people is smaller than the 
results obtained from the calculations made by Gomes and his 
friends even though there is an equal number of female and 
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male in the group. This indicates that the two basic rules 
proposed in this study have been successfully applied. 

In this study, static path planning is made in an 
environment with 3 different groups of 2 (one woman and one 
male), 3 (two women and one male) and 4 (two women and 
two men) Turkish people in order to show the proposed 
method to be used for path planning in mobile robots. In this 
plan, it is aimed that mobile robot can reach them from the 
starting point to the goal point from the shortest possible path 
without entering the personal spaces of the groups. The 
proposed path planning environment is demonstrated in Fig. 
10.  

Fig. 10. The environment used for example path planning 

The most important stage of path planning for mobile 
robots is to avoid from obstacles. The personal spaces of the 
groups used as obstacles in this study are defined as rectangle 
areas formed by using the maximum and minimum coordinate 
information in the Cartesian coordinate system (in x, y axes) 
instead of their own shapes in order to reduce the processing 
load. Pursuant to this definition when path planning is made, 
each group was considered according to these rectangular 
areas. Therefore, the problem to be solved can be described as 
"finding the shortest possible path that does not pass through 
the rectangular areas to reach the goal position from the initial 
position". It is an optimization problem in this case, and to 
solve it, first of all, we must define an objective function as 
stated below: 

   (4) 

In the equation (4),  is the objective function value 
calculated for a suggested path,  is the number of line 
segments forming the proposed path,  is the length of the line 
segment,  is the number of collisions to obstacles of the 
recommended path and  is a penalty coefficient. The 
approach presented in Fig. 11 is used to determine the 
collision to the obstacles.  

 

 

 

 

 

 

Fig. 11. Avoidance approach from the obstacle 

According to this approach, first of all, the diagonals of 
that obstacle, the intersection point of the diagonals and the 
diagonal length (r) are calculated for each obstacle. The 
distance (h) between the calculated diagonal intersection point 
and a line segment forming the path is also calculated, and this 
distance is compared with the half of a diagonal length. If it is 

, the corresponding line segment is accepted to 
collide with the obstacle. Selecting the diagonal length as the 
comparison element ensures that the avoidance process is 
successful. 

Since the problem of path planning is an optimization 
problem, the ALO algorithm which is a population-based 
heuristic optimization algorithm developed by Mirjalili [11] is 
preferred to solve this problem in this study. The details and 
formulations of this algorithm can be found in [11]. Since 
ALO algorithm is a population-based algorithm, when we are 
to find a solution with this algorithm, each individual is 
defined as a candidate solution. This candidate solution for the 
problem of path planning is formed as follows. 

 	 , 	 , 	 	  (5) 

In the equation (5),  represents a sample path. The pair 
	 	 , ,  are the x and y components in the 

Cartesian coordinate system at the endpoints of the line 
segments forming the path, respectively. Finally, n is the 
endpoint numbers of the line segments forming the path. Here, 
the number of line segments forming the path is . In 
order to be able to define any path between start and goal 
points, in this study, 	  and 	  are replaced with start 
and goal point coordinates, respectively. 

A path consisting of 5 line segments ( ) in total from 
	   point to 	  point is defined for 

the sample path planning application. 

The number of candidate solutions of the sample 
application is 100, the maximum number of iterations is 100, 
and the penalty coefficient is , and the solution is 
realized with the ALO algorithm. The problem is solved 30 
times and all solutions are demonstrated in Fig. 12.  
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Fig. 12. Sample path planning 

As demonstrated in Fig. 12, the social path planning for 
mobile robots by using ALO algorithm and proposed obstacle 
avoidance approach has been successfully carried out in all 
thirty experiments.  

IV. CONCLUSION 

In this study, in order to ensure compatibility of the robots 
with the society in the event that the mobile robots are used 
in the Turkish society, a personal space calculation and 
illustrations which can be used as a basis for all movement 
processes of these robots are presented. In the calculation of 
these areas, by taking into account the cultural and social 
characteristics of the Turkish community and the gender of 
the persons, these two main factors are used. In addition, a 
sample path planning within the framework of the proposed 
rules is also implemented using the ALO algorithm. It is 
evaluated that the approach presented in this study can help 
the robots to be developed for the Turkish society be adopted 
more easily by the society. 
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Abstract—The aim of this work is to solve object classification 
problem using Neural Networks. Two types of neural networks are 
used and compared, namely, classical Feed Forward Neural 
Networks and Deep Convolutional Networks. Success of the 
designed networks is investigated using CIFAR-10 dataset. 
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I. INTRODUCTION

Image classification constitutes one of the fundamental 
problems in computer vision. There is vast literature on this 
problem and several different method have been proposed for its 
solution. The classical approaches are based on design of hand-
crafted features. These features are employed as inputs to a 
classifier to determine the class of the input image. However, it 
is usually difficult and time consuming to design such features 
and the solutions obtained become problem dependent which 
cannot be directly extended to new types of problems. 

The difficulty described above can be alleviated to some 
extend by means of Artificial Neural Networks (ANN). ANNs 
can be trained transparently for any given data set using the well-
known backpropagation algorithm. Although this eliminates the 
need for human effort considerably, the success of ANNs has 
been limited in the past. Therefore, their applications to image 
classification problem was questionable. However, AlexNet 
network introduced in 2012 exhibited a standing out 
performance by exceeding the state of the art methods of that 
time and showed that ANNs can serve as good classifiers [1].  

The success of AlexNet can be attributed to two main 
reasons. First, its architecture is based on a special structure 
which is composed of a number of convolutional layers followed 
by classical fully connected layers. Convolutional layers have 
parameter sharing property which reduces the number of 
weights to be adjusted significantly. This allows working with 
deep networks of several layers without leading to substantial 
growth in the memory requirements and computation time. 
Second, its training for large data sets could be realized in a 

reasonable time thanks to the availability of Graphical 
Processing Units (GPUs) which can be used to perform weight 
updates in a massively parallel manner.  

Since the introduction of AlexNet, deep convolutional 
networks are applied to several problems and datasets and 
successful results are reported. In this work, we investigate an 
application of deep Convolutional Neural Networks (CNNs) to 
image a classification problem. The CIFAR-10 is chosen as the 
data set. Different CNNs are implemented and their 
performances are compared to determine the most suitable 
architecture. In addition, a number of classical feed forward 
networks are also implemented to analyze the extend of the 
improvements that can be achieved by CNNs over classical 
ANNs.  

The paper is organized as follows. The CFAR-10 dataset 
used in this work is described briefly in Section II. Feed Forward 
Neural Networks (FFNN) and Deep CNNs are introduced in 
section III. Neural network architectures designed in this work 
are described in Section IV. Training, test and validation 
processes together with the software employed are explained in 
Section V. Results are presented in Section VI. Section VII is 
the conclusions where the main finding are summarized.  

II. CIFAR-10 DATASET
We used the CIFAR-10 dataset for the classification problem 

which consists of 60,000, 32x32 pixel, colored images of 10 
classes. The data set is separated into 50000 training and 10000 
to testing images. Among the testing images 500 of them are 
used for validation. There are no images in CIFAR-10 dataset 
that contain two classes in the image. 

III. NEURAL NETWORKS
Feed Forward Neural Networks (FFNNs) were used in 

image processing before CNNs were introduced. However, they 
were not good enough for reliable classification. Below, FNNs 
and deep CNNs are described briefly.  
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Figure 1. The structure of a FFNN 

A. Structucture of FFNNs 

The characteristic feature of an FFNN is that there is no 
feedback mechanism or loops in the network. A FFNN has three 
types of layers as shown in Figure 1 and described below: 

Input Layer: First layer of neural network. It is used to 
provide the input. Number of neurons in this layer depends on 
the problem. 

Hidden Layers: Body of neural network. Number of the 
hidden layer and number of neurons in each hidden layers 
depend on the problem. There is no exact numbers for the best 
numbers. Network can be made deeper by increasing number 
of hidden layers. 

Output Layer: Last layer of neural network. Number of 
neurons in this layer depends to the problem. If the problem is 
about classification the number of neurons are equal to the 
number of classes. 

 
Neurons are the basic building blocks of FFNN layers. Each 

neuron has a number of inputs and a bias term. It takes a 
weighted summation of the inputs and biases. This weighed sum 
is passed through an activation function to compute the output 
of the neuron. The mathematical expression relating output of a 
neuron to its inputs is given below. 

 

 (1) 

, , , ,		 
, , ,		 

, , , ,	 
	  

where  
 is the output of the jth neuron in layer  
 is number of neurons in layer .  

 is the weight from the ith neuron in layer  to the jth 

neuron in layer  
 is the bias of the jth neuron in layer  

is the activation function of the jth neuron in layer  
 is the number of layers  
 is the output of neuron  in the output layer 

B. Structure of Deep CNNs  

 
Deep CNNs are the new generation of networks that use new 

types of layers. The structure of a deep CNN network is depicted 
in Figure 2 and the types of layer it may have are described 
below. 

 

 
Figure 2. The structure of a deep CNN 

2D Convolution Layer: A 2D convolutional layer is 
composed of a number of 2D convolution kernels. Each kernel 
is used to compute a layer of outputs by taking its convolution 
with the 2D input map. In its basic form this discrete 
convolution operation produces an output layer whose size is 
smaller than that of its input. However, by adding padding 
around the input map, the reduction in the size can be 
eliminated. In addition it is also possible to shrink down the 
output size by employing applying a stride operation. See [2] 
for details. The number of outputs of a 2D convolution layer 
with padding can be computed with the following formula: 
 

,	 (2) 

	 	 	 	 	
	 	 	 	 									 

where  
I: size of the input of the layer 
O: size of the output of the layer 
F: size of the convolution kernel 
s: value of stride 

 
The mathematical expression that relates input of a 2D 
convolution layer to its output can be expressed as follows: 

, , , , 		 ,  (3) 

, , , , , , ,  
 

: row size of the output 
: column size of the output 
: row size of feature map 
: column size of feature map 
: the value of the input at the ith row and jth column 
: the value of the convolution mask at ith row and jth  
: the value of the output at lth row and kth column.  

 
Max Pooling Layer: Max pooling is used for making the 

features robust against noise and distortion by reducing their 
resolution. It also decreases the computational complexity since 
it reduces the feature size. Max pooling operates as sliding over 
the input image starting from the upper left corner and taking the 
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maximum value of the corresponding part of the input. How 
many pixels to skip at each step of the sliding operation is 
determined by an attribute called “stride”.  

Flatten: Flatten is used to convert a 2D input map into an 
equivalent 1D feature vector by concatenating  its rows or 
columns. It is used for converting 2D feature maps so that 1D 
layers can process it.   

Fully Connected Layer: This is a type of layer which has 
the same structure with the hidden layers of classical FFNNs 
described above.  

Dropout: Dropout deactivates a certain number of neurons 
of a layer during the training. It is basically used to prevent 
overfitting problem when the network has relatively high 
capacity with respect to the size of the training dataset. Dropout 
can be used in each or some of the layers. The affected neurons 
in each layer are randomly chosen. Thus, different neurons are 
deactivated in each epoch.  

IV. NETWORK ARCHITECTURES IN THIS STUDY 
 
Architectures of FFNN and CNN networks used in this study 
are shown in Table 1 and Table 2.  
 
 

 
Table 1. FFNN architectures 

FFNN-1 FFNN-2 FFNN-3 
Input(32,32,3) Input(32,32,3) Input(32,32,3) 

Flatten Flatten Flatten 
1 x FC 4096 4 x FC 2048 10 x FC 1024 
1 x FC 10 1 x FC 10 1 x FC 10 

   
Table 2. Deep CNN architectures 

CNN-1 CNN-2 CNN-3
Input(32,32,3) Input(32,32,3) Input(32,32,3)

Conv2D 64 Conv2D 64 Conv2D 64
Conv2D 64 Conv2D 64 Conv2D 64
MaxP (3,3) MaxP (3,3) MaxP (3,3)

Dropout(0,25) Dropout(0,25) Dropout(0,25)
Flatten Conv2D 128 Conv2D 128
FC 512 Conv2D 128 Conv2D 128
FC 128 MaxP (3,3) MaxP (3,3)
FC 10 Dropout(0,375) Dropout(0,375)

 Flatten Conv2D 256
 FC 512 Conv2D 256
 FC 128 MaxP (3,3)
 FC 10 Dropout(0,5)
  Flatten
  FC 512
  FC 128
  FC 10

 
Conv2D: two dimensional convolutional layer 
MaxP: max pooling layer 
FC: fully connected hidden layer  

V. TRAINING 

A. Optimizers 

Optimization of ANNs are made by optimizers. Aim of the 
optimizers is to adjust weights in such a way that the total loss 
will be minimum with respect to a metric. In most of the 
learning problems, steepest descend based algorithms are used 
to minimize the loss function. The update equation used in each 
iteration of these methods can be expressed as: 

 
 (4) 

 
Where  is the learning rate,  is the iteration number,  is 

the weight vector and  is the gradient of  with respect to 
. In our paper, we have used the Adaptive Moment Estimation 

(ADAM) as our optimizer. Adam works as follows [4]: 
• Firstly, the exponentially weighted average of past 

gradients is calculated. 
• Secondly, the exponentially weighted average of the 

squares of past gradients is calculated. 
• Thirdly, if these averages have a bias towards zero, a 

correction is applied to avoid this. 
• Lastly, the calculated averages are used to update the 

parameters. 

B. Training, Test, and Validation 

Training of Neural Networks consists of three different 
parts. These parts are training, test and validation. All 
operations use different set of images. 

Training: In training, the output and the input are both fed 
to the model. The training algorithm updates the network 
weights to reduce the value of the loss function. The reduction 
in the training loss does not always means that the model is 
learning. For example, while the training loss decreasing, the 
test loss may increase or stay the same. That means that the 
model has over-fitted. Therefore, to be able to assess the 
learning truly, one needs to check the test error.  

Testing: In testing, images are not used to update the 
network weights but for evaluating the performance of the 
network based on unseen inputs. In each epoch, the test images 
are fed to the network and the loss function is computed for 
them. If a desired level of test loss cannot be obtained after a 
certain number of epochs this indicates that either the capacity 
of the network is not enough or there is a need for tuning hyper-
parameters of the network.  

 
 Validation: Validation operation is conducted manually, 

preferably after the desired test level is achieved. In validation, 
the model is requested to predict the outputs of a set of images 
which are different from the images used in training and test 
operations (i.e. images that the model has not seen before). To 
evaluate the success of the images, predicted results are 
compared with actual results. If the results are at a desired level, 
the model is ready. If the model gives good test results but poor 
validation scores, that usually means that the images used in 
validation are not related to the ones the model is trained with. 
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In such a case, dataset should be updated with more images 
similar (not same) to the ones in validation set. 

VI. RESULTS 

For the implementation of the network architectures, their 
training, test and validation, Keras library, which is built on 
Tensor-flow software, is employed. The test results for all 
architectures given in Table 1 and Table 2 are depicted in Table 
3. As can be seen from the table, FFNs architectures perform 
very poor when compared with the CNNs. The best accuracy of 
83.19% is obtained for CNN-3 architecture, which is 2.77% 
better than CNN-2 and 10.61% better than CNN-1. This shows 
that a carefully designed deeper architecture performs better 
than shallower ones.  

 
Table 3 Results for CIFAR-10 Dataset 

Architecture Loss Accuracy (%) 
FFNN-1 1.4624 48.53 
FFNN-2 1.4835 47.18 
FFNN-3 1.8370 29.36 
CNN-1 0.7950 72.58 
CNN-2 0.5850 80.42 
CNN-3 0.5589 83.19 

After training and testing, a validation is performed as 
described in the previous section. In the validation, number of 
correct predictions and the false predictions for the classes were 
419 and 81, respectively. Hence, the accuracy of class 
predictions on the validation set was found to be 83.8 per cent. 
The validation accuracies of classifications for the individual 
classes can be seen from the confusion matrix given Figure 3. 

 
Figure 3. The confusion matrix 

VII. CONCLUSION 

In this work, we implemented different FFNN and deep 
CNN architectures and used them for classification of CFAR-
10 images. Our goal was to compare the performance of FNN 
and CNN networks and find an architecture having the highest 
classification accuracy. Our results indicates that, CNNs 
performs better than CNNs as expected. Moreover, by a proper 
choose of the architecture, one can obtain better results for 
deeper networks. The best testing and validation accuracies we 
obtained was 83.19% and 83.8 which can be considered a 
satisfactory result when compared with the other deep CNN 
architectures appearing in the literature.  
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Abstract—Audio was mainly used for speech and speaker 
recognition before. Sound event detection (SED) is another field 
of audio recognition which is the recognition of sounds other than 
speech and music. If we recognize environmental sounds coming 
from hazardous events then we can use this for surveillance for 
security. Audio surveillance can be integrated into video 
surveillance systems for public security in cities, for surveillance 
of elderly people living alone and road surveillance etc. In this 
paper we developed deep neural network (DNN) models to 
recognize scream and traffic accident (car crash). Our model 
tests show that the developed models can be used in real 
applications. 

Keywords—audio surveillance; hazardous sound event 
detection, machine learning 

I. INTRODUCTION

Traditionally audio recognition focused on music and 
speech signals. Automatic environmental sound recognition 
(AESR) has received more attention in recent years. By 
environmental sounds we mean the sounds other than speech 
and the music [1]. ESR can find applications in areas such as 
acoustic surveillance [2]-[5], bio-acoustical monitoring, 
environmental context detection [6], healthcare applications 
[7]. ESR can also be used for audio search applications on 
Internet [8] and for robot navigation [9]  and more. The term 
sound event recognition (SER) and sound event detection 
(SED) have the same meaning with ESR. In this paper we 
focus on hazardous SED which is to detect gunshot, traffic 
accident, scream, glass break and etc. 

A typical ESR system has the following parts: Microphone 
input and digitization, detection, feature extraction and 
recognition. This system can be run in real-time or offline after 
recording. Generally a surveillance system using hazardous 
SED works in real-time. 

Fig. 1 shows a typical ESR system. This system can be 
used to detect and recognize dangerous audio events. Then, the 
data flow is as follows. Environmental sounds are captured and 
digitized by a microphone input and a sound card. Sampling 
rate and quantization bit depth are adjusted here. Sampling rate 
can affect the performance, because each sample is handled at 
the detection stage separately. We should also consider the 
buffering size here which will affect the performance later. 
Detection stage comes after the input and digitization of the 
sound input. Detection stage detects the impulsive sounds. 

Impulsive sounds are the result of some dangerous events such 
as gunshots, explosions, human screams etc. or they may be 
from other sources such as thunder, helicopter [3].  After 
detection of impulsive sounds, recognition stage takes the 
frame and decides if it is from a dangerous event or not and the 
class of the event. In this paper we will explore the algorithms 
used at the recognition stage. 

Fig. 1. A typical ESR system. 

A general video based surveillance system is shown in Fig. 
2. The control room of this video surveillance system is shown
in Fig. 3. Security personnel constantly monitor suspicious
activity on multiple screens. As security personnel monitor
multiple locations simultaneously, this manual task is labor
intensive and inefficient.

Fig. 2. General video surveillance network 
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Fig. 3. Control room of video surveillance network 

The audio surveillance system can help the security 
personnel by giving alarms indicating dangerous events 
happening. 

 This paper is organized as follows: In Section II we will 
explain the general algorithm development at the recognition 
stage seen in Fig. 1.  In Section III we will explain the 
development process of our scream and traffic accident model. 
In Section IV we will explain the tests results. At the last 
section it will be given our conclusion and future work. 

II. RECOGNITION STAGE 

A. Database Development 
It is necessary to establish a database which comprises the 

sounds to be recognized in advance to be able to recognize the 
environmental sounds. This database which comprises 
environmental sounds will provide the requested features for 
the detection and recognition of sounds obtained from the 
environment. As offline it will be used for development and 
test platform for algorithms that will be developed. The 
developed database details are explained [10], [11]. 

B. Training Phase 
The machine learning model is created by training. During 

training, examples or samples are taken from the database, the 
model use these features to produce the estimated outputs. 
Then these estimated outputs are compared with the ground 
truth and the parameters used by the model are updated. At last 
the parameters given the best results are found and the training 
of the machine learning algorithm is finished (Fig. 4). 

C. Testing Phase 
The developed model during the training stage is tested at 

the testing stage. During testing, samples or examples which 
are not used in training are taken from the database and the 
performance of the model is found. Fig. 5 shows testing stage. 
If performance is good enough then model can be used for the 
real purposes, if performance is low then training phase 
applied again. Some parameter optimization methods can be 

applied. Machine learning algorithms can encounter bias or 
overfitting which will degrade the performance. 
 

 
Fig. 4. Machine learning training 

 
 

 

 

Fig. 5. Machine learning testing 

D. Usage Phase 
After finding the best parameters, machine learning model 

can be employed to real world input data. In this case we do 
not know the ground truth and we rely on system outputs. For 
the system we are trying to develop the machine learning 
block diagram is seen in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Machine learning in usage 

III. RECOGNITION STAGE DEVELOPMENT 
First of all we must find the sound clips for the training and 

testing phase. We should store them in the database for further 
use. Car crash dataset (TABLE I) is taken from the research 
described in [12]. There are 56 files 3 min each in four folds. 
The 3 folds are used for training and last fold is used for 
testing. Total 204 car crashes are inserted in 56 background 

Extract Features Model
PredictionSound Input

ML algorithm

New sound clips

Update Model

Database

New examples

Features

1292

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

files at 15 dB SNR level. Audio files are sampled at 32 KHz. 
The detailed explanation of the dataset can be found in [12]. 

TABLE I  CAR CRASH DATASET 

Training Dataset Test Dataset 
Type Number of Files  Number of Files 
Car crash 150 (events)  54 (events) 
Traffic  42  14 
 

Scream dataset is taken from the research explained in [13]. 
There are 66 files for training and 20 files for testing. Each file 
is 3 min duration. The dataset contains sound files at 6 different 
SNR values, but we have taken only the files with SNR values 
of 15 dB. TABLE II shows the scream dataset properties. 

TABLE II  SCREAM DATASET 

Training Dataset Test Dataset 
Type Number of Files  Number of Files 
Scream 1881(events)  203 (events) 
Various 66  20 
 

Event signal

Minimum duration 
event  segments

Compute 40 MFCC 
from each 40 ms 

window
(20 ms overlapping)

... ... ...

Concatenate each 40 
MFCC to obtain one 

feature vector

 

Fig. 7. Feature Extraction 

Fig. 7 shows the feature extraction process. We firstly find 
the minimum length event signal in our dataset. This minimum 
length is called as the context length for that type of event. We 
segment all event signals in the training dataset according to 
this minimum length. Then each segment is 40 ms windowed 
with 50% overlapping. We calculate 40 Mel-Frequency 
Cepstral Coefficients (MFCC) from each 40 ms window. One 
feature vector for each segment is obtained by concatenating 
these MFCCs. Each event type has different context length. So 
each event sound has different size feature vector. These 
vectors have the output label one. The same procedure, first 
segmentation and then windowing are applied to background 

sounds. The segmentation is done with the context length of 
the related event type, windowing size is always the same. The 
obtained vectors are labeled as zero. 

The minimum length of event signals (context lengths) and 
the number of MFCCs which are contained in their feature 
vector is shown in TABLE III. 

TABLE III EVENT SOUND FEATURE PROPERTIES 

Event Name Minimum Duration (ms) Feature vector 
MFCC count 

Car crash 711 1360 
Scream 490 920 

 

We used DNN as classification algorithm to recognize the 
sound events. Three DNN model has been developed for each 
event type. TABLE IV summarizes the hyper parameters of the 
DNN used. We used rectified linear unit (RelU) as activation 
functions of hidden units and sigmoid function at the output 
unit.  

TABLE IV DNN HYPER-PARAMETERS 

Hyper -
parameters 

Car crash Scream 

# of layers  4 4 
Learning rate 0.085 0.075 
Number of 
iterations 

10000 5000 

Hidden Unit 
Activation 

RelU RelU 

Output activation 
function 

Sigmoid Sigmoid 

 

We developed our own implementation of DNN in Matlab 
by porting the Python code developed during the course of 
DNN by Andrew NG on Coursera. The hyper-parameters are 
found manually making extensive tests. Grid search algorithms 
can be used to find best hyper-parameters, but our aim is to 
find hyper-parameters for an acceptable performance and make 
testing with these parameters. 

IV. TESTING  
We prepared the testing structure seen in Fig. 8. 
 

 

 
Fig. 8. Testing developed DNN model 

The test sound files are read in segments of minimum event 
length without overlapping. From these segments MFCC 
features are calculated as in training, and fed into DNN. The 
tests are done for each event type separately. For example we 
read a mixture file and feed it into a DNN model for finding the 
scream. Although some test sound files contain more than one 
type event such as car crash and scream we try to detect just 
scream. 
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For evaluation of the algorithm event based F-score, error 
rate and other metrics such as accuracy, true positive and false 
positive rates are used. It can be misleading to look at one 
metric for performance criteria. The recognition rate can be 
very high but we should also look at error rate or false positive 
rate for correct evaluation of the performance. The metrics 
alone are not meaningful for SED task. Most of the time there 
is a compromise between correct detections and false 
detections. When we try to increase TPs, FPs are increased too. 
The definitions for the metrics are in TABLE V. 

TABLE V DEFINITIONS OF METRICS IN SED [14] 

Metric Definition 
True positives (TP) Are detected events in the system output that 

have a temporal position overlapping with the 
temporal position of an event with the same 
label in the reference.  

False positives (FP) Are events in the system output that have no 
correspondence to an event with same label in 
the reference. 

False negatives (FN) Are events in the reference that have no 
correspondence to an event with same label in 
the system output. 

True negatives (TN) Are truly not detected events. 
Insertions (I) Are the number of events in system output that 

are not correct. 
Deletions (D) Are the number of reference events that were 

not correctly identified. 
Substitutions (S) Are events in the system output that have 

correct temporal position but incorrect class 
label. 

Total events (N) Are total number of events need to be detected.

 
Formulas for the metrics of SED are as follows [14]: 

Error rate (ER) =     

 

F-score = ,       P = ,    R =    

The above ER formulas defined are for polyphonic sound 
event detection, in this paper we deal with just monophonic 
sound event detection. For monophonic sound event detection 
where each sound clip contains one type of event sounds, we 
can write the error rate as follows: 

Error rate (ER) =    =      

TPR which is also called sensitivity is the percentage of 
events correctly detected. FPR is percentage of non-event 
frames labeled as an event. Recognition rate is the percentage 
of sum of TPs and TNs to the sum of  TPs, TNs, FPs and FNs. 
The formulas are as follows: 

TPR (sensitivity) =  , FPR =  

 

Accuracy =  

Detailed explanation of these metrics can be found in [14]. 
The performance of  scream detection is seen in TABLE VI. 

TABLE VII shows comparison results of scream detection with 
the results of the research in [13] and [15]. Our proposed 
method recognition rate is 98.4% and outperforms [13]which is 
87% and it is very close to the work done in [15]. 

TABLE VI PERFORMANCE OF SCREAM DETECTION 

Accuracy (%) TPR  
(%) 

Error rate   F-score 
(%) 

98.4 87.6 0.57 75.4 

TABLE VII ACCURACY OF SCREAM DETECTION WITH THE 
PROPOSED METHOD AND TWO OTHER STUDIES ON THE SAME  

Proposed 
method (%) 

Foggia et al. [13] 
(%) 

Colangelo et al. (%) 

98.4 87 98.5 
 
Car crash detection results are seen in TABLE VIII. 

TABLE VIII CAR CRASH DETECTION PERFORMANCE 

Accuracy (%) TPR (%) Error rate  F-score (%) 
98.4 77.7 0.35 81.5 

 
The comparison of the car crash results with the work in [12] 
are seen in TABLE IX.  

TABLE IX ACCURACY COMPARISON OF CAR CRASH 
DETECTION WITH THE PROPOSED METHOD AND THE WORK IN 
[12] ON THE SAME DATASET 

Proposed method 
(%) 

Foggia et al. [12] 
(%) 

98.4 84.5 

V. CONCLUSION AND FUTURE WORK 
Audio surveillance systems can be used for public security 

in cities, surveillance of roads, surveillance of public 
transportation and more. In this paper we developed DNN 
models for the detection of scream and car crash for the use in 
surveillance systems. The developed models outperform the 
counterparts.  

After developing recognition stage we offer here an 
integration method to the video surveillance networks. The 
proposed high level architecture is seen in Fig. 9. 

 
 

 

 
 

 

 

 

 

Fig. 9. High level system design of audio integrated video surveillance 
system  
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The above system provides: 
• Audio media servers multicast the each coming audio 

for each application using different UDP port numbers. 
In this way each application can be run on the same 
server or different physical server independently. 

• If we or any vendor develops a new application for the 
detection of a new event sound, we can just start a new 
multicast on the audio media servers. We can add the 
new application on the existing servers or on a new 
physical server. Applications need to register multicast 
traffic of their application. 

For the future work the above system can be implemented and 
tested. 
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Abstract— This study represents a moving block signaling 
system model. In this system, different from the conventional 
railway systems, there are access points near the railway and 
moving trains communicates via them. In this way, not only 
railway traffic flow is increased but also waiting time for the 
passengers is decreased, especially in metro lines. In this work, 
representing a multi-carriage train, multi-degree of freedom mass-
spring-damper models are used. Then, a tractive force and 
braking force are applied to the system as an input and location is 
obtained from this output. In addition, a limit movement authority 
is defined for control algorithm. So, trains move according to this 
authority. Finally, for the safe stop of trains, brake distance value 
is calculated. This equation is solved depending on the speed of the 
rear train. So, if the rear train accelerates, the distance will 
increase according to the square of the speed of the rear train. 
Besides, depending on the speed of the rear train and travel time, 
a safety margin distance is obtained. The proposed technic is 
simulated by using Matlab-SimulinkTM and the results including 
train models, speed profiles, locations, accelerations etc. are shown 
in Figures. 

Keywords—CBTC, automatic train operation, moving block 
signaling, limit movement authority 

I. INTRODUCTION 

In the railway transport, many train control systems are used 
and operated. The aim of this systems is to prevent accidents 
caused by trains which travel on the same route. Besides, these 
systems allow the trains to move safely from a station to another. 
The conventional signalling systems  use track circuits and 
wayside signals for safe movement. These signals, which are 
similar to traffic light signals, are called Fixed Block Signaling. 
In this signaling, trains are divided into many blocks according 
to the train is in the block or not, the signals could be red, yellow 
or green. If the track circuit is occupied, the signal is red. If two 
track circuits are unoccupied, the signal is green. If a track circuit 
is unoccupied, the signal is yellow. In this system, it is not 
known where exactly the train is. That means the location of the 
train is not known certainly[1]. 

With the development of communication, control and 
computer technologies in the last several decades, 
Communication Based Train Control (CBTC) system has 
advanced and known as the development direction of control 
systems for rail systems in the world.  

Besides CBTC, it is assumed that the driverless system 
called automatic train operation (ATO) mentioned in [2] is 
emerged to replace the traditional manual driving system in 
many urban rail systems. With this system, railway traffic flow 
becomes more quickly and efficiently by automatic decision 
mechanism. This technology has been replaced traditional 
manual driving in many new established urban rail transport 
lines.  

At present, CBTC systems and ATO are introduced by 
different lines. For instance, in SkyTrain in Vancouver in 
Canada (1986), in JFK-Airport Light Rail System in the United 
States (2003), are used CBTC system. Besides, Uskudar-
Yamanevler metro line in Istanbul, Turkey, supported by Metro 
Istanbul in 2017, is operated with ATO[3]. 

This control system is used in city rail transportation systems 
and it is expected that it will be used in high-speed railways in 
the future. In this system, safety and reliability have  special 
importance. Because of the absence of the track circuits, the 
maintenance cost of this system is lower [4]. 

II. MOVING BLOCK SIGNALLING AND MOVEMENT 

AUTHORITY 

A. Moving Block Signalling
The moving block concept can be defined as an automated

control system allowing each train to receive a movement 
authority info from the control center. The control center has to 
have a continuous dialogue with all the trains to know their 
speed and position continuously. For this system, European 
Railway Traffic Management System (ERTMS) application 
level 3 is regarded as an example, as well as CBTC system[5][6]. 

In this signalization, each train determines its own location 
and reports it to the Radio Block Center. The Radio Block 
Center calculates the safe movement limit of each train in real 
time, based on includes the known position of all other trains in 
the area and track conditions(Fig.1).  
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Fig 1. The Configuration of Moving Block Signaling (ERTMS Level 3) 
 

B. Movement Authority 
In CBTC system, there is a function that trains depart from a 

certain point and arrive at another certain point safely. This 
function is called movement authority. This function is obtained 
by the central control system. Track, speed, and distance 
informations are transmitted to access points on the wayside via 
the central control system. These informations are updated 
according to the track situations and movement authority is 
renewed. In this way, the train proceeds within braking distance, 
without braking and conflicting [7]. 

III. TRAIN DYNAMIC MODEL 

For analyzing the train operation modes for ATO, dynamic 
train control process is defined. For this purpose, the mass-
spring-damper model is used (Fig.2). In this model, the 
mathematical equations are obtained by a Newton equation. The 
typical mathematical equation of train movement is given as 

                                              (1) 

                                                                              (2) 

In this equation, 	(kg) is the mass of the train, 	(N/m) is the 
stiffness of the spring,	 	(m) is the position of the train,  (m/s) 
is the speed of the train (derivation of the position), 	(N) is 
the traction force and  is the braking force of the train. 

 is the Davis formula. This 
equation represents the mechanical and aerodynamic resistances 
[3]. In this equation, motor dynamics and gradient of the road 
are ignored, and this equation is obtained with a theoretically 
reference input. For multi carriage train, dynamic equations of 
each coach represented as a MIMO model are given as 

,               (3) 

 

 
    Fig 2. Mass-Spring-Damper Model for dynamic train control process 

 

A. Speed Control Mechanism 
For speed profile by which trains depart from a station and 

arrive at another station, PID controller is preferred. Firstly, the 
desired speed profile is used as a reference input. After that, the 
speed profile of the output is measured. This measurement is 
obtained as a derivation of the position. The difference between 
reference and measured speed is defined as the error. This error 
is minimized by using PID controller. This control architecture 
is given in Fig. 3 [8],[9]. In this figure, the acceleration 
information of the leading train is sent to the following train and 
depending on this, the acceleration of the following train is 
saturated.  

 
       Fig 3. The Control Architecture of The Speed Profile 

 
(m/s) is the reference speed, (m/s) is the measured 

speed of the leading train, (m/s2) is the acceleration of the 
leading train, (m/s2) is the acceleration of the following train, 

(m/s) is the velocity of the following train and (m) is the 
nose position of the following train.  

B. Safe Braking Distance 
    In moving block signaling system, trains move according to 
the safe braking distance value. For consecutive trains, the aim 
of this approach is to ensure that the difference between the tail 
position of the leading train and the nose position of the 
following train is greater than or equal to safe distance. In this 
way, not only train lines are operated rapidly but also the 
location of the trains is determined accurately. Depending on the 
maximum speed value of the rear train and deceleration of the 
trains, the safe braking distance is given as 

                                                                  (4) 

    (m) is the safe braking distance, (m/s2) is the 
deceleration value and  (m/s) is the maximum speed of the 
rear train[10].  

   In this system, location data of the trains are reported to the 
Radio Block Centre through access points which are placed on 
the wayside thus the safe distance required for trains to move 
safely is calculated via movement authority (Fig 4) [11]. 
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Fig 4. Safe distance concept between the trains 
 

IV. STUDY OF SIMULATION 

Parameters used in the simulation are given in Table 1. As 
mentioned before, the main aim of the proposed controller is to 
provide at least safe distance between the trains. By this way, 
acceleration of the rear train is saturated between -1.12 and 1.12 
m/s2. Besides, PID parameters are obtained by the PID Tuner. 
c0, c1, and c2 used in Davis formula are regression coefficients 
and values in the table are utilized in Japan Shinkansen Series 
200 High-Speed Railway System[12]. 

TABLE 1. PARAMETERS OF SIMULATION 

Parameter Value Units of 
Measurement 

 35000 kg

 30000 kg

 30000 kg

 35000 kg

 300000 N/m

 300000 N/m

 300000 N/m

 8.202 kN

 0.10656 kNs/m

 0.01193 kNs2/m2

 

V. SIMULATION RESULTS 

In this study, the model is obtained for four carriages by using 
parameters in Table 1. Then, the leading train is considered to 
move from the station to another at 120 sec and the reference 
speed value ( ) of the leading train,  for three station 
distance, is given in Fig 5.  
 

 
Fig 5. Reference Speed Value of the Leading Train 
 
By this way, location, speed, and acceleration values are 
obtained in the output of the system. The tail position of the 
leading train is given by Fig 6. Depending on the acceleration 
of the leading train, acceleration of the following train is 
obtained by saturating acceleration of the leading train at -1.12 
and 1.12 m/s2 (Fig 7). Then, the speed profile of the following 
train is obtained through this acceleration value. The reason for 
the saturation of the acceleration value is the calculation of the 
safe distance. As mentioned before, safe distance value is 
depending on the maximum speed of the following train.  
 

 
Fig 6. The tail position of the leading train 
 
According to these values, a time delay value is obtained and so 
the following train is stopped until the tail location of the 
leading train proceeds a certain distance. In this work, this delay 
is adjusted according to the position of the leading train and safe 
distance value. When the leading train starts the movement, it 
sends the information of the road to the Radio Block Center via 
access point and the safe distance value for the rear train is 
calculated. As it becomes clear, the speed profile of the 
following train is calculated. The following train is delayed 
until the leading train take a certain path. This certain path 
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should be about safe distance value. After the safe distance is 
covered, the following train starts to move at that time.  
 

 
Fig 7. Acceleration of the Following Train 
 
The tail position of the leading train and the nose position of the 
following train is given in Fig 8. As seen in the figure, the 
following train has started when the leading train takes a certain 
amount of way. If it is assumed that both trains start at the same 
point, the tail position of the leading train comes back.  
 

 
Fig 8. Location comparison of the Trains 
 
In this result, safe braking distance is calculated by using 
equation (4), if the decelerations of the trains is assumed 1.12 
m/s2,the safe distance is obtained as 486.73 meters. Then, a time 
delay value is defined by depending on the movement of the 
leading train. The time to reach the brake distance of the leading 
train is the time to start departing from the following train.  
 

VI. CONCLUSIONS 

This study proposes a control algorithm for moving block 
signaling and depending on this, safe braking distance is 
calculated. Finally, locations of the trains are given. The aim of 
this study is to show how to work this system by a mathematical 
model and the control algorithm. The speed profiles of the trains 
are obtained theoretically. So, as described before, motor 
dynamics and gradients are ignored. In this study, energy 
consumption is not considered, it is left as a future work.  
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Abstract—The rapid depletion of global fossil fuel resources 
has necessitated urgent research for renewable energy sources. 
Nowadays, there are many forms of renewable energy, the most 
commonly used are: solar, wind and hydraulic. Wind water 
pumping system is considered as a promising application of 
renewable energy industry sustained by the increased interest 
on sustainable development and the reduction of 
greenhouse effect. 

This paper focuses on developing of pumping system 
supplied by wind turbine source; and to reach the maximum 
power point (MPPT), this technique is based on Artificial 
Neural Network to get better performance especially because 
these intelligent techniques do not require a precise model, we 
added to our system a battery and DC voltage controller based 
also on ANN.  

Finally, simulation results are given to show the effectiveness 
and feasibility of the approach. 

Keywords— ANN, IM, DTC, WIND, MPPT, battery. 

I. INTRODUCTION 

In order to avoid more atmosphere pollution problems 
caused by conventional energy sources, scientists are 
continuously developing green energy sources and their 
applications which have touched almost every existing field 
such as transportation, domestic energy powering and 
industrial proceedings [1]. Using renewable energy has 
increased in recent years especially after the oil shock [2]. 

Among the many alternatives solution, wind energy was 
considered promising to meet the growing demand for 
energy. The wind sources of energy are inexhaustible, the 
conversion processes are pollution-free. 

Since the need for water is greatest on hot sunny days, the 
technology is an obvious choice for this application. 
Agricultural watering needs are usually greatest [3]. Wind 
energy is used in various isolated site applications such as 
lighting and pumping. Its use in pumping has responded 
quickly especially in rural and Saharan regions. 

New control techniques based on intuition and judgment has 
emerged. The researchers have named intelligent controllers; 
these controllers offer the possibility of obtaining 
reproductive dynamics of a nonlinear complex system only 
through its input/output, without using a structural model. 
These intelligent techniques are increasingly used in the 
design, modeling and control of complex systems, namely 
neural networks  

The induction motor is used more and more for pumping 
systems. The low cost of the engine, the low maintenance 
requirements [4] and the increased efficiency for wind 
pumping systems. 

In this paper, we present and discuss the application of 
direct torque control on the induction motor supplied with 
wind system and to track the maximum power point and to 
regulate the DC voltage needed to feed our system, an 
artificial neural network is used. 

II. PUMPING SYTEM DESCRIPTION

For isolated areas, manual pumping, which is a seemingly 
satisfactory solution despite the effort of water lifting, 
requires a source of electrical power to improve efficiency. In 
addition, wind pumping which allows to obtain significantly 
high flow rates, appears as a reasonable solution.  

The general scheme of a pumping system can be represented 
by Fig 1. It consists mainly of:   

- A wind generator,
- Synchronous generator with permanent magnet.

(PMSG).
- A diode rectifier allowing AC-DC transformation,

and a chopper to adapt the charge to the wind
generator.

A motor pump that includes an asynchronous motor controlled 
by DTC and a centrifugal pump. 

Fig. 1. Proposed pumping system 
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III. INDUCTION MOTOR 
The transformation of PARK brings back to the equation 

stator in reference frame related to the rotor. 

2

2

1 ( )

1 ( )

1 ( )

1 (

sd sr sr sr
s sd s s sq rd r rd sd

s r r r r r

rq sr sr sr
s s sd s sq r rd rq sq

s r r r r r

rd sr
sd rd s r rd

r r

rq sr
sq rq s r

r r

dI M M MR I L I V
dt L LT LT L

dI M M ML I R I V
dt L LT L LT

d M I
dt T T

d M I
dt T T

ωσ ϕ ωϕ
σ

ωσ ωϕ ϕ
σ

ϕ ϕ ω ω ϕ

ϕ
ϕ ω ω

ª º
= − + + + + +« »

¬ ¼
ª º

= − − + − + +« »
¬ ¼

= − + −

= − − −

2

)

( )

rd

sr
sq rd sd rq r

r

P Md F PI I T
dt L J J J

ϕ

ω ϕ ϕ ω= − − −

 (1) 

with 
2

( 1 )sr

s r

M
L L

σ = −                                                                   (2) 

 

. 

Wind turbines of the latest generation operate at variable 
speed. This kind of operation allows to increase energy 
efficiency, lower mechanical loads and improve the quality 
of electrical energy produced, compared to fixed speed wind 
turbines. 

The operating principle of wind turbines, used for many 
years, is not very complicated. A wind turbine, by interposing 
its blades with the movement of air, captures the kinetic 
energy of the wind and converts it into a torque that turns the 
rotor blades. The ratio of wind energy to recovered 
mechanical energy will be determined by three factors: air 
density, rotor swept area, and velocity. 
 
The mechanical quantities that connect the wind turbine and 
the electric generator are the torque developed by the turbine 
and the shaft speed. It should be noted that this torque is 
dependent on the speed of rotation. The modeling of the 
turbine thus consists of modeling the torque developed by the 
blades of the turbine. The maximum available power of a site 
for a given wind speed is proportional to the product of the 
area swept by the blades and the cube of the wind speed. It is 
given by the following relation. 

31
2

P SVω ωρ=                                             (3) 

With    2S Rπ=  
The mechanical power recovered by the wind turbine can be 
written: 

31 ( )
2T pP SV Cωρ λ=                                 (4) 

R
Vω

λ Ω=                                                (5) 

3 21 ( )
2T rT R V Cωρ λ=                                 (6) 

The wind torque depends to three variables: the wind speed, 
the rotation speed of the turbine shaft and wedge angle ß. 

3 21( , , ) ( , )
2g rT V R V Cω ωω β ρπ λ β=                 (7) 

 

VI. BATTERY MODEL 
The batteries are used in small power renewable energy 
systems in order to store electricity energy wherefore solar 
power and wind power is not compliance with the energy 
usage of a temporal.  

In this way, the energy continuity of autonomous loads is 
provided in the energy-producing systems in accordance with 
the meteorological conditions, day/night differences and 
seasonal changes. Storage in renewable energy systems, 
particularly suitable price/performance ratio and high 
environmental optimum results in terms of recycling are 
provided with lead-acid batteries. 

VII. MPPT CONTROL BASED ON ANN 
 
To optimize the power provided by the generator, a static 
converter, which operates as an adapter, must be added. It 
exploits the MPPT technique; there are many algorithms that 
are used to control the MPPT.  

In this work, we propose an intelligent neuronal technique to 
control duty cycle of the switching transistor, as shown in Fig 
1 and Fig 2. 

 
Fig. 2. Proposed intelligent MPPT  

So the figure 2 show the structure of our NN technique. A 
type of back-propagation algorithm adapts this proposed 
structure in order to minimize the square of the error between 
desired and actual output. There are three input of the first 
ANN presented by the current and voltage output of the 
rectifier connected to wind generator as presented in figure1 
and wind speed, we select 15 neurons at the hidden layer, 
with the 'tansig' activation functions for all neuron layers the 
sum squared error falls under 0.0002 after 100 iterations. 

VIII. DC VOLTAGE CONTROL BASED ON ANN 
The regulation of the DC voltage on the DC bus is 
implemented by a static DC/DC converter, connected to the 
battery. Thus, the DC bus is regulated to get a constant 
voltage value by controlling the flow of energy between the 
batteries and the bus. When the energy supplied by the 
renewable energy sources is insufficient to adapt with a 
sudden increase in load, the DC bus voltage becomes lower 
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than the reference value. In this case, the missing energy is 
obtained from the batteries. When there is an excess of 
energy, it is used to recharge the batteries. The architecture of 
this system is shown in the figure.  
 

 
Fig. 3. Proposed Neuro DC Voltage regulator 

The structure of the second ANN regulator used in this work 
use back-propagation in order to minimize the square of the 
error between desired and actual output as the first one. It has 
two input presented by the DC voltage as presented in Fig 3, 
we select 25 neurons at the hidden layer, with the 'tansig' 
activation functions for all neuron layers the sum squared 
error falls under 0.05 after 126 iterations 

IX. DIRECT TORQUE CONTROL 
In the DTC as presented in Fig6, the stator flux vector is 
estimated by taking the integral of difference between the 
input voltage and the voltage drop across the stator resistance 
given by:  

                         (7) 
 Lets us replace the estimate of the stator voltage Vs with 

the true value and write it as: 

, , 	     (8) 

Sa, Sb, Sc, represent the state of the three phase legs 0 meaning 
that the phase is connected to the negative and 1 meaning that 
the phase is connected to the positive leg. 

The stator current space vector is calculated from measured 
currents ia, ib, ic:  

                     (9) 

The component α and β of vector ϕs can be obtained: 

                              (10) 

 
Stator Flux amplitude and phase angle are calculated in 
expression (11):  
 

		 		
                                   (11) 

 

 

 
Fig. 4. Spatial vectors created by the inverter 

Once the two components of flux are obtained, the 
electromagnetic torque can be estimated from the relationship 
cited below: 

	 	 	                     (12) 

 
Fig. 5. Schematic diagram of DTC-IM supplied by Wind generator system 

The voltage plane is divided into six sectors so that each 
voltage vector divides each region into two equal parts. 

These vectors are shown in Fig4, where six active vectors of 
same magnitude are presented and two remaining vectors are 
zero.    
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X. SIMULATION RESULTS 

As is cited below, this paper proposes in one hand, a direct 
torque controlled IM supplied with wind generator source to 
replace flux oriented control; and to track the maximum 
power point and to control the DC voltage needed in our 
DTC-IM-Pump, these apprachs are based on Artificial Neural 
Network technique to get better performance. 

Some tests have been carried out to improve the 
performances of neural network method. To verify the 
effectiveness of the proposed technique, simulations are 
performed in this section by using MATLAB/SIMULINK.   

In this simulation of asynchronous machine, the nominal 
power Pn is 1.5kw, Nominal voltage Vn is 220V, stator 
resistances Rs are 4.85 Ohm, rotor resistance Rr is 3.805 Ohm, 
stator inductance Ls is 0.274H, Rotor inductance Lr is 0.274H, 

moment of inertia J is 0.031kg.m2, and friction coefficient K 
is 0.008. the centrifugal pumpe performances used in 
thiswork for speed of 1200tr/min are: Q=30m3/h, H=80m.  

As shown Fig 7, we note that the estimated values of fluxes, 
torque converge very well to their simulated values. It can be 
noticed that DC Voltage response track the reference with no 
overshoot compared to classical regulator (PI), the rotor 
speed tracks also their reference 

We noticed also that estimated torque flows their references 
and we have good performance by adding battery to our 
system, and also the proposed intelligent technique of neural 
network gives very acceptable responses. These figures show 
the effectiveness of our intelligent approach. 
 
 

 

 
Fig. 6. DC Voltage responses using PI and ANN regulator 

 

 
Fig. 7. Torque, flux, DC Voltage and rotor speed responses using neural network regulators 

 
 

 
 

1303

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



XI. CONCLUSION 
It has been possible to obtain satisfactory results using a 
conventional controller. However as this work indicates, that 
the introduction of these artificial techniques (Artificial 
Neural Network) becomes a necessity to achieve high 
performance in variable speed drive, because these news 
techniques do not require a precise model.  

Considering the wind generator, many approaches of 
Maximum Power Point Tracking (MPPT) algorithms have 
been developed such as Perturb and Observe algorithms 
(P&O), fuzzy logic technique, and artificial neural network 
intelligence-based algorithms. In this paper, the simulation 
results show that proposed techniques give satisfactory 
results compared to classical one. 
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Abstract—Telemetry tests conducted for a missile aim to 
improve ongoing design work in order to better meet the 
performance requirements. These tests can be performed 
before/during the qualification stage and the design team can 
observe the missile’s performance via the data collected in these 
tests. These data packages are transmitted by wireless (radio 
frequency-RF) communication to a ground station for post-
processing. Considering the importance of telemetry tests in 
affecting the project’s work in the design phase, it is important to 
accomplish them by gathering as much data as possible. This 
study proposes compressing telemetry data before the 
transmission process in order to reduce the bandwidth 
requirement. Thus, the study investigates this practice’s effects 
on the RF communication range and the increase in link margin 
via link budget calculations. Considering the characteristics of 
missile telemetry data (rate of change, different frame formats, 
etc.), synthetic telemetry data were generated in accordance with 
the real-life data structures, then this data were compressed 
using lossless data compression methods. While investigating the 
effects of transmitting a data train of decreased bandwidth on RF 
communication parameters, link budget analysis was conducted 
while keeping the unrelated RF parameters such as the type of 
modulation, transmitter/receiver characteristics, antenna 
properties constant. Results show that different compression 
algorithms provide variable amounts of improvement in 
downsizing the telemetry data; thus helping to increase a 
telemetry flight tests’ efficiency for missiles. 

Keywords—data compression, missile telemetry, 
communication range, link margin, link budget analysis.

I. INTRODUCTION 

The ongoing developments in technology increase the 
complexity of missiles and rockets. The increased 
sophistication of target systems makes it inevitable for the 
missiles to have increased capabilities, to perform more 
maneuvers, and to include a higher number of subsystems. A 
preferred method to assess the performance of a missile is to 
conduct flight tests in a test range. These tests are used to 
gather valuable information on system performance 
characteristics, real-life conditions’ compliance with design 
parameters and to make the necessary design adjustments in 
order to meet pre-defined requirements. Telemetry tests 
involving a missile launch require hard work and high financial 

costs for the companies involved because of the necessary 
preparations. Therefore it is critical to gather as much data as 
possible within the context of a telemetry test. Yet, because of 
the reasons mentioned before, increased amounts of data can 
also increase the cost of telemetry communication systems and 
decrease the reliability of tests. The bandwidth requirement 
increases and other related communication characteristics 
change; thus the cost of conducting a reliable and efficient test 
is higher. Data compression can be a suitable solution for these 
kind of problems, as more data can be transmitted/collected by 
separating the redundant bits inside.  

Literature research about this subject showed that data 
compression was vastly used after the data wirelessly reach the 
ground station. In a study directed by Stanford University and 
USA’s National Aeronautics and Space Administration 
(NASA), in order to effectively store telemetry data in ground 
systems, the data were classified into groups according to their 
properties and each group was assigned a different method of 
compression [1]. Another study on NASA documents was 
made by Paris University researchers and it proposes the 
compression of satellite data (including video and still images) 
to save on the capacity of ground system database [2]. Beside 
these works, publications of the Consultative Committee for 
Space Data Systems (CCDS) also include the proposition of 
using data compression techniques on rocket and missile 
telemetry. The CCDS foundation involves agencies such as 
European Space Agency (ESA) and National Aeronautics and 
Space Administration (NASA) and this board recommends the 
usage of Golomb-Rice algorithm for the lossless compression 
of telemetry data [3]. This technique applies to data composed 
of not only regular telemetry data, but also image and video 
collected from space vehicles. Thus, this algorithm is not 
specialized for missile telemetry test characteristics studied in 
this work.  

Results of the literature research showed that data 
compression algorithms were mostly used in data storage step; 
but the compression of live test data was not conducted thus 
the effects of reducing the size of telemetry data on RF 
communication parameters were not investigated.  

For an on-board telemetry system, investigating the effects 
of data compression with an RF link budget analysis can lead 
to understanding the improvement in signal transmission 
quality [4]. Thus, the proposed work can be a good candidate 
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that leads to creating more efficient telemetry communication 
systems. 

Within the scope of this study, different data compression 
algorithms are applied upon telemetry data (not live flight 
data) and the consequences are observed via RF 
communication parameters. The parameters to be reviewed are 
chosen to be communication range and link margin. Other 
parameters that are traditionally used in a link budget analysis 
(such as modulation type, antenna gain, transmission line 
losses) are all taken as constants for the sake of this analysis. 
As data compression methods, a dictionary based and a 
probability based technique were applied and their 
performances were compared.  

II. PROPOSED APPROACH FOR ON-BOARD TELEMETRY 
SYSTEM 

A system used for the telemetry tests of missiles is 
composed of two main parts: an on-board (located in the 
missile) telemetry system containing a transmitter to send 
telemetry data to the ground system by using RF signals, and a 
system involving an RF receiver on the ground in order to 
collect telemetry data. Missile’s on-board telemetry unit 
collects the outputs of acceleration, velocity, position, pressure 
sensors and other data (generally related to guidance) from the 
encoder. Then these data are packaged into frames and are 
emitted through the transmitter antenna. The proposed 
approach in this study is shown on Fig. 1. Telemetry data are 
synthetically generated in different data rates by taking real 
sensor output formats into account. In the processing unit, the 
data are placed in a frame structure and compressed by the 
data compression methods prior to transmission to the 
transmitter antenna. A probability based compression method 
of Arithmetic code and the dictionary based Lempel Ziv 
Welch (LZW) algorithm are implemented on the telemetry 
data employing different data rates. Additionally, as a third, 
arithmetic and LZW techniques are used consecutively to 
obtain a higher compression ratio. After the compression, an 
RF communication link budget analysis is conducted and the 
effect of reducing the data size on communication range and 
link margin are inspected. The communication range is 
determined for a constant link margin of 10dB and the link 
margin is calculated for a constant 50km communication 
range. During the analysis, other RF parameters that are 
selected according to telemetry standards are kept constant. 

A. Compression Algorithms 
All information data include redundant and recurring 

information up to a certain extent; thus allowing data 

compression [5]. As a result of compression, the necessity of 
large storage area and the required bandwidth for data 
transmission are both reduced. The data can be decompressed 
to its original version; according to the compression being 
lossless or lossy. As missile telemetry tests involve sensitive 
military-grade information, this study applies lossless 
compression techniques on telemetry data.  

In this research, probability based (Arithmetic) and 
dictionary based (LZW) lossless compression methods are 
applied. 

Arithmetic coding technique is a data compression method 
relying on the probabilities of encountering certain symbols in 
a message. This technique derives a decimal number called 
“tag” that represents the whole message; instead of finding a 
codeword for every character present [5]. In arithmetic coding 
technique, an interval is defined for the input data of the 
message to be coded. File formats of Portable Pixmap (PPM), 
Joint Photographic Experts Group/ Moving Picture Experts 
Group (JPEG/MPEG) and Drop Mind Manager (DMM) are 
known to use arithmetic coding. This technique is more 
efficient than Huffman coding for data compression in cases 
where the alphabet set has relatively less members and the 
encounter probability of symbols are different from each other 
[5]. However, the complexity of operations for this method is 
higher.  

This technique is executed by proceeding in series. Every 
possible series corresponds to a different tag in the (0,1] 
interval. In order to achieve this mapping, probabilities of 
symbols in a series and their cumulative distribution functions 
(cfd) are used. As the number of symbols increases, the 
interval becomes shorter and the number of bits necessary to 
represent the tag increases [5, 6]. In order to represent this tag, 
conversion to base-2 binary system is necessary. Thus the 
standard published by IEEE about operating on real numbers 
(IEEE Standard for Floating-Point Arithmetic (IEEE 754)) is 
used and the tag is represented in bits. 

Known as the Lempel-Ziv (LZ) family, LZ algorithms are 
dictionary based coding techniques [5, 7, 8].  LZ77 [7] and 
LZ78 [8] are well-known members of this coding family. 
LZW algorithm is the youngest member of LZ family and was 
built to provide better compression compared to its ancestors 
[9]. As LZW is an advanced method, it is more sophisticated 
and provides more efficient data compression than other LZ 
algorithms. 

 

 

 

Fig. 1. The proposed approach for evaluating effects of data compression on RF communication link 
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Traditionally in dictionary based methods, there is a text 
message to be compressed then a sliding window is used to 
determine recurring patterns of symbols. The next step is to 
assign codewords to them; at the same time forming a 
dictionary. As the compression process progresses, existing 
dictionary members are used and the dictionary continues to 
expand. The details of the LZW algorithm can be found in [9, 
10]. 

III. PARAMETERS OF LINK BUDGET CALCULATION  
Link budget analysis is a crucial step in designing 

telecommunication systems in which all the gain and loss 
parameters between the receiver and the transmitter are taken 
into consideration and these parameters are used to calculate 
the signal’s power when it reaches the receiver [11-18]. In 
order to obtain a high quality communication service, the 
power level of the received signal must be detectable (i.e. 
above a certain threshold power or with an acceptable signal-
to-noise ratio (SNR)) by the receiver. This value depends on 
the modulation scheme and desired BER (bit-error rate) value 
too.  

A link budget calculation takes into consideration all of the 
factors that positively or negatively affect the signal.  

A. Gains in RF Communication 
Output Power of the Transmitter: This value is described 

as the theoretical power that is measured on a 50 ohm 
impedance  connected to the antenna at the TX system output. 
Transmitter output power is a gain as it provides increased 
power of RF signals, so is a positive value in link budget 
analyses. It can be concluded that the increase in output power 
provides better SNR values for a pre-determined BER  
requirement as the signal reaches its destination.  

As defined on the telemetry systems’ standard 
documentation IRIG (Inter-Range Instrumentation Group) 
Standard 106-04, telemetry applications tend to define the 
minimum output power required to ensure communication 
quality. This standard also prohibits the usage of transmitter 
equipment with more than 25W of output power. Within this 
study, an S-Band COTS (Commercial Off-The-Shelf) 
product’s technical specifications document is taken into 
consideration as an example and the transmitter output power 
is accepted to be 10dBW [16]. 

Antenna Gain: This parameter defines a gain factor 
depending on the directivity and electrical efficiency of the 
antenna. This parameter depends on the design of the antenna 
as shown in equation (1) and is determined according to the 
system’s requirements. In telemetry tests, generally 
wraparound antennas that can provide near-360 degrees of 
coverage are used as only they can answer the system’s 
necessities.  In tests and in operations, missile dynamics 
should be taken into account as they can cause the missile to 
move at very high speeds, sometimes even rotate around its 
own axis.  

 DG Rε=  (1)   

In (1), R is the antenna efficiency, D is the directivity and 
R value varies with the material used, antenna’s type, its 

aperture size and its operating frequency band [11].    

B. Losses in RF Communication 
Noise: Noise is shortly defined as the unwanted signals 

that arise on the transmitted signal. For the link budget 
calculations of telemetry systems, noise depends on the 
bandwidth of the transmitted signal and is created by the heat 
that all objects emit naturally.  

                               kTBN =                                    (2) 

In (2), N represents the noise power in Watt; k is the 
Boltzmann’s constant (1.38 x 10-23 J/K), T is the system’s 
temperature in Kelvin (accepted as 290K) and B is channel 
bandwidth in Hz [18]. Noise power therefore depends on the 
amount of data transferred and is in direct proportion with the 
bandwidth. Data compression applications are aimed to reduce 
the necessary bandwidth so it is considered that they will 
reduce the noise and create improvements on link budget.  

In evaluating RF systems, a commonly used parameter is 
the noise factor and as the name implies, it is related to noise. 
This value is found as the ratio of the information SNR at the 
input and output points of a system and is given in (3). Noise 
figure shown in (4) is the logarithmic representation of noise 
factor. 

                              outputinput SNRSNRF /=                  (3) 

                               )log(10 FNF =                           (4) 

Free Space Path Loss: For wireless communication 
systems under ideal conditions, the signal attenuates as the 
distance between TX and RX systems increases. This 
phenomenon is called the free space loss [14]. The signal 
power reaching the receiver is calculated as shown in (5). S is 
the amount of power in the unit area when R is the distance 
between the RX & TX and Pt shows the power initially 
transmitted from the transmitter. The free space path loss 
(FSPL) value can be calculated according to (6). In (6); Pt is 
the transmitted signal power, Pr shows the received signal 
power and  is the wavelength (calculated by the c (speed of 
light)/f (frequency of operation)). FSPL is generally converted 
to dB units for link budget calculations.                   

                         )4/( 2RPtS π=                                   (5) 

                         22 /)4(
Pr

λπRPtFSPL ==                    (6) 

Transmission Line Losses: High frequency signals require 
special means of transfer; cabling options in such systems are 
coaxial cabling, microstrip structures, waveguides and other 
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structures. Transmission lines are also sources of loss in 
communication systems. In order to calculate this loss, 
different reasons of signal attenuation are added together [13]: 

                            RGDC ααααα +++= .        (7) 

Cα stands for loss due to metal conductivity, Dα is the 

dielectric loss tangent, Gα is the dielectric conductivity loss 
and Rα is radiation related loss in Equation (7).    

Atmospheric Losses: In wireless communication systems, 
electromagnetic waves are transmitted in the air medium and 
traverse the distance by creating electric and magnetic fields. 
The different gases  affect the signal in different ways. 
Oxygen and water vapour are the most important factors of 
loss in wireless communications [12]. 

Polarization Loss: The antennas used in RF 
communication have different polarization types. The 
direction of propagation of RF signal is always from the 
transmitter to the receiver, but the path chosen determines 
whether the antenna has linear, circular or elliptic polarization. 
Generally, differences in transmitting and receiving antennas 
are taken into account as a 3dB loss in the link budget analysis 
[17].  

IV. IMPLEMENTATION AND RESULTS 

A. Generation of Telemetry Data 
Telemetry data consist of various sensors’ data, flight 

parameters and data from the guidance computer (missile’s 
processor unit). Within the context of this study, real missile 
telemetry data could not be used, instead, fabricated 
(synthetic) data are used. The data sets are arranged to be 5, 
10, 20 and 32Mbps in size. Telemetry frame is arranged 
according to the amount of sensors estimated to be used in a 
long range missile. This frame is structured to be similar to 
real telemetry data sets and is formed as 1 major frame which 
includes 5 minor frames. Minor frames include samples taken 
every 2ms. After five samplings, a major frame is sent to the 
ground station every 10ms. The designed frame structure can 
be seen in Table 2. Length of every different type of data is 
represented with 32 bits in a minor frame. Assuming there are 
100 different data to be sent, the frame length becomes 16000 
bits. Current telemetry applications require maximum 10Mbps 
of data in telemetry tests. In this study, the data rates are 
increased up to 5, 10, 20 and 32Mbps with 315, 630, 1290 and 
1890 types of data, respectively. The reason for having such 
big amounts of data is the probability of encountering bigger 
missiles requiring more sensors in future.  

Another criteria to be taken into consideration while 
forming synthetic telemetry data is the rate of change observed 
in the data. For this, the frame duration of 10ms is an 
important factor. Assumptions about location data and 
velocity data characteristics are made; thus the synthetic data 
is arranged to include that amount of change between minor 
frames. 

At this point, the simulated data are ready to be compressed. 
For LZW compression, data are converted to the HEX 
(Hexadecimal) format; this way the amount of data to be 
transferred is reduced further as the HEX alphabet will be 
known both by the transmitter and the receiver. This reduction 
is 16x4=64 bits. For Arithmetic coding, the bit sequence of the 
data is not converted to HEX and indication bits (2 bits) plus 
the tag’s value (in 32-bit floating point format) are transmitted 
to the ground station.  

 

Fig. 2. Compression ratios of the methods 

B. Data Compression 
Telemetry data with data rates of 5, 10, 20, 32Mbps are 
compressed with Arithmetic and LZW coding algorithms. 
Compression ratio is then found by dividing the compressed 
data size to the uncompressed (raw) data size and converting 
the result to percent. The results given in Fig. 2 show that the 
Arithmetic and LZW algorithms have similar performances. In 
addition, in order to get a higher compression ratio, Arithmetic 
and LZW codes are implemented consecutively as an unified 
compression method.  

C. Link Budget Calculation 
Link budget analysis is conducted in order to examine the 

indirect effects that data compression causes on the missile’s 
communication range. At this point, the relation between data 
rate and communication range is observed; therefore the link 
margin is held constant and only the data rate parameter is 
varied. The assumptions made for the link budget parameters 
of a telemetry system are explained in Table 2 [15].  

According to the telemetry standards documentation for 
wireless communications, in plain terrains, a safe margin of 
10dB is necessary [19]. For this study, the area is assumed to 
be plain. Another parameter used from the telemetry standard 
document is the required SNR for a BER of 10-5, for 
PCM/FM (Pulse Code Modulation/Frequency Modulation) 
modulation. 

Link budget analysis is made for the compressed telemetry 
data. In Table 3, the communication distance supported for 
both compressed and uncompressed telemetry data can be 
seen for a constant link margin of 10dB. The increase ratios 
(%) in communication range for compressed data are also 
given in Table 3 and Fig. 3. The results show that 
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communication distance is increased as the compression 
performance is higher. 

 

TABLE I.  AN EXAMPLE FRAME FORMAT CREATED FOR THE SYNTHETIC DATA  

 

 

 

TABLE II.  RF COMMUNICATION PARAMETERS USED FOR LINK BUDGET CALCULATION 

 
The link budget calculation results for when the 

communication range is assumed as a constant 50km are 
shown in Table 4. In this case, the link margin is calculated 
and a direct proportion between compression ratio and link 
margin is observed. The amount of increase ratios of link 
margin (%) for compressed data are also given in Table 4 and 
Fig. 4. The results show that link margin is increased as the 
compression performance gets higher. As a result, it is seen 
that a high compression ratio has improving effects on both 
the communication range and the link margin. This effect is 
caused by the reduction in noise provided by a lower data 
bandwidth.  

The Labview program of NI (National Instruments) was used 
for the analysis and simulations in this study. In terms of the 
cost of the telemetry system, processor’s total calculation time 
for implementing the compression algorithms also have a high 
importance. This parameter depends on the operation 
complexity of the code and the selected hardware’s features. 
In this study, a Sony Vaio laptop with two Intel Core i7-
2640m, 2.8 GHz processors with 6GB RAM is used and 
implementation durations of Arithmetic and LZW algorithms 
are similar and changing from 13ms to 20ms for 5 to 32 Mbps 
data rates. The values for Arithmetic+LZW application are 
increasing from 26ms to 40ms for 5 to 32 Mbps data rates.  

 

 

TABLE III.  INCREASE IN THE SIGNAL COMMUNICATION RANGE (IN KM 
AND IN %) FOR A LINK MARGIN OF 10DB 

 

 

 

 

 

 

Fig. 3. Increase in communication range (%) at 10dB link margin 
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TABLE IV.  INCREASE IN LINK MARGIN (%) AT 50KM COMMUNICATION 
RANGE 

 

Link margin (dB) for 50km 
communication range 

Increase in link margin 
(%) for 50km 

communication range 
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5 15.7 17.2 17.3 18.8 9.9 10.7 20.1 

10 12.6 14.1 14.1 15.6 11.8 11.9 23.7 

20 9.6 11.1 11.1 12.6 15.5 15.2 30.4 

32 7.6 9.1 9.1 10.6 19.6 20.2 39.9 

 

 

Fig. 4. Increase  in link margin (%) at 50km communication range 

V. CONCLUSION 
Telemetry tests are executed for different kind of missiles 

in many countries nowadays and the telemetry data 
transmission process is conducted without implementing data 
compression methods. This situation causes high bandwidth 
requirements for long-ranged missiles where bandwidth is a 
limited source for telemetry tests and smaller data sizes would 
be desirable. This study proposes the usage of data 
compression methods in order to decrease the bandwidth and 
improve communication quality&range. In this research, 
synthetic (fabricated by a simulation) telemetry data are 
formed/composed,    structured   according  to  the   existing 
telemetry data format and different lossless compression 
techniques are applied. Then the reduced data bandwidths are 
used in link budget analysis to observe this procedure’s effects 
on communication range and the link margin of the wireless 
link. The results show that there is a meaningful/significant 
increase in these parameters after the implementation of 
compression methods. 

Outcomes of this study show that the proposed approach 
can be applied to existing systems and would create 
improvements in RF telemetry tests. Future studies with 
different compression methods are predicted to provide more 
efficient results. Furthermore, the hardware costs of 

implementing these algorithms need to be studied. In order to 
use these algorithms on-board, embedded software needs to be 
implemented on integrated circuits. For this purpose, using 
FPGAs (Field-Programmable Gate Array) are suitable and it is 
predicted that this will further decrease the implementation 
durations of algorithms; preventing a necessity for using 
buffers for frames. 
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Abstract— In civil and military life, the functions of providing 
urban security and border surveillance duties, detection and 
locking to the target have become increasingly important day by 
day. The ability to efficiently use high resolution and range 
electro-optic imaging units designed for this purpose has also 
been required as one of the greatest steps necessary to achieve 
this goal. The most critical point in this task is that two axis 
motion platforms, which are used to direct high-tech devices, can 
operate within high precision and stability. While ensuring this, it 
is aimed to prevent the transmission of the uncertainty, which 
caused by the internal structure of the motion platform and the 
noises generated in the environment to which the platform is 
connected, to device which mounted to platform. Since motion 
platforms contain non-linear effects in the mathematical model, 
the choice of a non-linear controller has emerged as a general 
idea. However, when the control studies found in the literature 
are examined, it has been seen that the classical control exercises 
can also have an effective results in suppressing the uncertainties 
in the motion axis. In this study, in order to ensure the line of 
sight stabilization of an imaging unit integrated on the two axis 
motion platform, firstly, the model of the motion platform was 
created, then simulation based control studies were performed, 
and finally, experimental selection of the controller was carried 
out.  

Keywords—Two axis motion platform, classical controller, 
stabilization, double PI 

I. INTRODUCTION

Two axis motion platforms are often used in the defence 
industry to guide electro-optical systems, radar systems, laser 
targeting and weapon systems. It is important that these 
systems, which have many uses, operate precisely and steadily. 
These systems must dampe that the disturbing effects 
transfered to the electro-optical systems for the aim of focusing 
to target and remain stable [1,2]. 

With the widespread use of motion platforms, many control 
methods have been developed with different working methods 
to stabilize the line of sight by eliminating the uncertainties. 

When studies are examined, it is observed that there are studies 
on classical control methods generally in control of motion 
platforms [3]. While it is possible to control the line of sight 
with a simple dc motor control on the moving platforms, 
unexpected faults can occur due to the friction between the 
moving parts, and the nonlinear effects that the system has 
inside. In such cases, it is necessary to design a high-precision, 
robust controller for line-of-sight control to eliminate the 
unexpected disruptive effects that are transferred from the 
operating environment to the system, not just from system 
uncertainties and nonlinear effects. In [4], PI controller design 
has been studied in order to minimize the time integral of the 
error. In [5], it has been found that the controller can be 
inserted into the asymptotic stable structure with the selected 
PID parameters suitable for the system, an algorithm for 
controller parameter selection is derived, and the obtained data 
is reinforced with the experimental results. In [6], as a different 
approach for gyroscope electro-optic platform with feedback, a 
proportional, double integral controller design has been made. 
Here, convergence of the stationary state error to zero is the 
most important requirement. In another study, different 
controllers were designed for both the rate and the position 
cycle. While the classical PID controller was designed in the 
rate loop, the fuzzy control study was performed in the position 
loop and in this way, it was tried to increase the effect of the 
classical control methods [7]. 

Taking into account the considered studies, it has been seen 
that classic control methods can provide an effective solution 
on motion platforms. In this paper, in the control phase of the 
two-axis motion platform, a cascade controller layout and 
parameters has been designed separately for the rate and 
position loops for the two axes of the platform. In rate loop, PI 
controller is used while proportional controller is used in 
position loop. The controller design application was first 
performed in the simulation environment, then on the test setup 
with real system. And finally, the results achieved in the two 
methods are compared. 
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II. TWO AXIS MOTION PLATFORM DESCRIPTION 
The system to be controlled is the two axis motion platform 

that  two axes sets of azimuth and elevation. The angular 
positions of these axes sets are defined as η and ϵ, respectively. 
The system has one direct drive DC motor for each axis to 
move the rotating axes. The angular position of the two axes 
can be measured from the encoders placed in the axes. And 
also, angular velocities can be measured from the gyro placed 
at the intersection of the rotational axes. Both of these 
measuring instrument, are the feedback element of the control 
system installed. 

The 3D solid model of the 2 axis motion platform on which 
the electro-optical camera is connected is shown in the Fig. 1. 
The system parameters used in calculations are taken from this 
model drawn with Creo software. 

 
Fig. 1. 3D Model of Two Axis Motion Platform 

In this study, dynamic equations were derived by assuming 
that inertia unbalance effect in the system does not exist and 
friction is defined as a disturbing effect that enters the system 
from the outside. Since the linear forces acting on the inner and 
outer gimbals do not produce any net torque on the gimbal axis 
and there is no linear motion, the Newton equations have not 
been investigated. Only the Euler equations which consider the 
rotational motion are taken into account. In addition, in the 
designed model, the external friction model of the system is 
derived from LuGre friction approach. 

A. Mathematical Model of Inner Gimbal 
Angular momentum, I,PH and O,PH , around the inner and 

outer gimbal rotation points are:  

   
I

I,P P IeH I . :                   (1) 

       O I
O,P P Oe IO P IeH I . T .I . : � :          (2) 

It is sufficient to obtain the time derivative of the angular 
momentum of the both gimbals in order to find the total 
moment acting on the gimbals. As a result of the calculations, 
the Euler equation around the inner and outer gimbal rotation 
points are given below: 

   
I I
P Ie Ie P Ie OII . xI . MD �: :             (3) 

   � �O I I O I
P Oe IO P Ie IO P Ie Oe P Oe IO P Ie BO IOI . T .I . T .I . x I . T .I . M MD D� : � �: : � :  � (4) 

The moment transmitted to the inner and outer gimbals are 
expressed as follows: 
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Also, the both gimbals inertia tensor are written as follows: 
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If we rewrite Euler equations with the above equations, the 
dynamic equations on the inner gimbal’s y axis and outer 
gimbal’s z axis, which has a torque effect on them, can be 
reduced as follows: 

 
I OI

I
yy Ie m frI T TD  �            (5) 

  
x O BO IO

O
zz Oe m fr frI T T TD  � �           (6) 

Where I
PI , O

PI are inertia tensors of inner and outer gimbal with 
respect to rotation axis P, Ie: , Oe: are inner and outer gimbal 
angular velocities. OeD , IeD are inner and outer gimbal angular 
accelerations. OIM , BOM , IOM are respectively moments that 
applies the outer gimbal to the inner gimbal, gimbal base to 
outer gimbal and inner gimbal to outer gimbal.

Im
T ,

Om
T are 

inner and outer motor torques,
OIfr

T  ,
BOfr

T are inner and outer 
friction torques. 

III. CONTROLLER DESIGN AND RESULTS 

A. Simulation Based Controller Design 
The parameters of the controllers to be designed for 

position and rate loops in the system considered are designed 
separately for the outer gimbal and the inner gimbal. (5) for the 
inner gimbal is translated into block diagram as shown in Fig. 
2.  

 
 Fig. 2. Inner Gimbal Control Loop 

(6) for the outer gimbal is translated into block diagram as 
shown in Fig. 3. 
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 Fig. 3. Outer Gimbal Control Loop 

Controller design starts with the PI controllers7as in the rate 
loop which will be used primarily to eliminate external 
disturbance. Then, the controller parameters in the position 
loop are selected for the two gimbals in order to achieve 
stabilized target tracking. 

The transfer function of a continuous-time PI controller, 

         i
PI p

K
C (s) K

s
 �            (7) 

where pK is the proportional gain coefficient of the controller, 
and iK is the integral gain coefficient of the controller. 

Requirements to be reached in controller design; setling 
time, 2 seconds or less, error band 2% or less, and maximum 
overshoot 10% or less. 

In the rate loop of inner gimbal, when the proportional gain 
is used only, a steady state error has occurred in the sytem. In 
order to approximate this error to zero and to obtain the desired 
output signal, we have searched the response of the system for 
the different integral gain iK values besides the appropriate 

pK value. 

 
Fig. 4. The response of the inner gimbal rate loop to different iK values 

After iK = 800 value, some overshoot has been observed in 
the system. Since this overshoot could effect the platform 
tracking performance, integrator gain was chosen 800. When 

pK =100  and iK =800, controller performance parameters are 
as follows. 

Overshoot (%) = 0 
Setling time (s) = 0.152 
Steady state error (%) < 2 

In this case the inner gimbal rate controller is as follow. 

        I
800C (s) 100
s

 �            (8) 

The proportional gain coefficient P control to be used in the 
inner gimbal position loop was found by examining the 
response of the system to different pK values. 

 
Fig. 5. The response of inner gimbal position loop to different pK values 

When pK =6.6, controller performance parameters are as 
follows.  

Overshoot (%) = 0 
Setling time (s) = 1.8 
Steady state error (%) < 1 

Since there is no overshoot or steady state error for the 
value of pK = 6.6 at the position output, only the proportional 
controller was chosen to control the position loop. 

In the design of the outer gimbal rate controller, first PI 
controller design was made. The design was made by following 
steps in the inner gimbal. It was seen that it has not been 
possible to stabilize the system using a single PI controller. 
Therefore, two cascade PI controller are placed in the outer 
gimbal rate loop. 

 
Fig. 6. The response of the outer gimbal rate loop to the different 

iK values when pK = 10 with the cascade PI controller 

When pK = 10 and iK =75, controller performance 
parameters are as follows.  

Overshoot (%) = 0.18 
Setling time (s) = 0.15 
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Steady state error (%) <1 

After iK = 75 value, some overshoot over the 2% error 
band was observed in the system. iK = 75 was chosen to avoid 
overshoot in the system. In this case the outer gimbal rate 
controller is as follow. 

                       O
75C (s) 10
s

 �               (9) 

The proportional gain coefficient of the P control to be 
used in the outer gimbal position loop is found. To do this, the 
response of the system is examined by giving different pK  
values. 

 
Fig. 7.  Response of the outer gimbal position loop to different pK values 

When pK =5, controller performance parameters are as 
follows.  

Overshoot (%) = 0 
Setling time (s) = 2.2 
Steady state error (%) < 1 

The proportional gain coefficient P control to be used in 
the inner gimbal position loop was found by examining the 
response of the system to different pK values. 

B. Experimental Based Controller Design 
 

The purpose of the experimental work is to record the 
response of the inertial measurement unit and encoders to a 
given signal, draw a frequency response function between the 
input and output, and implement the controller design by 
looking at the bode diagram. 

In order to obtain the frequency response function, a 
sinusoidal current input rising from the low frequency to high 
frequency is given and the positions and rate reached from the 
inertial measurement unit and encoder outputs are recorded in 
real time with the help of XPC Target. These data were 
recorded in Matlab's working environment. Then the frequency 
response function for the rate loop and position loop of inner 
and outer gimballers was found. The selection of controller 
parameters for system’s loops of inner and outer gimbals with 
frequency response functions were selected by shaping the 
bode diagrams. The bode diagrams obtained for the rate loops 
are given in Fig. 8 and Fig. 9. 

In order to achieve the desired control performance in the 
system, it was decided that the gain margin should be close to 
6dB and the phase margin should be between 30º and 60º. 

 
 Fig. 8.  Bode diagram of inner rate loop frequency response function 

 
 Fig. 9.  Bode diagram of outer rate loop frequency response function 

Since the low-frequency disturbing effects will affect the 
system more, the slope in this region has been tried to be high. 
For this purpose one zero and one integrator are assigned to the 
controller. When a single PI is introduced into the system, the 
response of the system in the low frequency range has 
increased from 20 Db / decade to about 30 dB / decade. 
However, passing the system with a low frequency range of 40 
dB / decade will provide better control. For this reason, another 
PI controller has been assigned. As a result, the bode diagram 
given in Fig. 10 is obtained. 

 
 Fig. 10. Double PI Controller in the rate loop of inner gimbal   

Gain Margin: 6.01 dB 
Phase Margin: -12.9 derece 

The gain margins of the inner gimbal rate loop were found 
to be -12.9º when the system was pulled to 6 dB with the help 
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of PI controller and gain coefficient. The inner gimbal had a 
lead filter placed at a frequency of 19 Hz because it needed to 
increase some amount of phase to avoid losing balance at 180º. 
When the lead filter was placed and the gain and phase margins 
reached the desired level, the system was found to resonate at 
two points at high frequencies. For this reason, the Notch filter 
is applied to the frequencies of 233 Hz and 457 Hz to prevent 
the gain of the system from approaching zero. 

 
 Fig. 11. Double PI Controller and Filters in the rate loop of inner gimbal   

Gain Margin: 6 dB 
Phase Margin: 55.4 derece 

As a result, the controller obtained for the inner gimbal rate 
loop has the following form. 

2 2 2
rate
in 2 2 2

(1 0.025s) (1 0.018s)(1 0.000047s (0.00068s) )(1 0.000012 (0.00035s) )C 302
s ((1 0.039s)(1 0.00047s (0.00068s) )(1 0.00012s (0.00035s) )

� � � � � �
 

� � � � �
(10) 

In the position loop, as in the case of the same rate loop, an 
input is given to the system and the output values are read out 
via the encoder to obtain frequency response functions. Then 
the bode diagram of these functions is plotted. 

 
 Fig. 12. Bode diagram of inner position loop frequency response function 

As can be seen, the system has a gain margin of 11.9 dB. It 
is enough to play with the gain coefficient of the system to 
reduce this value to 6 dB levels. 

 
 Fig. 13. P Controller in the position loop of inner gimbal   

Gain Margin: 5.88 dB 
Phase Margin: 29.5 derece 

In this case the controller of the internal gimbal position 
loop is as follows. 

    pos
inC 2          (11) 

In the outer gimbal rate loop, the system tried to increase 
the slope of the gain margin in this region in order to react 
quickly to the low frequency disruptive effects. The slope, 
which is about 20 dB / decade, was tried to be 40 dB / decade. 
First, double PI was tested as a controller. 

 
 Fig. 14. Double PI Controller in the rate loop of outer gimbal   

Gain Margin: 6 dB 
Phase Margin: 28.8 derece 

A lead filter was placed at a frequency of 12.4 Hz so that 
the outer gimbal had to be given some phase so that it would 
not lose its balance during the transition of 180 °. When the 
lead filter was placed and the gain and phase margins reached 
the desired level, the system was found to resonate at one point 
at high frequencies. For this reason, the Notch filter is applied 
to the frequency of 121 Hz to prevent the gain of the system 
from approaching zero. 

 
Fig. 15. Double PI Controller and Filters in the rate loop of outer gimbal   

Gain Margin: 5.99 dB 
Phase Margin: 52.5 derece 

As a result, the controller obtained for the outer gimbal rate 
loop has the following form. 

5 2
rate
out 2 2

(1 0.033s)(1 0.033s)(1 0.022s)(1 9.1x10 s (0.0013s) )C 548x
s (1 0.0074s)(1 0.00091s (0.0013s) )

�� � � � �
 

� � �
(12) 

In the position loop, as in the case of the same rate loop, an 
input is given to the system and the output values are read out 
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via the encoder to obtain frequency response functions. Then 
the bode diagram of these functions is plotted. 

 
 Fig. 16. Bode diagram of outer position loop frequency response function 

As can be seen, the system has a gain margin of 4.82 dB. 
While trying to approximate this value to the 6 dB level, it was 
seen that the gain reached an unbalanced structure at the point 
where it passed the level of 5.36 dB. 

 
 Fig. 17. P Controller in the position loop of outer gimbal   

Gain Margin: 5.36 dB 
Phase Margin: 60.2 derece 
Controller Gain:0.94 

In this case, the controller of the outer gimbal position loop 
is as follows. 

pos
outC 0.94          (13) 

Finally, the controllers are placed in the user interface on 
the model designed in the Simulink environment. Then the 
system is powered and input / output data are recorded and 
drawn. 

 
 Fig. 18. Controlled inner gimbal position track 

 
 Fig. 19. Controlled outer gimbal position track 

IV. CONCLUSION 
In this study, both simulation based and experimentally 

designed controller for line of sight stabilization of two axis 
motion platform. Although there is some difference between 
the controller structure obtained in the simulation and the 
controller structure obtained experimentally, they are similar to 
each other. That is to say, as demonstrated in the simulation 
study, controlling with the PI controller in the rate loop and the 
gain coefficient P in the position loop is achieved, which 
makes it possible to control the system. Since the system can 
be described in detail how it reacts to the frequency range of 
interest, experimental study has made it possible to design a 
more robust controller. 

Experiments have shown that the results obtained in the 
simulation environment give us an idea of how to choose a 
controller architecture in the real system. 
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Abstract— In this paper, proportional integral derivative 
(PID) parameters tuning methods such as Ziegler-Nichols, 
Cohen-Coon, integral of squared error, integral of the absolute 
error and integral time absolute error, are compared in terms 
of settling time, percent overshoot, and rise time on a real system 
consisting of an L298N circuit, 1.1W brushless DC motor. 
Atmega328 microcontroller is programmed as a PID controller. 
Moreover, a brief information about ideal and conventional PID 
algorithms, tuning parameters, hardware and software of the 
system that is used is given. 

Keywords—PID algorithm, Parameter Tuning, BLDC 

I. INTRODUCTION 

Proportional-Integral-Derivative (PID) is a well known 
linear controller, nearly 95% of industrial processes are 
controlled by them and most of them might be implemented 
on microcontrollers [1-4]. PID controllers are easy to 
implement and they can be used with a wide variety of control 
systems applications such as speed [5], position [6] or 
temperature control [7, 8]. Although PID controllers have only 
three parameters, it is not easy to determine these parameters 
without the proper approach. Without using the appropriate 
PID parameters, the desired output response cannot be 
obtained from a system [9, 10]. To obtain appropriate PID 
parameters, Ziegler-Nichols [11] and Cohen-Coon [12] tuning 
methods are generally used. However, there are several types 
of tuning methods in PID tuning MATLAB toolbox is 
developed to tune a simulated DC motor [13]. The 
performances of various tuning methods are compared by 
applying a step input to a process on simulation [14]. Another 
proposed method performs better than Ziegler-Nichols and 
Astrom-Hagglund methods [15] and a study on comparing 
conventional tuning methods are published [16]. 

In this paper, designed hardware and software are used for 
comparing different PID parameter tuning such as Ziegler-
Nichols, Cohen-Coon, integral of squared error (ISE), integral 
of the absolute error (IAE) and integral time absolute error 
(ITAE). In the rest of the paper, a brief explanation of PID 
algorithms are given in Section II, information about finding 
proper tuning parameters such as Ziegler-Nichols, Cohen-
Coon, IAE, ITAE, and ISE are described in Section III. The 
last Section, the overall results are presented in terms of the 
settling time, percent overshoot and rise time. 

II. DESCRIPTION OF SETUP

A. Hardware Design of Setup
Designed test setup consists of a computer with PLX-

DAQ (data acquisition software Add-on for MS Excel) and 
MS Excel installed, an Atmega328 which is programmed to 
provide data acquisition software and drive a BLDC motor 
according to tuning parameters, an L298N voltage regulator 
circuit and a Maxon 344515 BLDC Motor with Encoder and 
1:16 reducer. Connection scheme of the plant can be seen in 
Figure 1. 

Fig. 1. Hardware connection scheme of the setup. 

Arduino is responsible for both providing time and 
position data and controlling the BLDC motor with given PID 
parameters. Software inside Arduino Uno runs averagely once 
per 6 milliseconds and that also can cause a neglectable 
amount of errors in terms of both control of the motor and 
acquisition of precise data. That error is mostly caused 
because of hardware limitations of Arduino Uno and the 
rounding of millis function that’s been used. The personal 
computer with data acquisition software is responsible for 
recording time and position data which is sent from Arduino 
Uno to MS Excel. Maxon Motor 344515 is used as BLDC 
motor and it has 16000 rpm speed without any loads, and 1000 
rpm after reduction (16:1). The BLDC has a 2-channel 
encoder built in which generates 770 pulses per one 
revolution. L298N H-Bridge Transistor circuit is mainly used 
to control the revolution direction of the BLDC motor. 
Implemented setup is given in Figure 2. 
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Fig. 2. Designed setup implementation. 

B. Software Design of Setup 
A personal computer with MS Excel with Parallax Data 

Acquisition Software (PLX-DAQ) plugin and an Arduino 
with properly coded separately. For this setup, two different 
PID structure are programmed in Arduino Uno, the 1st 
software is coded for PID control using the classical algorithm 
meanwhile 2nd software is coded for PID control using the 
ideal algorithm. Parallel PID control algorithm is not 
discussed because there are less amount of parallel PID 
control algorithms in industry compared to the other two 
methods. Principles of ideal and classic PID control 
algorithms are discussed in the previous study [17]. 

 

III. FINDING APPROPRIATE PID CONTROLLER 

PARAMETERS 

Finding suitable PID controller parameters is an important 
issue. Classical PID algorithm is still being used by several 
controllers for industrial applications. The PID algorithm is 
used for Ziegler-Nichols tuning in this study. By using scheme 
in Figure 3, classical PID controller can be formulated and 
written as a mathematical expression in Equation 1 [17]. 

 

Fig. 3. Classical PID Controller Algorithm Scheme. 

 	 	 	 	 	 	  (1) 

Where Kc is the proportional gain parameter, Ti is the 
integral tuning parameter, Td is the derivative tuning 
parameter, e is error and Co is controller output.  

Ideal PID control algorithm scheme has the main gain 
parameter which affects entire system and two tuning 
parameters like Classical PID control but in ideal PID control 
algorithm, tuning parameters do not affect other operations 
(Figure 4). Briefly, the integral tuning parameter only affects 
the integral portion of the output, meanwhile, the derivative 
tuning parameter only affects the portion with the derivative. 
Ideal PID control algorithm has also been referred to as the 
standard PID algorithm. Cohen-Coon Tuning Method and 

Lambda Tuning Method are proposed for this algorithm. A 
mathematical expression for ideal PID controller algorithm is 
given in Equation 2 [17]. 

 

Fig. 4. Ideal PID Controller Algorithm Scheme. 

 	 	 	 	  (2) 

Where Kc is the proportional gain parameter, Ti is the 
integral tuning parameter, Td is the derivative tuning 
parameter, e is error and Co is controller output. The software 
of classical and Ideal PID controller is the same in terms of 
working principles, there is a setup step on the program which 
only works when Arduino Uno is initially booted. Then in the 
loop step of the software, the loop step has been applied as 
Algoritm1.  

Algorithm 1: PID Software
1:
2: 
3: 
4: 
5: 
6: 
7: 
8: 
9: 

     10: 
     11: 
     12: 
     13: 
     14: 
     15: 
     16: 
     17: 
     18: 
     19: 
     20: 
     21: 
     22: 
     23: 
     24: 

   start: the initial setup process 
    end: the initial setup process 
    while() 
        read: encoder and timer data 
        record: encoder data as present position data,
        record timer data as present time data 
        calculate: the time difference by subtracting
        previous data from present data 
        calculate: error by subtracting the reference from
        encoder position data 
        calculate: Co by using Equation 1 
        or Equation 2 
        If the Co is positive, 
            drive the BLDC motor with sending PWM to 
            port number 9 
        end 
        If the Co is negative, 
            drive the BLDC motor with sending PWM to
            port number 10 
        end 
        record: the present position time as previous 
        position data and present time data as previous 
        time data 
        end

A. Tuning PID Parameters via Ziegler-Nichols Method 
Ziegler-Nichols method is one of the tuning methods. To 

properly tune any system with Ziegler-Nichols Tuning 
Method, ultimate gain (Ku) and period at ultimate gain (Pu) 
values must be found. This can be done by starting the system 
with an integral tuning parameter which is close to infinite and 
zero as the derivative tuning parameter. After making the 
system only work with main gain parameter (Kc), the ultimate 
gain parameter and the period value are determined. The 
developed setup of this study starts to oscillate periodically at 
Kc = 20 and period of this oscillation is 71 milliseconds. Kc = 
11.8 Ti = 35.5 and Td = 8.9 are determined via Table I [18]. 
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TABLE I.  ZIEGLER-NICHOLS TUNING FORMULAS 

 Kc Ti Td 

PID Ku / 1.7 Pu / 2 Pu / 8 

 

B. Tuning PID Parameters via Cohen-Coon, IAE, ITAE, 
ISE Methods 
Cohen-Coon tuning method can be used with the dead 

time less than two times of the time constant. ISE, IAE, and 
ITAE tuning methods [19] are made for achieving fast 
response times. These methods are beneficial with systems 
which have the time constant more or equal to dead time. 
Before proceeding with tuning parameters, it should be noted 
that Cohen-Coon and ISE, IAE, ITAE methods are made for 
the ideal PID algorithms. Thus, the ideal PID algorithm 
software for Arduino Uno will be used for these tuning 
methods, both in the testing process and operation with 
parameters. To find tuning parameters for Cohen-Coon and 
IAE, ITAE, ISE Methods a test called “Bump Test” can be 
used. This test can be done by setting the integral parameter to 
a value which is close to infinite and setting the derivative 
parameter to zero. After that, the reference value of the system 
has to be changed while the system is in a steady-state 
position. From the response graph that is obtained, process 
gain (Gp), dead time (td) and time constant ( ) has to be found 
(Equation 3) and these parameters sketched in Figure 5.  

 	  (3) 

Where PCsystem is the position change in the system, 
PCreference is the position change in the reference, Gp is the 

process gain.  

 

Fig. 5. Bump Test Graph 

From the calculations and the Figure 5, Gp = 1.08, td = 30 
milliseconds,  = 210 milliseconds values are obtained for the 
plant described in this paper. Using this values and Table 2 
and 3 tuning parameters for Cohen-Coon and ISE, IAE, ITAE 
tuning methods can be found, respectively. Evaluated results 
are given in Table 4 [18]. 

TABLE II.  COHEN-COON TUNING FORMULAS 

 Kc Ti Td 

PID    

 

TABLE III.  ISE, IAE AND ITAE TUNING RULES 

PID Kc Ti Td 

ISE    

IAE    

ITAE    

TABLE IV.  EVALUATED PID PARAMETERS OF THE BLDC SETUP 

PID Kc Ti Td 

Ziegler-Nichols 11.8 35.5 8.9 

Cohen-Coon 9 70.8 10.8 

ISE 8.7 42.5 16.6 

IAE 8 55.7 11 

ITAE 7.9 59.3 11.5 

 

C. Comparison of PID Tuning Methods Performances 
Using these evaluated PID parameters, the responses of 

the BLDC setup are depicted in Figure 6. IAE tuning is the 
fastest response speed among of them, but this method causes 
big oscillations compared to other methods and the 
oscillations last for a long time. IAE tuning has 8% overshoot, 
which can be considered high compared to other methods. 
IAE tuned system settles in 180 milliseconds with 1% steady-
state error. 

 

Fig. 6. Comparison of Responses Tuning Methods  

ITAE and ISE have the fastest settle time which is 142 
milliseconds. ITAE has the second fastest response speed after 
IAE. ITAE tuning has %9 overshoot, which is the highest 
overshoot among trials. ITAE tuned system does not have 
steady-state error nor it does not oscillate backward. ISE 
tuning has %8 overshoot, which is nearly the same IAE 
performance. ISE tuned system has a %1 steady-state error, 
and it oscillates for long times with small magnitudes of 
divergence from reference. Cohen-Coon method has slower 
response speed compared to ITAE and ISE. It has low settle 
time compared to other methods, which is 148 milliseconds. 
Cohen-Coon tuning has %7 overshoot, which is smallest after 
the Ziegler-Nichols method. Cohen-Coon tuned system does 
not have a steady-state error, and it does not have backward 
oscillation. Ziegler-Nichols method has slow response among 
all methods which are tested. This method has the smallest 
overshoot which is %6, it does not have any steady-state error 
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and it oscillates backward with the lowest divergence from 
reference among other methods but unfortunately, this method 
has the second longest settle time after IAE which is 166 
milliseconds. 

 

IV. CONCLUSION 

In this study, PID parameters tuning methods are 
performed via Ziegler-Nichols, Cohen-Coon, ISE, IAE, and 
ITAE and their responses are compared in terms of settling 
time, percent overshoot, and rise time on a real BLDC motor 
setup. The setup is realized by using an Atmega328 
microcontroller. Moreover, the ideal and the conventional PID 
algorithms are implemented on the microcontroller as 
hardware and software. In future work a tuning method which 
is a hybrid version of Ziegler-Nichols, Cohen-Coon and ITAE 
can be implemented to obtain an overall faster response, more 
stability, and low overshoot. Also, an online tuning software 
that makes required tests to a system can tune this system 
based on a method which is a combination of the methods in 
this paper have planned. 
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Abstract—In this paper, an H1 controller is designed for

disturbance attenuation of magnetically levitated steel plate. The

system contains U-type hybrid electromagnet which constructed

by using permanent magnet. A detailed model having nonlinear

attraction force of a U-shaped hybrid electromagnet is presented

and linearized for controller design purpose. Based on the

linearized model, the H1 controller is designed to minimize air

gap variation under unknown loading disturbances. Thereafter,

a set of experiments conducted to compare performance of the

H1 controller with our previously published I-PD controller on

the same experimental setup.

I. INTRODUCTION

The systems that employ magnetic levitation (maglev)
technology have been widely used in the industry, since
lubrication need and noise problem eliminated by removing
mechanical contact. Magnetic bearing, vibration isolation and
steel plate conveyance systems are influenced positively by
maglev concept [1]–[7]. For instance, steel plates are generally
conveyed over rollers in both automotive manufacturing and
steel production. In this case, reduction of final surface quality
can be easily resulted from surface deterioration. Positioning
steel plates more precisely without any mechanical contact can
be achieved with magnetic levitation technology.

Hybrid electromagnet systems are constructed by using
permanent magnets (PM) and electromagnets simultaneously.
Maglev technology employing hybrid electromagnets allows
us to design more compact systems requiring less space.
In addition, hybrid electromagnets has much lower energy
consumption level since the static loads are directly compen-
sated by PMs in the absence of disturbances and unmodeled
dynamics [8], [9].

In the last few decades, active control of magnetic sus-
pension systems has been a fairly active topic. Various
linear/nonlinear control algorithms have been used. Sliding
mode control is one of the most extensively used nonlinear
approaches [10]–[14]. However, the chattering phenomenon
is the main practical problem. It is well known that PID
controllers have great reputation in industrial applications due
to their simple structure. When the conventional PID structure
is substituted in closed-loop scheme, a zero is shown up near

to the origin in the complex plane. Thereby, the levitation per-
formance can be adversely affected by unwanted overshoots.
Alternative PID structure which is known as I-PD can be used
avoid closed-loop zero near to the origin. The I-PD control
has been used to actively control maglev systems in [6], [8],
[9]. Despite the fact that I-PD controllers provide satisfactory
reference tracking performance, levitation performance under
disturbances has been found insufficient. H1 control [15]
is a widely accepted tool to cope with disturbances. Thus,
H1 control has been applied to active magnetic suspension
systems [1], [5], [16], [17]. Although there is a great body
of research on robust control of magnetic bearings, robust
control of maglev systems aiming steel plate conveyance is
quite few. Very few number of them appears with experimental
verification. In this study, an H1 state feedback controller is
designed and compared with an I-PD controller presented in
[7]. Performance of the both controllers is examined under
unknown disturbances for loading and unloading cases.

In this study, first, the linearized control oriented model of
the nonlinear Maglev steel plate conveyance system shown
in (1) is developed. Then, an H1 controller is designed
to achieve reference tracking under loading and unloading
disturbance excitations. The I-PD controller proposed in [7]
used to compare effectiveness of the H1 approach. Both
controllers are implemented in experimental setup to conduct
several experiments.

Notation. The superscript T and �1 denotes transpose
and inverse of matrices, respectively. <n stands for the n-
dimensional Euclidian space. <n⇥p is the set of real matrices
with dimension of n⇥p. The notion P � 0 for P 2 <n⇥n, im-
plies that P is symmetric and negative definite. In symmetric
block matrices; ⇤ is used for the terms induced by symmetry.

II. CONTROL ORIENTED MODELLING

In this section equations of motion are derived for maglev
steel plate conveyance system which is shown in Fig. (1).
The derived equations of motion has nonlinear structure due
to the nonlinear electromagnetic attraction force. Then, linear
state space and transfer function representations are derived
for controller design purposes.

978-1-5386-7641-7/18/$31.00 c�2018 IEEE
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Fig. 1. Maglev steel plate conveyence system having hybrid electromagnets.

A. Nonlinear Equations of Motion

Magnetic levitation systems are represented by nonlinear
equations of motion due to the inherent nonlinearity of electro-
magnetic attraction force. The electromagnetic attraction force
mainly depends on the air gap and current. Here, the air gap
is defined as the distance between the hybrid electromagnets
and the steel plate. The U-shaped hybrid electromagnet used
throughout the study is shown in Fig. (2). The attraction force

Fig. 2. CAD drawing of the U-type hybrid electromagnet.

can be expressed as

f
e

(i, x
g

) =
µ0N

2S

2

✓
i+ i

pm

x
g

+ l
pm

◆2

(1)

under the following assumptions;
• Hysteresis, saturation and eddy currents are neglected;
• Ferromagentic parts have infinite permeance;
• Electromagnets have no flux fringing or leakages

where N is number of turns, S is area of flux carrying core sur-
face and µ0 is permeability of free space. Governing nonlinear

mechanical and electrical dynamics for U-type electromagnet
can be described as:

mẍ
g

= f
e

(i, x
g

)�mg � f
d

(2)

V = Ri+ �̇ = Ri+
@�

@i
i̇+

@�

@x
ẋ
g

(3)

where the flux linkage � = 2N� and V is the applied voltage,
R and L are resistance and inductance of the coil and f

d

is the
unknown disturbance force due to the loading and unloading
effects.

B. State Space Representation

In order to design linear state feedback control law, the
nonlinear equations (2), (3) must be linearized. It is apparently
seen that the only nonlinear term is the attraction force
equation (1). The nonlinear attraction force can be linearized
for a equilibrium point specified as (i0,x0)

f
e

(i0, xg0) ⇡ �K
xg

�x
g

+K
i

�i. (4)

Then the linearized dynamics can be expressed by:

m�ẍ
g
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xg

�x
g

+K
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�i� f
d

(5)
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L
�i+

K
v

L
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+
1

L
�V (6)

where K
xg

and K
i

are the gap and current stiffness coefficients
and

K
v

=
@�

@x
g

;L =
@�

@i
(7)

are back emf coefficients. In order to achieve reference track-
ing with no steady state error integral of tracking error must
be embedded into state equations by defining tracking error as
follows:

e = r ��x
g

(8)

State equations for a linear time invariant system is described
by

ẋ = Ax+B
w

w +B
u

u (9)

where A 2 <n⇥n is the state matrix, B
w

2 <n⇥p is exogenous
input matrix and B

u

2 <n⇥q is the control input matrix. Here,
w =

⇥
f
d

r
⇤
T is the exogenous input vector and u = V

is the voltage signal as a control input. Let us choose a state
vector in the form of

x =
⇥
�x

g

�ẋ
g

�i
R
e
⇤
T (10)

Then the state space matrices are written as:
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C. Transfer Function Representation

In order to design I-PD type classical control law, the
steel plate conveyance system must be represented by transfer
function. The transfer function block diagram for the maglev
steel plate conveyance system is shown in Fig.(3)

Then, the transfer function from control input V to air gap
output x

g

can be given as follows:

X
g

(s)

V (s)
=

K
i

mLs3 +mRs2 +RK
xg

(13)

Fig. 3. Block diagram of maglev steel plate conveyance system having hybrid
electromagnets.

III. CONTROLLER DESIGN

In this section design procedures for both H1 state feed-
back controller and I-PD controller are presented.

A. LMI Based Design of H1 State Feedback Controller

Let us consider a linear time invariant system given by

ẋ = Ax+B
w

w +B
u

u (14)
z = Cx+D

w

w +D
u

u (15)

where z 2 <c⇥n is the controlled outputs vector. Suppose that
the state feedback control law is in the form of

u = Kx (16)

where K 2 <q⇥n is the state feedback control gain. The
closed-loop system is obtained as

ẋ = (A+B
u

K)x+B
w

w (17)
z = (C +D

u

K)x+D
w

w (18)

The following theorem presents the design of H1 state
feedback controller.

Theorem [18]: The closed-loop system (17),(18) is asymp-
totically stable with an H1 norm less than �, if there exist
a positive definite matrix X 2 <n⇥n and a rectangular
matrix W 2 <q⇥n subject to (19) that solves the following
optimization problem.

min � s.t.
2

4
AX +B

u

W + ⇤ B
w

XCT +WTDT

u

⇤ ��2 DT

w

⇤ ⇤ �I

3

5 � 0 (19)

Then, the state feedback H1 controller can be constructed as
u = Kx = WX�1x.

Proof For the quadratic Lyapunov function candidate
V (x) = xTPx, it can be easily shown that the feasibility
of (20) guarantees the asymptotic stability and having a H1
norm less than � at the same time.

V̇ (x) + kzk22 � �2kwk22 < 0 (20)

Integration of (20) leads to the

V (x(1))� V (x(0)) +

Z 1

0
z(t)T z(t)� �2w(t)Tw(t)dt < 0.

(21)
By using the equations (20), (21), asymptotic stability and H1
performance index properties can be ensured as follows:

• For w = 0, the closed loop system (17), (18) is asymp-
totically stable, since the condition (20) is turned into
V̇ (x) < �kzk22.

• For w 6= 0 the closed loop system guarantees the follow-
ing H1 performance index under zero initial conditions,
since the condition (21) is turned into

R1
0 z(t)T z(t) �

�2w(t)Tw(t)dt < 0

By substituting the closed-loop system (17), (18) into (20)

xT (A+B
u

K)TPx+ xTP (A+B
u

K) . . .

+wTBT

w

Px+ xTPB
w

w . . .

+[(C +D
u

K)x+D
w

w]T [(C +D
u

K)x+D
w

w] . . .

��2wTw < 0 (22)

is obtained. By defining an extended state vector in the form
of [xTwT ]T , the condition (22) can be rewritten as


x
w

�
T


⌦11 ⌦12

⇤ ⌦22

� 
x
w

�
< 0 (23)

⌦11 = (A+B
u

K)TP + ⇤+ (C +D
u

K)T (C +D
u

K)

⌦12 = PB
w

+ (C +D
u

K)TD
w

⌦22 = DT

w

D
w

� �2I

By applying a Schur complement [19] on ⌦
2

4
(A+B

u

K)TP + ⇤ PB
w

(C +D
u

K)T

⇤ ��2I DT

w

⇤ ⇤ �I

3

5 � 0 (24)

is obtained. Congruence transformation [19] can be performed
on (24) by pre- and post- multiplying with diag(X, I, I) as
follows:
2

4
XA+XKTBT

u

+ ⇤ B
w

XCT +XKTDT

u

⇤ ��2I DT

w

⇤ ⇤ �I

3

5 � 0

(25)
The LMI constraint (19) can be easily derived from (25) by
performing a variable change operation as W = KX . This
completes the proof.
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B. I-PD Controller Design with Coefficient Diagram Method

The I-PD control algorithm for the maglev steel plate
conveyance system previously used in [7] is schematically
shown in (4). Here it is shown that derivative gains has a
low pass filter to avoid performance degredation due to the
measurement noise. A low pass filter is implemented as a first
order transfer function and provided satisfactory performance.
The K

p

, K
i

and K
d

coefficients denote the proportional,
integral and derivative terms of I-PD controller, respectively.
The controller gains can be computed with Manabe’s canonical
polynomial approach [20]. Then, the controller gains are
obtained as [7]

K
p

=
L2�2

3�2Kxg

R
z

+R3
z

m

L2
z

�2
3�2Ki

(26)

K
i

=
R4

z

m

L2
z

�2
3�

2
2�1Ki

(27)

K
d

=
R2

z

m

L�3Ki

(28)

The main idea lies in this approach is to determine an
appropriate characteristic polynomial by employing equivalent
time constants and stability indices (�

i

for i = 1, . . . , 3). In
[7], the stability indices are assumed as �1 = 2.5 and �2,3 = 2.

Fig. 4. Block diagram of the I-PD control algorithm.

IV. RESULTS AND DISCUSSION

In this section, experimental results obtained with both
controllers are compared. Firstly, flowchart of the setup is
presented. Then, both H1 and I-PD controllers are designed.
Finally, experimental results for reference tracking and distur-
bance compensation are provided.

A. Experimental Test Bench

The control system is implemented on a digital controller
consisting in a computer, a data acquisition card and sensor
boards as shown in Fig. (5). The ADC converts the outputs
of the air gap and current sensors. The computer determines
the control inputs according to the control law. Then, the DAC
converts the digital control outputs to analog signals to send to
the power amplifier. Parameters of the experimental test bench
is given by Table I.

TABLE I
EXPERIMENTAL TEST BENCH PARAMETERS

Parameter Value Unit
Length of steel-plate 200 [mm]
Width of steel-plate 150 [mm]

Thickness of steel-plate 6 [mm]
Mass of steel-plate 1.35 [kg]

Number of winding turns 200 [�]
Resistence of the coils 1.3 [⌦]
Inductance of the coils 0.018 [H]
Nominal steady air gap 6.5 [mm]

Nominal steady current(PM) 4.35 [A]
Gap coefficient 1595 [N/m]

Current coefficient 4.6 [N/A]

Fig. 5. Flowchart of the system implementation.

B. Implemented Controllers

In the H1 controller design, it is aimed to maximize
tracking performance in the presence of disturbance. Then,
the controlled output vector is chosen as

z = [ ↵1

R
e ↵2�ẋ

g

↵3V ]T .

Here, the first term aims to achieve zero steady state error,
the second term aims to have non-agressive response without
overshoot and the final term is used to keep control input
within practically applicable range. Hence, the performance
output matrices are selected as:

C =

2

4
0 0 0 ↵1

0 ↵2 0 0
0 0 0 0

3

5 D
u

=

2

4
0
0
↵3

3

5 D
w

= 03⇥2

Here, ↵
i

for i = 1, . . . , 3 are controlled output weighting
scalars and chosen as ↵1 = 6, ↵2 = 4 and ↵3 = 0.6,
respectively. Optimization problem under LMI constraints
which is presented in previous section, is solved with YALMIP
[21] parser and SeDuMi [22] solver. The controller gains are
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obtained as follows:

K = 104 ⇥ [ 0.4413 0.0072 �0.0002 �5.6500 ].

I-PD controller gains are given as [7]

K
p

= 1380 K
i

= 460 K
d

= 3.

C. Analysis and Experimental Results

Performance of the I-PD and H1 controllers are compared
in frequency domain. Bode plots for disturbance and reference
inputs are shown by Fig. 6.

Fig. 6. Bode plots.

It is apparently seen that H1 controller has superior dis-
turbance attenuation performance over the I-PD controller up
to 30 Hz. In addition, the H1 controller provides larger
bandwith which allows better reference tracking. Position
tracking performance around steady air gap point for loading
and unloading cases are shown by Fig. 7 and Fig. 8

As seen from the figures, for position tracking, controller
performances are nearly same but H1 controller has a little
bit faster response. It is evident from these graphs that the H1
controller has twice as much performance as for suppressing
the disturbances.

V. CONCLUDING REMARKS

Active control of air gap clearance between hybrid electro-
magnet and steel plate has been successfully achieved. The

Fig. 7. Tracking response.

Fig. 8. Disturbance response.

experimental results has precise tracking capability with no
overshoot. Furthermore, the reference tracking error is within
the range of ±80µm. The H1 controller is much less sensitive
to the loading/unloading disturbances. Dynamic output feed-
back controller with limited measurement of state variables
can be considered for further studies, since measuring all these
state variables are not much cost effective. Comparing these
results by disturbance observer based approaches might be a
direction for future works.
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Adaptive PI and SMC for Control of Uncertain and Varying
Time-Delay Chaotic Coronary Artery Vessel

Batuhan Bilgi1, Meriç Çetin2, Selami Beyhan1

Abstract—In this paper, a fuzzy tuning based proportional-
integral (PI) and sliding mode (SM) controllers are designed
for the synchronization based control of chaotic coronary artery
system. The coronary artery system is assumed to be disturbed
by an uncertainty function that simulates an unhealthy condition.
The synchronization of this unhealthy coronary artery to the
healthy coronary artery is achieved by the designed controllers
that provide a proper blood feeding to the heart. In fact, PI
and SMC are feedback controllers to track a healthy coronary
artery system trajectory as in model-reference control. First, PI
and SM controller parameters are determined by a trial-and-
error approach, however in second case, fuzzy system tuned
parameters are also designed to get accurate synchronization
based control results. The proposed and designed controllers
are applied to improve synchronization performance of coronary
artery system. In experiments, the performance of controllers is
illustrated and rootmean squared errors (RMSE) are given in
Table for a comparison. The numerical applications show better
synchronization results and control performances compared to
the literature works and fixed parameter cases.

Keywords— Fuzzy tuning, PI and SMC controllers, coronary
artery system, robust synchronization and control.

I. INTRODUCTION

Coronary atherosclerosis is a disease caused by partial or
complete interruption of the arterial blood flow resulting from
the constriction or occlusion of arterial vessels feeding the
heart. Vasospasms that represent the chaotic state of blood
vessels are the main cause of various coronary atherosclerotic
heart disease such as variant angina and unstable angina.
For this reason, it is very important to recognize nonlinear
differences in the changes of blood vessel diameter and to
suppress undesired chaotic behaviours [1]. From the medical
perspective, synchronizing the chaotic states of blood vessels
with pathological changes in the normal vessel can prevent the
progression of diseases caused by changes in vessel diameter
[1], [2]. There are several studies in the literature for general
chaotic synchronization. In [3], sublayers of nonlinear chaotic
systems have been synchronized by linking with common
signals. A method for adaptive synchronization of uncer-
tain chaotic systems using adaptive backstepping with tuning
functions has been proposed in [4]. There are also adaptive
observer-based methods to perform chaos synchronization [5],
[6]. Zhu has proposed an observer-based synchronization ap-
proach for chaos-based secure communication and Beyhan has

1Department of Electrical and Electronics Engineering,
Pamukkale University, Kınıklı Campus, 20070 Denizli, Turkey,
bbilgi13@posta.pau.edu.tr, sbeyhan@pau.edu.tr

2Department of Computer Engineering, Pamukkale University, Kinikli
Campus, 20070 Denizli, Turkey, mcetin@pau.edu.tr

introduced a novel nonlinear gradient-based observer for syn-
chronization and observer-based control of chaotic systems. In
[7], [8], Lyapunov stability theory based controllers have been
designed to synchronize two identical or two different chaotic
systems. The local synchronization problem of the Lyapunov
functional based chaotic neural networks was addressed by
Wu et al. in [9]. In addition, many studies have examined the
synchronization control of the coronary artery chaotic system
under uncertain parameters of blood vessel behavior. Gong et
al. has shown that a spastic vessel can be synchronized with a
normal vessel using Backstepping technique [10]. The review
paper in [11], authors specified the effects of dynamical chaos
on the genesis and maintenance of arrhythmias. In [12], an
adaptive nonlinear tracking controller was proposed for chaotic
coronary artery systems with dynamic uncertainties and un-
known parameters. Zhao et al. has proposed a fuzzy parametric
adaptive output feedback controller for !∞ synchronization
of the coronary artery system with input nonlinearity and
parameter perturbations [13].

The parameters of nonlinear chaotic systems can cause
the system uncertain due to some external factors such as
disturbances or control input delay in a range. Therefore,
robust synchronization becomes crucial for nonlinear chaotic
systems. The model-based requirements of a nonlinear system
limit the conventional methods commonly used in controller or
observer design. An adaptive tuning method can be preferred
for parameter changes where the fixed parameter techniques
are insufficient [14]. Fuzzy system tuning methods [15], [16],
[17], [18] as well as gradient [19], [20], predictive [21],
[22], heuristic [23] or neural network [24], [25] based tuning
techniques are widely used in the literature. Knowledge-based
fuzzy tuning methods can be used to ensure that system
with parameter perturbations is synchronized well with an
appropriate control strategy [26]. The fuzzy system tuning
based method, which is more useful when the saturation of
the process is important, can improve the performance of
a conventional PID or SMC controllers using time-varying
parameters. PID controllers are still the most popular ones
among other controllers due to their simplicity in design and
robust performance [27]. SMCs are robust controllers that
eliminate the uncertainty and disturbance effects of the system
[28]. However, to achieve the desired controller performance, it
is necessary to correctly set the PID [29] and SMC parameters
[30].

In this paper, the synchronization problem of chaotic artery
system is solved with two adaptive controller designs. This
paper applies fuzzy tuning based method to tune the parameters
of the PI controller and sliding mode controller (SMC). To
simulate the unhealthy condition, an uncertainty function is
applied to the coronary artery dynamics. Then, designed PI
and SMC are applied for the synchronization based control.

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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Acceptable synchronization results are obtained compared
to the literature works and fixed parameter cases.

The remainder of the paper is organized as follows. The
mathematical model of the coronary artery is introduced in
Section II. The fuzzy tuned PI and SMC in Section III, and
application results are given in Section IV, respectively. The
conclusions are drawn in Section V.

II. CHAOTIC DYNAMICS OF THE CORONARY ARTERY
VESSEL SYSTEM

The coronary artery system (CAS), which is the vascular
system responsible for feeding of the heart, is the first branch
of the aortic vessel that separates from the heart and feeds
myocardium. Some risk factors may cause constriction or
occlusion in the coronary arteries. The risk of myocardial
infarction is rather high in patients who occluded coronary
arteries due to thrombus. Myocardial infarction has serious
consequences and may result in sudden death. For this reason,
much effort has been made by researchers working in different
fields to treat the occluded the CAS. Xu et al. have described
the CAS as a chaotic system in [31], [13]. The dynamic model
of the system as follows.

"̇1(#) =− $"1(#)− %"2(#),

"̇2(#) =− ($+ 1)'"1(#)− (%+ 1)'"2(#) + '"1
3(#)

+ (cos()#)
(1)

where "1(#) is the inner diameter and "2(#) is the pressure
changes of the coronary artery vessels. (cos()#) is the peri-
odic disturbance. The parameters of the CAS are $ = 0.15, % =
−1.7, ' = −0.5, ( = 0.3 and ) = 1. The variation of states
of the CAS over time are shown in Figure 1(a). The phase
portrait of the CAS is shown in Figure 1(b).

III. CONTROLLER DESIGNS

In this section, first, conventional PI and SMC designs are
explained, then details of the fuzzy system based tuning of
controllers are given.

A. Proportional-Integral Controller

Consider a continuous-time single input single output non-
linear system as

"̇(#) =+(x(#)) + ,(x(#))-(#),
. =ℎ(x(#)),

(2)

where +, , : ℜ! → ℜ are two nonlinear functions, - ∈ ℜ
is the control input, x = ["1, "2, . . . , "!]" ∈ ℜ! is the state
vector and . ∈ ℜ# is the actual output of the nonlinear system.
The control law of the PI controller is generally of the form
as

-(#) = 0$1(#) +0%

∫ &

0
1(2)∂2, (3)

where 1 is the error between the desired output and actual
output, 0$ is the proportional gain and 0% is the integral gain.
The controller gains must be correctly designed to approximate
the actual output of the PI controller to the desired output.
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(a) !1 and !2 states.
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Fig. 1. Dynamics of the CAS.

B. Sliding-Mode Controller

The sliding-mode controller is known for robustness to
uncertainties and finite-time convergence properties [28], [32].
The purpose of the sliding-mode approach is to push and hold
the error to the switching or sliding surface. The selection of
the switching function becomes important since the closed-
loop response of system is insensitive to model uncertain-
ties. SMC constructs a sliding-motion over estimation error
associated with asymptotic convergence between the measured
system output and the controller output. The control law
of SMC is based on the known mathematical model of the
nonlinear system and it is assumed that one of the states of
the system is measured in SMC.

Consider a nonlinear system as in (2) for SMC where
the nonlinear functions +(x) = +0(x) + Δ+(x) and ,(x) =
,0(x)+Δ,(x) are not precisely known. +0(x) and ,0(x) are the
nominal known parts of the functions and Δ+(x) and Δ,(x)
are the parametric variations or modelling errors. They are
assumed to be bounded as ∣+!'((x) − +!%)(x)∣ < 5 and
∣,!'((x) − ,!%)(x)∣ < 6. For the nonlinear system, it is
assumed that the nominal values and bounds of the functions
are known. The purpose is to track the reference signal ("*).
The tracking error is defined as 1 = "* − " with 7 − 1
derivatives as e = [1, 1̇, . . . , 1(!−1)]" . The sliding surface is
defined as [28]

)(e; #) = (
∂

∂#
+ 8)!−11, (4)

where 8 is a positive constant which determines the decay ratio
of the tracking error. When the sliding surface goes to zero,
the tracking error also goes to zero. In this case, the states
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of the nonlinear system track the desired states. To keep the
value of ) at zero, the input signal is designed to satisfy

1

2

∂

∂#
)2 ≤ −9∣)∣,

))̇ ≤ −9∣)∣
(5)

where 9 is a positive constant. For a second order system (7 =
2), the sliding-mode dynamics can be defined as:

)̇ = 1̈+ 81̇ = +0(x) + ,0(x)-− "̈* + 81̇ (6)

To achieve )̇ = 0, the control input of the system is derived
as

-+# =
1

,0(x)
(−+0(x) + "̈* − 81̇), (7)

To satisfy the dynamics in (5) and to reach the desired states
in finite time a discontinuous control part is added to input (7)

- = -+# + -, =
1

,0(x)
(−+0(x) + "̈* − 81̇)− :;,<()), (8)

where : ≥ =(5+9)+(∣=−1)∣-+#∣. = =
√

-!"#(x)
-!$%(x) is a positive

constant. By using (8), )̇) ≤ 9∣))∣ = −9);,<()). The value
of : is important for SMC. It must satisfy 1

2
∂
∂&)

2 ≤ −9∣)∣.
The control input drives the dynamics of ) and e to zero.
However, it may cause chattering on the sliding surface. To
prevent the chattering, the signum function can be replaced
with other well-known approach in literature. The asymptotic
convergence and stability conditions of SMC are already
shown in [33], [28].

C. Fuzzy Tuning of Parametric Controllers

Fuzzy tuning method is a commonly used method in fuzzy
control applications. In many studies, PID parameters have
been selected with the fuzzy tuning method. In this paper,
the parameters of the PI controller and SMC are calculated
with membership functions and rule bases by the fuzzy tuning
method at every step. According to the value of the error at
each step, the parameters of the PI and SM controllers are
determined according to the membership functions to which
they belong. Firstly, the boundaries of 0$ and 0% parameters
should be determined. Thus, the parameters can be scaled over
the fuzzy interval [0, 1] as follows:

0
′

$ =
0$ −0!%)

$

0!'(
$ −0!%)

$

,

0
′

% =
0% −0!%)

%

0!'(
% −0!%)

%

,

(9)

where 0!'(
$ , 0!'(

% , 0!%)
$ and 0!%)

% are indicates the maxi-
mum value of 0$, maximum value of 0%, minimum value of
0$ and minimum value of 0%, respectively. In this paper, the
product inference engine was used as the inference method and
the center of gravity method was used as the defuzzification
method. The structure of the proposed system is given in
Figure 2.

Fig. 2. The structure of Fuzzy-PI and Fuzzy-SMC.

IV. SYNCHRONIZATION APPLICATIONS

This section illustrates the application results of constant
parameter and fuzzy tuning based sliding-mode controller
synchronization of chaotic coronary artery. In the application
results, the "1 state is assumed to be measured. By using
the controller design, the second state is also synchronized
under an uncertainty function. It must be remembered that
the measured output of the coronary artery is assumed to be
"1. The applied uncertainty function to the coronary artery
that simulates such a disease of the artery, is chosen as
>(#) = [0.5cos(40#); 0.5sin(30#)]" . The varying-time delay of
the coronary artery that simulates the required time the input
signal effect is used as ?(#) = 1 + sin(0.1#). The constant
PI and fuzzy tuned PI synchronization plots are not shown
since they have similar results however SMC provided better
synchronization results. Therefore, a comparative table that
shows the RMSE performances of the designed controllers are
given in Table II.

A. Constant Parameter Sliding-Mode Controller Based Syn-
chronization

For constant parameter SMC design, the parameters are

selected as 0 =

[
5 0.1
2.5 0.05

]

by a long grid search of

reasonable interval. The obtained results are plotted in Fig-
ure 3. Figure 3(a) and Figure 3(b) present the synchronization
results of the states. Then, the corresponding synchronization
errors are shown in Figure 3(c). The applied synchronization
control input is given in Figure 3(d). In fact, these results
are acceptable with selected constant parameters. However,
fuzzy tuning based SMC synchronization results can be used
for better performances since coronary artery vessel is very
important for the health of heart.

B. Fuzzy Tuning Based Sliding-Mode Controller Based Syn-
chronization

The fuzzy system look-up table is given in Table I. The
rules are heuristically designed according to the value of the
synchronization errors. The fuzzy rule table is designed for
0

′

$ and 0
′

% . In Table I, fuzzy linguistic variables are NB,
NM, NS, ZO, PS, PM, PB, S and B which represent negative
big, negative medium, negative small, zero, positive small,
positive medium, posivite big, small and big, respectively.
The membership functions of fuzzy systems are plotted in
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(d) Feedback control signals.

Fig. 3. Constant parameter SMC based synchronization.
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Fig. 4. Membership functions of error and parameters.

TABLE I. RULE TABLE

+
Parameters NB NM NS ZO PS PM PB

/
′
& BBBBBBB SBBBBBS SSBBBSS SSSBSSS SSBBBSS SBBBBBS BBBBBBB

/
′
$ BBBBBBB BBBBBBB SSBBBSS SSSBSSS SSBBBSS BBBBBBB BBBBBBB

Figure 4. The membership functions of the error are shown
in Figure 4(a). The membership functions of the 0

′

$ and 0
′

%
parameters defined as output are also shown in Figure 4(b).
The application results are plotted in Figure 5. The synchro-
nization results of the states are presented in Figure 5(a) and
Figure 5(b), respectively. The synchronization errors are plot-
ted in Figure 5(c). Fuzzy tuning based control input is given
in Figure 5(d). When compared to the constant parameters
case, much better synchronization results are obtained using
fuzzy tuning based controllers. A general performance table is
given to show the advancement of the designed controllers in
Table II. As a general comparison, the uncertainty and delay
function terms are selected large compared to the values in
[34]. However, by using simple adaptive controller designs,
faster and accurate synchronization results obtained for real-
time applications.

TABLE II. PERFORMANCE COMPARISON OF CONTROLLERS.

0123 =
√

1
'

∫ '
0 +(&)2*& (1 synch. (2 synch.

Constant Parameter PI Cont. 0.0862 0.1864
Constant Parameter SMC Cont. 0.0858 0.1614
Fuzzy Tuned PI Cont. 0.0708 0.1331
Fuzzy Tuned SMC Cont. 0.0694 0.1194
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Fig. 5. Fuzzy tuning based SMC synchronization.

Time [s]
0 5 10 15 20 25 30

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

3.2

3.3

3.4

(a) #!1 parameter.

Time [s]
0 5 10 15 20 25 30

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

0.07

(b) #"1 parameter.

Time [s]
0 5 10 15 20 25 30

1.2

1.25

1.3

1.35

1.4

1.45

1.5

1.55

1.6

1.65

1.7

(c) #!2 parameter.

Time [s]
0 5 10 15 20 25 30

0.016

0.018

0.02

0.022

0.024

0.026

0.028

0.03

0.032

0.034

(d) #"2 parameter.
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V. CONCLUSIONS

In this paper, two fuzzy tuning based adaptive controllers
are designed to tune the parameters of the PI controller and
sliding mode controller. In addition, to simulate the unhealthy
condition, an uncertainty function is applied to the math-
ematical model of the coronary artery system so that the
effect of the uncertainties are considered in the control. In the
simulations, the designed controllers are compared in terms
of control performance and design issues. When compared
to the constant parameters case, much better synchronization
results are obtained using fuzzy tuning based controllers. It
is concluded that the designed adaptive controllers can be
used for the control of uncertain systems with a satisfactory
level of performance and accurate synchronization results by
using simple adaptive controller designs. Adaptation of the
design parameters with fuzzy rule-based tuning enables the
computational burden to be reduced and the control signal to be
produced even faster in the uncertainty case. Finally, it can be
easily applied in digital signal processors in future applications
for the synchronization of coronary artery system.
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Abstract—This paper addresses the problem of road traffic

congestion detection. We propose an effective approach to detect

traffic congestion by combining the piecewise switched linear

traffic (PWSL) and Shewhart control scheme. This approach

uses PWSL model to describe the evolution of traffic density, and

Shewhart chart to detect traffic congestions based on residuals

obtained from PWSL model. The PWSL-Shewhart approach is

evaluated using traffic data from the four-lane State Route 60

(SR-60) freeway in California. Results indicate that our approach

accomplished reliable detection of traffic congestion.

Keywords—Traffic density, macroscopic modelling, CTM,

PWSL model, monitoring chart.

I. INTRODUCTION

Intelligent transportation systems becomes a vital element
in the development of our society [1]. Road traffic congestion
is among the most growing areas of concern for many coun-
tries [2], [3]. Traffic congestion management and monitoring
in public road networks and highways are becoming increas-
ingly important factors for economic growth of countries [4].
Accordingly, reliable detection of traffic congestion plays a
key role in improving traffic safety and comfort of driving [5],
[6]. In this paper, the focus will be on the detection of traffic
congestion using a statistical method.

Flexible and accurate modeling of road traffic is important
to enhance road traffic monitoring. Recently, there has been
much discussion on road traffic modeling in the literature [4]–
[6]. Microscopic and macroscopic approaches are two main
categories in traffic modeling framework [7]–[9]. Microscopic
models are mainly focusing on the individual comportment
of vehicles. While macroscopic models are based on the
hydrodynamic theory for capturing the traffic dynamics as
continues flow. Generally speaking, macroscopic models use
a reduced number of parameters compared to microscopic
approaches, which lead to less computational complexity and
time consuming [7]. This paper is within the macroscopic
modeling framework. Specifically, we focus on the cell trans-
mission model (CTM), which is a discretized version of
the first order macroscopic model [8]. Here, the piecewise
switched linear model (PWSL), which is an enhanced version
of CTM [9] will be used as a modeling framework. The main
benefit of the PWSL model is its capability and flexibility to

be modular for several configurations of road portions with
various numbers of cells and junctions.

With the increasing needs for traffic monitoring and super-
vision, various techniques aimed at detecting road traffic con-
gestion have been proposed including multi-layer feed forward
neural network [10], Markov model and back propagation
neural network [11], probability neural network, constructive
probability neural network [12], [13] and support vector ma-
chine [14]. These machine learning methods require high
computational training time, which makes them less attractive
for online application. Many other interesting approaches
for traffic monitoring were discussed in the literature, for a
more complete discussion on traffic modeling and monitoring
approaches see [4]–[6]. While several fault detection tech-
niques have been proposed for traffic monitoring [15], [16],
statistical monitoring schemes have not been widely exploited
for monitoring of traffic congestion until recently [17]–[19].

In this paper, an efficient detection strategy to monitor traffic
congestion is presented. This strategy combines the benefits of
both the PWSL modeling and Shewhart monitoring chart. In
fact, the PWSL model is used to capture traffic dynamics and
describe traffic flow evolution. Then, we verify the residuals
the PWSL model using the Shewhart scheme for checking
the traffic state (i.e., congested or free traffic). We applied the
proposed PWSL-Shewhart approach to real traffic data from
a portion of the SR60-E highway in California. Results show
the capability of this approach to reveal the presence of road
traffic congestion.

The following section briefly reviews the macroscopic traffic
modeling and the improved piecewise macroscopic traffic
model. Section III briefly describe the proposed PWSL-
Shewhart approach. In Section IV, the performances of the
proposed method are illustrated through real data. Finally,
Section V concludes the paper.

II. PIECEWISE SWITCHED LINEAR MACROSCOPIC
TRAFFIC MODEL

The cell transmission model (CTM) is one of the most used
traffic models in the literature [8]. It is a first order discretized

978-1-5386-7641-7/18/$31.00 c�2018 IEEE
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macroscopic traffic model, which considers the road section
as successive segments or cells of length �xi (Fig. 1).

Fig. 1. Illustration of the spatial road segmentation.

The dynamics of vehicle numbers in each cell i (occupancy)
is expressed by:

ni (k + 1) = ni (k) +�T (qi (k)� qi+1 (k)) , (1)

where, the flow qi (k) in each cell i is obtained as follows:

qi (k) = min

✓
ni�1 (k) , QM,i,

wi

vf,i
(nj,i � ni (k))

◆
, (2)

where nj,i is the capacity of the cell i.
The macroscopic model’s parameters can be represented by

the fundamental diagram FD (Figure 2), which is the empirical
curve of the relationship flow-density. These parameters are:
free flow speed vf,i, critical density ⇢c,i, maximal flow,
congested wave speed wi and jam density ⇢j,i (see Figure 2).

Fig. 2. Illustration of fundamental diagram triangular form.

To solve the CTM nonlinearity and for more realistic
representation of traffic density, an extended and enhanced
version called the Piecewise Switched Linear (PWSL) model
is introduced in [9]. It is a hybrid dynamic system of 2⇥N

normal modes that obtained by the piecewise linearization
of the CTM model according to the both of upstream and
downstream directions of wave congestion propagation. The
general representation of the PWSL is given as:

⇢ (k + 1) = As⇢ (k) +Bsu (k) +Ds (3)

Ds = Bjam,s⇢j +BQ,sQM (4)

y (k) = c⇢ (k) (5)

where s = {1, . . . , 2N} indicates the mode of the system,
⇢ (k) = [⇢1 (k) , . . . , ⇢N (k)]T is the density state vector,
u (k) = [qin (k) , qON,2 (k) , . . . , qON,N�1 (k) , qout (k)]

T is
the entering flow vector (input, output and on-ramp flow),
QM = [QM,1, . . . , QM,N ]T is the maximal flow vector, ⇢j =
[⇢j,1, . . . , ⇢j,N ] the jam density vector, y (k) is the system
output and (⇢ (k) , u (k) , QM , ⇢j) 2 RN⇥1, As 2 RN⇥N , Bs

2 RN⇥N , Ds 2 RN⇥N and c 2 R2⇥N are known matrices.
For more details about the PWSL model see [9].

III. PWSL-SHEWHART CONGESTION MONITORING
MECHANISM

To develop an efficient congestion detection procedure, we
have mixed the PWSL model with Shewhart scheme. Shewhart
chart (termed also three-sigma rule) has been proposed by
Walter Shewhart [20]. Shewhart charts are suitable in detecting
large mean shifts [21], [22].

In a Shewhart chart, a sequence of samples xi are plotted
against time [20]. Upper and lower control limits (UCL, LCL),
for the samples are established as following:

UCL,LCL = µ0 ± 3�0,

where µ0 is the process mean and �0 is the standard deviation
of the congestion-free data. If PWLS residuals are outside the
control limits, a signal of congestion is flagged.

In the proposed procedure, we applied Shewhart chart to
PWSL residuals, e, which are the difference between the
measured (⇢) and the predicted (⇢̂) densities, to detect possible
traffic congestions (see Figure 3). PWSL residuals are close to
zero in normal traffic and deviate significantly from zero under
congested situations. When the PWSL residuals overpass the
control limits of the Shewhart chart, we declare an abnormal
traffic situation.

Fig. 3. Illustration of PWSL-Shewhart monitoring mechanism.
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IV. SIMULATION RESULTS

A. Data description

To verify the performance of the proposed congestion
detection procedure, we consider data from a highway portion
of 1.73 miles stretch of SR60, which is a four-lane highway
from the east of California (Fig. 4). Respecting the Courant-
Friedrichs-Lewy conditions (�Tvf,i  �xi), the selected por-
tion has been partitioned into four cells. Each cell has equipped
with a vehicle detector stations (VDS), which provides traffic
data.

Fig. 4. The studied SR60-W highway portion.

Data calibration or fundamental diagram identification is a
necessary step for each macroscopic model validation [23].
In which, we applied the calibration methodology proposed
in [9], [24] on the considered road portion. Then, we identified
the triangular fundamental diagram form for each cell and we
estimated the PWSL model parameters for each cell.

B. Model validation

The constructed PWSL model is fitted to the free flow data
training dataset from four different cells, and the goodness of
fit is shown in Figure 5(a)-(d). From Figure 5, we can see that
the four time series (cell 01, cell 02, cell 03 and cell 04) are
well-adjusted by the constructed models.

Furthermore, to illustrate the quality of the PWSL-based
models selected, the scatter plot of measured vehicle density
data versus predicted values of the constructed PWSL models
are presented in Figure 6. According to such a figure, it is clear
that the measured data are well-fitted by the PWSL model.

Fig. 5. Measured and PWSL predicted traffic density from SR60 dataset,
June 23, 2012.

Fig. 6. Scatter plots of the measured and the PWSL predicted traffic density
from SR60 dataset.
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To further evaluate the accuracy of the constructed PWSL
model, three numerical criteria were employed: R2, the mean
absolute percent error (MAPE) and the root mean square
error (RMSE) (Table I). Table I shows that the PWSL model
describes appropriately the traffic density.

TABLE I
QUALITY OF THE PWSL MODEL WHEN APPLIED TO DATA FROM FIGURE 5.

C. Detection results

To assess the performance of PWSL-Shewhart approach,
three case studies are presented here.

1) Scenario with abrupt congestions: Here, we evaluate
the proposed approach in the case of road traffic with abrupt
congestion. The abrupt congestion is simulated by adding a
small constant deviation between samples 1600 and 1800.
The magnitude of the deviation is equal to 10% of the total
variation in the raw data. This could represent an incident
such as stalled cars, road repairs, overturned vehicles, and
bad weather. Results of PWSL-Shewhart approach based on
unfiltered are desplayed in Figure 7. Figure 7 shows that the
PWSL-Shewhart is able to detect the congestion, but with
several false alarms.
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Fig. 7. PWSL-Shewhart procedure with the unfiltered residuals, scenario with
an abrupt congestion.

The performance of PWSL-Shewhart approach can be im-
proved by using filtered residuals via the wavelet-based filter
(Figure 8). We can see from Figure 8 that the number of false
alarms is reduced by using the filtered residuals.
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Fig. 8. PWSL-Shewhart procedure with the filtered residuals, scenario with
an abrupt congestion.

2) Scenario with intermittent congestions: In the second
scenario, we inject into the testing data a bias of amplitude
3% of the total variation in the testing data between samples
1600 and 1800, and a bias of 10% from sample 3000 to
sample 3500. The monitoring results of the Shewhart chart
based on unfiltered residuals are demonstrated in Figure 9.
From Figure 9, it can be seen that the Shewhart chart is
capable of detecting these moderate abnormal congestion but
with some missed detections. Figure 10 shows that PWSL-
Shewhart approach provides better performance when it is
applied to filtered residuals.
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Fig. 9. PWSL-Shewhart procedure with the unfiltered residuals, scenario with
an intermittent congestion.
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Fig. 10. PWSL-Shewhart chart with the smoothed residuals, scenario with
an intermittent congestion.

3) Scenario with gradual congestions: The aim of the third
scenario is to evaluate the potential of the proposed PWSL-
Shewhart chart to detect gradual congestion. Here, a slow
increase with a slope of 0.01 was added to the simulated test
data starting at sample number 3000. Figure 11 shows that the
Shewhart chart statistic, when applied to the unfiltered data,
exceeds the control limit after the occurrence of congestion at
sample number 3042, but with several false alarms.
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Fig. 11. PWSL-Shewhart procedure with the unfiltered residuals, scenario
with a gradual congestion.
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The Shewhart chart when applied to the smoothed residuals
detect this gradual congestion with fewer false alarms (Fig-
ure 12). These results also show that applying the proposed
approach on pre-filtered residuals slightly enhanced its detec-
tion ability by reducing the number of false alarms.
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Fig. 12. PWSL-Shewhart procedure with the smoothed residuals, scenario
with a gradual congestion.

V. CONCLUSION

This paper introduces a flexible statistical procedure for
supervising traffic congestions. We used PWSL model to
describe the traffic density dynamics, and Shewhart control
chart to detect abnormal traffic congestions. Indeed, Shewhart
chart is applied to the residuals obtained from the PWSL
model to take a decision about road traffic state (i.e., congested
or free traffic). We validated the PWSL-Shewhart approach
via real data from SR-60 California highway. Results show
the ability of the PWSL-Shewhart approach in detecting road
traffic congestion.
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Abstract—DC-DC converters are electronics elements which 
change voltage level based on switching. Unlike linear circuit 
topologies, modeling and control of DC-DC converter circuits are 
fairly difficult due to their switched structure. The main problems 
are to model semiconductor switches, to identify various circuit 
structures and model the converter following an analysis of the 
states. State-space model and system modeling are effectively used 
in converter designs.  The required transfer function is obtained 
thanks to a small signal analysis of the system modeled using state-
space model at a certain operating point. In optimal controlling 
methods, the controller parameters based on the transfer function 
of the controlled system are minimized using a known error 
criterion. Linear Quadratic Regulator (LQR) controller is one of 
the most widely used optimal control methods. Linear Quadratic 
Integral (LQI) controller is obtained by adding integral control to 
the LQR in order to increase the performance of control system. 
In this study, the circuit model of an optimal control system was 
designed in Matlab/Simulink by obtaining the state-space of a 
buck DC-DC converter using small signal model. The reference 
voltage and output load of the buck DC-DC converter were varied 
to compare dynamic performances of LQR and LQI controllers.  

Keywords—Optimal Control, Buck Converter, LQR and LQI 
Controllers 

I. INTRODUCTION

In today’s world, rapid industrial development requires the 
use of power electronics circuits. A number of converters have 
been so far proposed in parallel with the developments in the 
field of power electronics. Various types of DC-DC converter 
circuits exist. While some converters are used to decrease or 
increase voltage, some types are used to both increase and 
decrease voltage [1-2]. Buck DC-DC converter is a power 
electronics circuit that converts input voltage level into a voltage 
level lower than the input voltage level. The stability of a control 
system designed for a buck DC-DC converter depends on 
dynamic modeling. The linear model of a buck DC-DC 
converter is obtained thanks to average state-space method using 

circuit state equations. The closed loop transfer function of a 
buck converter is obtained after its dynamic characteristics are 
determined using small signal analysis [3-4].In this study, 
dynamic model of the buck converter at continuous current 
mode was first obtained using small signal state-space method. 
Afterwards, LQR and LQI controllers were designed for the 
buck converter to compare dynamic responses of the controllers 
to different system conditions (changing reference voltage and 
output load change).  

II. CIRCUIT ANALYSIS OF DC-DC BUCK CONVERTER

The structure of a simplified buck DC-DC converter is 
shown in Figure 1. Inductor current and capacitor voltage of the 
buck converter as state variables were denoted as iL and VC, 
respectively.  

Vin

  S L

D  C Ro Vc

Fig.1. Buck type DC-DC converter circuit 

The equivalent circuit in Fig. 2 is obtained when (S) switch is on. 

Vin

  S L

D  C Ro Vc

Fig. 2. The equivalent circuit of the buck converter when the switch is on. 
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When S switch is on, the equations defining the dynamic 
behavior of the circuit are given in Eqs. 1 and 2.  

in cL V Vdi
dt L

�
   (1) 

c cLdV Vi
dt C RC

 �   (2) 

Vin

  S L

D  C Ro Vc

 
Fig. 3. The equivalent circuit of the buck converter when the switch is off.  

The equivalent circuit in Fig. 3 is obtained when (S) switch is 
off. The equations defining the dynamic behavior of the circuit 
when S switch is off are given in Eqs.3 and 4. 

cL Vdi
dt L

 �   (3) 

c cLdV Vi
dt C RC

 �   (4) 

The relationship between the output and input voltage at steady 
state for an ideal buck type DC-DC converter is defined as given 
in Eq. 5.  

c inV DV   (5) 

The duty ratio for a buck DC-DC converter is given in Eq. 6.  

on on

on off

T TD
T T T

  
�

  (6) 

Ton denotes “Logic 1, On” duration of PWM, Toff is the “Logic 
0, Off” duration of PWM, T represents the period of PWM, and 
D defines the duty ratio. For average state-space model, x(t) state 
variables and state equations with u(t) being control input signal 
can be given in vector matrix form using differential equations 
as shown in Eqs. 7-8 [5-6]. 

( ) ( ) ( )dx t Ax t Bu t
dt

 �                                                       (7) 

( ) ( )y t Cx t    (8) 

When the switch is off (Son=D), the average state-space- form of 
the buck converter can be written as shown in Eq. 9.           

� �
( ) 1 10 ( )

( )
1 1( ) ( ) 0

L

L
in

c c

di t
i tdt L V tL

dV t V t
C RCdt

§ · § ·� § ·¨ ¸ ¨ ¸§ · ¨ ¸ �¨ ¸ ¨ ¸¨ ¸ ¨ ¸¨ ¸ ¨ ¸© ¹�¨ ¸¨ ¸ © ¹© ¹© ¹

  (9) 

When the switch is off (Soff =1-D), the average space-state form 
of the buck converter can be written as shown in Eq. 10.            

� �
( ) 10 ( ) 0

( )
1 1( ) ( ) 0

L

L
in

c c

di t
i tdt L V t

dV t V t
C RCdt

§ · § ·�¨ ¸ ¨ ¸§ · § ·
 �¨ ¸ ¨ ¸¨ ¸ ¨ ¸

¨ ¸ ¨ ¸ © ¹© ¹�¨ ¸¨ ¸ © ¹© ¹

         (10) 

When the switch is both on and off, the average value 
coefficients of average space-state model of the buck DC-DC 
converter are given in Eqs. 11-12-13.                                                                

1 2on offA A S A S �                                                            (11)                                                          

1 2on offB B S B S �                                                            (12)                                                              

1 2on offC C S C S �                                                           (13) 

Average state-space model of the buck DC-DC converter using 
A, B, C coefficients are given in Eqs. 14-15.         

� �
( ) 10 ( )

( )
1 1( ) ( ) 0

L

L
in

c c

di t di tdt L V tL
dV t V t

C RCdt

§ · § ·� § ·¨ ¸ ¨ ¸§ · ¨ ¸ �¨ ¸ ¨ ¸¨ ¸ ¨ ¸¨ ¸ ¨ ¸© ¹�¨ ¸¨ ¸ © ¹© ¹© ¹

   (14)                                                        

( )0 1
( )

( )1 0
L

c

i t
y t

V t
§ ·§ ·

 ¨ ¸¨ ¸
© ¹© ¹

                                                    (15) 

The variations at operating point for the buck DC-DC converter 

can be written using small signal model � �c g Ld ,V ,V ,i as 

follows:  

, , ,V
Lc c c in in in L Ld D d V VV V V i i i �  �  �  �   

The state equation of Li current when the switch is both on and 
off is given in Eq. 16.  

( ) 1 1(1 )L
in in c c c c

d i t d V V V V d V V
dt L L

ª º ª º§ · § ·
¨ ¸ ¨ ¸« » « »© ¹ © ¹¬ ¼ ¬ ¼

 � � � � � � �   (16) 
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The state equation of cV voltage when the switch is both on and 
off is given in Eq. 17. 

( ) (1 )c c c c c
L L L L

dV t V V V Vd dI i I i
dt C R R C R R

ª º ª º§ · § ·
« » « »¨ ¸ ¨ ¸
« » « »¨ ¸ ¨ ¸
« » « »© ¹ © ¹¬ ¼ ¬ ¼

� � � � � � � �     (17) 

When the switch is both on and off, the small signal model 

equation of Li current and cV voltage is given in Eq. 18. 

( ) 10 ( )
1 1( ) ( ) 00

L
in

L
in

c c

di t V Di tdt L d VLL
dV t V t

C RCdt

§ · § ·¨ ¸ § · § · § ·¨ ¸¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸¨ ¸¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸¨ ¸ ¨ ¸ © ¹© ¹© ¹¨ ¸ © ¹© ¹

�
 � �

�
    (18) 

If superposition theorem is applied to the output voltage of the 
buck converter,  

1 2( ) ( ). (s) ( ) ( )c inp pV s T s d T s V s �                             (19) 

( ) 0inV s , Eqs. 20-21 are obtained when Laplace 
transformation of Eq. 18 is used.  

1s (s) V (s) ( ) ( )in
c inL

V Di d s V s
L L L

 � � �                        (20) 

1 1s ( ) (s) ( )c cLs i V s
C RC

V § ·
¨ ¸
© ¹

 �                         (21) 

If (s)Li is omitted from Eq. 20 and added to Eq. 21, the 
switching ratio transfer function based on output voltage of the 
buck converter using small signal model is obtained as shown in 
Eq. 22 [7].  

2

( )
1( )

inc
L
R

VV s
LCs sd s

 
� �

                                                (22)                                              

III. LQR CONTROL 
The term “linear quadratic” function represents the dynamics 
and quadratic cost function of a linear system. LQR design is 
based on the selection of feedback gain, thus minimizing J, the 
cost function, and making the selected gain optimal for the 
related cost function. The system must be defined using a state-
space model for LQR design. The state-space form of the system 
is given in Eqs. 23-24.                                                                     
.
x Ax Bu �                                                                     (23)                                             

y Cx Du �                                                                    (24) 

                                                                     

The block diagram for the state-space LQR control system is 
given in Fig. 5.  
 

B   +
+ ³

 

C

A

-K

                                                                 u x yr
+

-

 
 

Fig. 5. The block diagram for state-space model LQR control 
system 

The cost function, J, for optimal control is defined in Eq. 25. 
                                            

0

( )T TJ x Qx u Ru dt
f

 �³            (25) 

Here, Q and R are weight matrices and can be symmetric and 
positively defined. It is necessary that Q matrix be completely 
positive and symmetric for a quadratic form. Q matrix is selected 
as a diagonal matrix because it can always be replaced by a 
symmetric Q matrix in quadratic control. Feedback control 
function is defined as follows:  
                                                                                
u Kx �                                                                           (26) 

The value of K is calculated as follows: 
                                                                  

1 TK R B P�                                                                    (27) 

The continuous time algebraic Riccati equation can be solved 
to calculate P. 
                                      

1 0T TA P PA PBR B P Q�� � �    (28) 

Feedback control function is added to J, which is the cost 
function:                                

0

( ( ) ( ))T TJ x Qx Kx R Kx dt
f

 � � �³   (29)                                             

0

( )T TJ x Q K Rx xdt
f

 �³                      (30) 

After K matrix is found, state-space equations of the closed loop 
system are given in Eqs. 31-34 [8]. 
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closed loopA A BK�  �                                                         (31)                                                                     

closed loopB B�                                                                    (32) 

                                                      

closed loopC C DK�  �   (33) 

                                                               

closed loopD D�    (34) 

IV. LQI CONTROLLER 
LQR controller creates a systematical calculation model for 
state-feedback control gain matrix. The integral effect in a 
control system decreases steady-state error for a more robust 
system response under changing conditions (changing 
reference, voltage, and load). LQI controller is obtained by 
adding integral effect to the LQR controller. The block diagram 
for space state model LQI control system is given in Fig. 6. 
 

+
-

Ki +
-

B   +
+³

 

³
 

C

A

K

                                                                 
.
ix u x yr

 Fig. 6. The block diagram for state-space model LQI control 
system  

The average state-space model obtained by adding integral 
effect to LQR control is given in Eqs. 35-37.                            

.
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  (37) 

The newly formed state-space matrices are given in Eqs. 38-40.                                                                    

0
0new

A
A

C
§ ·

 ¨ ¸�© ¹
  (38)                                                                          

0new

B
B

§ ·
 ¨ ¸
© ¹

  (39)                                                             

� �0newC C   (40) 

K: State-feedback gain can be defined as shown in Eq. 41.                   

� �0Li VK k k   (41) 

When Ki integral effect error gain, feedback gain of the LQI 
controller can be defined as shown in Eq. 42.                                                                

� �new iK K k �   (42) 

V. SIMULATION STUDIES 
Except uncontrollable system states, LQR control makes the 
designed system steady and robust.[9] In this study, small signal 
model of the buck converter was taken into account in the LQR 
and LQI controller design. The circuit parameters of the buck 
converter at continuous current mode are given in Table 1.  
 
TABLE I: The circuit parameters of the buck converter at continuous current 
mode. 
 

Parameters Symbol Value 

Input voltage Vg 20.8 V 

Inductance L 1 mH 
Capacitance C 100 µF 
Resistance R 7.55 Ω 

Output voltage Vc=V0
des 16.64 V 

Maximum Power Pmax 36.8 W 
Switching Frequency fs 80 Khz 

Switching Ratio D 0.8 

Reference Current iL
des 2.2 A 

 
Using values in Table 1, the switching ratio transfer function 
based on output voltage is given in Eq. 43.  
                  

2

( ) 20.8
0.0000001 0.0001324 1( )

cV s
s sd s

 
� �

  (43) 

This transfer function must be transformed into a state-space 
form for LQR controller design. Transfer function can be 
transformed into a state-space form using MATLAB tf2ss, 
which yielded A, B, C and D matrices given in Eq. 44.  
         

� �
1324 2441.4 256

, , 0 198.3643 , 0
4096 0 0newA B C D
� �§ · § ·

    ¨ ¸ ¨ ¸
© ¹ © ¹

 (44) 
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The selection of Q and R matrices determines the optimization 
in an optimal control system design. The components of Q and 
R matrices are selected by a trial and error method to find the 
best controller response. Optimal Q and R matrices obtained by 
a trial and error method using MATLAB simulation program 
for LQR controller design are given in Eq. 45. 
  

2000 0
, 1

0 0
Q R

§ ·
  ¨ ¸
© ¹

  (45) 

K, which is the gain matrix, was determined using the above-
mentioned values of Q and R matrices thanks to LQR (A, B, Q 
and R) instructions in MATLAB simulation program.   
                                                          

� �39.8475 0K    (46) 

In a LQI controller design, Anew, Bnew and Cnew state matrices 
and Knew state feedback gain matrix are calculated using A,B 
and C state matrices and K state feedback gain matrix. Anew, Bnew 
and Cnew state matrices and Knew state feedback gain matrix are 
given in Eq. 47-49.  
                                  

1324 2441.4 0
4096 0 0
0 198.3643 0

newA
� �§ ·
¨ ¸ ¨ ¸
¨ ¸�© ¹

  (47)                                                          

256
0
0

newB
§ ·
¨ ¸ ¨ ¸
¨ ¸
© ¹

  (48)                                       

� �0 198.3643 0newC    (49) 

Optimal Q and R matrices obtained by a trial and error method 
using MATLAB simulation program for LQI controller design 
are given in Eq. 50.  
                                     

3000 0 0
0 250 0 , 1
0 0 100

Q R
§ ·
¨ ¸  ¨ ¸
¨ ¸
© ¹

  (50) 

K, which is the gain matrix, was determined using the above-
mentioned values of Q and R matrices thanks to LQR (A, B, Q 
and R) instructions in MATLAB simulation program.  
                                    

� �52.7871 10.3903 10newK  �   (51) 

Control rule for LQI controller is given in Eq. 52. 

0
0

( ) ( ) ( )
L o

t
des des des

i L L v o o i od D k i i k V V k V V dt � � � � � �³       (52)

V0
des=Vc , iL

des and D values are given in Table 1. Control rule 
block diagram for LQI controller is shown in Fig. 6.  

d e s
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0
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³

Lik

0V
k
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¦

+
-

- +

0V

Li

0( )des
oV V�

d

 
 
Fig. 6. Control rule block diagram for LQI controller 
 
LQR and LQI controllers were designed in MATLAB using the 
circuit model of the buck converter. During the simulation 
studies, the reference input tracking performances of LQR and 
LQI controllers, which are given step functions, were analyzed. 
For this purpose, the reference voltage was increased from 
16.64 V to 19.135 V at t=0.025 sec. Dynamic responses of LQR 
and LQI controllers analyzed for reference voltage variations 
are shown in Fig. 7.  
 

 
Fig. 7. Dynamic responses of LQR and LQI controllers for reference voltage 
variations 
 
Dynamic responses of LQR and LQI controllers against 
reference variation were analyzed by zooming time and voltage 
scale at 0.025th second. 
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Fig. 8. Zoomed dynamic response of LQR and LQI controllers against reference 
variation  
 
When dynamic responses of controllers against different 
reference variations shown in Fig. 7 and 8 are analyzed, it can 
be noted that LQI controller has a better response rate compared 
to LQR controller. In addition, LQI controller eliminated steady 
state errors in different reference voltages.  
 
Secondly, the load value of the buck DC-DC converter was 
increased from 7.55 Ω to 15.1 Ω at t=0.025 sec. in order to 
analyze dynamic responses of LQR and LQI controllers for  
load variation, and the results are shown in Fig. 9.  
 

 
Figure 9. Dynamic responses of LQR and LQI controllers for load variation. 
 
Dynamic responses of LQR and LQI controllers against load 
variation were analyzed by zooming time and voltage scale at 
0.025th second.  
 
 

Fig 10. Zoomed dynamic response of LQR and LQI controllers against load 
variation at voltage and time axis 
 
When dynamic responses of controllers against load variation 
shown in Fig. 9 and 10 are analyzed, it can be noted that LQI 
controller responded effectively against load variation without 
any steady-state errors.   

VI. CONCLUSION 
In this study, LQR and LQI controllers were designed in 

Matlab/Simulink simulation program for system control by 
obtaining small signal model of a buck DC-DC converter. LQR 
controller only provides modulating gain. Therefore, LQI 
controller was designed by adding integral effect to LQR control 
in order to eliminate steady-state error, improve response rate 
and obtain a more effective controller response to load variation. 
Two different control scenarios (reference voltage tracking and 
load variation) were created in order to analyze the dynamic 
performances of the controllers. The simulation studies 
demonstrate that LQI controller displayed a more effective and 
robust dynamic performance compared to LQR controller in 
terms of reference voltage tracking and load variation.   
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Abstract— To recognize and automatically identify the identities 
of individuals, there are several biometric identification systems 
based on physiological and behavioral characteristics, in our 
work we are interested in face recognition, which is a recent 
biometric authentication technology. This technology offers a 
reasonable level of precision. In this paper, we propose a 
method of biometric recognition of a person by their face using 
the wavelet transform. For our application, we have opted for 
different types of wavelets in order to decompose the region of 
interest. The evaluation and judgment of each type in relation to 
the other is given by the calculation of the parameters Mean 
Square Error (MSE) and Peak Signal to Noise Ratio (PSNR). 
The experimental results were performed using the FEI 
database. 

Keywords— Face recognition, Biometric System,
Authentication, Wavelet.

I. INTRODUCTION

Reliable identification of individuals is a field in full 
growth. It is very requested in many areas for example the 
control of access to the systems of financial transactions 
(banks, cash flow…etc.). Traditional systems of security are 
based on knowledge (password, PIN-code,…) or on a 
possession (badge, magnetic card, key, etc.), but these 
systems are less reliable for many environments, because of 
their inadequacy common to differentiate between an 
individual actually authorized and a fraudster [1] . 

The solution to these problems has been found in the 
authentication technologies based on biometrics. Biometrics 
is one of the most reliable ways and most used in the 
recognition and authentication of individuals. It is a science 
based on the biological, physical or behavioral attributes of 
people, such as DNA, urine, the shape of the face, the shape 
of the hands, the fingerprints, the voice, the gait ... etc.  

Among the different biometrics currently in use, face 
recognition is the most one. Face recognition is the facial 
recognition systems are used in many applications that we 
use in everyday life (remote monitoring, access to restricted 
areas, unlocking electronic systems ... etc). In this work, we 
present a method for the characterization of the face by 
means of a comprehensive approach and based on the 
wavelet transform.  

The paper is organized as follows. In Section 2, a design 
of a biometric system. In Section 3, the different steps of 
facial recognition system ,in Section 4 the main difficulties of 
face recognition, in Section 5 The wavelet transform, our 
proposed work is discussed in section 6. Experimental results 
are presented in section 7 and finally, section 8 gives the 
conclusion. 

II. DESIGN OF A BIOMETRIC SYSTEM

A biometric system is essentially a pattern recognition 
system that uses the biometric data of an individual. 
Depending on the context of the application, a biometric 
system can operate in enrollment mode or in verification 
mode or in identification mode [2]: 

A. The enrollment mode

Is a learning phase that aims to collect biometric
information about the people to be identified, during this 
phase, the biometric characteristics of individuals are 
captured by a biometric sensor, then represented in digital 
form (signatures), and finally stored in the database. 

Fig. 1.   The enrollment mode. 

B. The verification mode

That verifies the authenticity of an individual. The latter
provides a biometric sample as well as an identifier and the 
system ensures that the pattern recorded in the database 
under this identifier corresponds to the biometric signature 
provided by the user. 

C. The identification mode

It is the stage of recognition of individuals. The sample
submitted for identification is subjected, after processing, to 
comparison algorithms with the different patterns stored in 
the database, in order to allow the decision module to 
establish the identity of the individual in question. 

Fig. 2.   Verification and identification mode. 
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III. BIOMETRIC SYSTEMS BASED ON FACE RECOGNITION 
Automatic face recognition is performed in three main 

steps: (1) face detection, (2) extraction and normalization of 
facial features, (3) identification and / or verification. Some 
image processing techniques may be common to several 
steps. For example, the extraction of facial features (eyes, 
nose, and mouth) is used for both the detection and the 
identification of faces. In addition, the face detection and 
feature extraction steps can be executed simultaneously. This 
depends in particular on the nature of the application, the size 
of the learning base, and the shooting conditions. Finally, the 
processing techniques used in each step are very critical for 
biometric applications, and must, therefore, be optimized to 
improve overall system performance. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.   The steps of face recognition. 

In what follows we will detail each step of the facial 
recognition system, and we will present the main difficulties 
encountered. 

D. Face detection 

The effectiveness of biometric systems based on face 
authentication essentially depends on the method used to 
locate the face in the image. In the scientific literature, the 
problem of localization of faces is also referred to as "face 
detection". Several research projects have been carried out in 
this area. They have led to the development of a multitude of 
techniques ranging from simple face detection, to the precise 
localization of the characteristic regions of the face, such as 
eyes, nose, nostrils, eyebrows, mouth, lips, ears, etc. 

E. Extraction of facial features 

The extraction of features such as eyes, nose, and mouth is 
a pretreatment step necessary for facial recognition. two 
different practices can be distinguished: the first is based on 
the entire regions of the face extraction, it is often 
implemented with a holistic approach to face recognition, the 
second practice extract particular points different 
characteristics parts of the face, such as corners of the eyes, 
mouth and nose. It is used with a local method of recognition 
and also for the estimation of the pose of the face. In addition, 
several studies have been conducted to determine the 
characteristics that seem relevant to the perception, 
memorization and recognition of a human face, for example, 
the relevant characteristics reported are: hair, the contour of 
the face, the eyes and the mouth. This study also 
demonstrated the important role played by the nose in facial 
recognition from profile images. Indeed, in this case, it is 

obvious that the distinctive shape of the nose is more 
interesting than the eyes or the mouth [3], the authors have 
particularly established that the upper part of the face is more 
useful for facial recognition than the lower part [4]. 

F.  Face recognition 

The recognition module exploits the facial features thus 
extracted to create a digital signature that it stores in a 
database. Thus, each face of the base is associated with a 
unique signature that characterizes the corresponding person. 
The recognition of a request face is obtained by extracting 
the corresponding request signature and mapping it to the 
nearest signature in the database. 

IV. MAIN DIFFICULTIES OF FACE RECOGNITION 
Automatic face recognition systems must remain invariant 

to any factor independent of facial identity, even if this factor 
causes changes in the appearance of the face. However, many 
factors, external to the face or related to its intrinsic nature, 
can influence it. In this section, we will review these factors. 

A. The quality of the image 

The main requirement of the facial recognition system is a 
good quality facial image, to extract the characteristics of the 
image, the quality of the image is important. Without 
accurate calculations of facial features, the robustness of 
approaches will also be lost. Thus, even the best recognition 
algorithm deteriorates when the quality of the image 
decreases. 

B. Change of illumination 

The appearance of a face in an image varies greatly 
depending on the illumination of the scene when shooting. 
Lighting variations make the task of face recognition very 
difficult. Indeed, the change in appearance of a face due to 
illumination is sometimes more critical than the physical 
difference between individuals, and can lead to 
misclassification of input images. This has been 
experimentally observed in Adini et al [5] where the authors 
used a database of 25 individuals. Face identification in an 
uncontrolled environment therefore remains an open field of 
research. The FRVT [6] evaluations revealed that the 
illumination variation problem is a major challenge for facial 
recognition. 

 
Fig. 4.   Example of lighting variation. 

C. Variation of pose 

The face recognition rate drops dramatically when posture 
variations are present in the images. This difficulty has been 
demonstrated by evaluation tests developed on the FERET 
and FRVT bases [6-7]. The pose variation is considered a 
major problem for facial recognition systems. When the face 
is in profile in the image plane (<30° orientation), it can be 
normalized by detecting at least two facial features (passing 
through the eyes). However, when the rotation is greater than 
30 °, geometric normalization is no longer possible. 
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Fig. 5.   Examples of variation of poses. 

D. Facial expressions 

Another factor that affects the appearance of the face is the 
facial expression. The facial deformity that is due to facial 
expressions is located mainly on the lower part of the face, 
the facial information located in the upper part of the face 
remains almost invariable, it is generally sufficient to 
perform an identification. However, since the facial 
expression changes the appearance of the face, it inevitably 
leads to a decrease in the recognition rate. Facial 
identification with facial expression is a difficult problem 
that is still relevant and unresolved. The time information 
provides significant additional knowledge that can be used to 
solve this problem [8]. 

 

 
Fig. 6.  Examples of variation of expressions. 

E. Presence or absence of structural components 

The presence of structural components such as beard, 
mustache, or glasses can dramatically alter facial features 
such as shape, color, or facial size. In addition, these 
components can hide the basic facial features thus causing a 
failure of the recognition system. For example, opaque 
glasses do not distinguish the shape and color of the eyes, 
and a mustache or a beard changes the shape of the face. 

F. Partial occultations 

The face may be partially obscured by objects in the scene, 
or by wearing accessories such as glasses, scarves ... etc. In 
the context of biometrics, the proposed systems must be non-
intrusive, ie the active cooperation of the subject must not be 
relied on. Therefore, it is important to recognize partially 
obscured faces. Gross et al [8] studied the impact of wearing 
sunglasses, and the mask obscuring the lower part of the face 
on facial recognition. They used the AR database [9]. Their 
experimental results seem to indicate that, under these 
conditions, the performances of the recognition algorithms 
remain weak. 

V. THE WAVELET TRANSFORM 
The wavelet is an increasingly popular tool in image 

processing and computer vision, many applications, such as 
compression, detection, recognition ... etc. The discrete 
wavelet transform, considering both time and frequency 
resolutions at the same time, is considered an extended 
version of the Discrete Fourier Transform (DFT) [10]. 

The wavelet models can be generalized to any dimension 
n>0. In this work, we are interested in the two-dimensional 
case for applications in image processing. The purpose of the 
multi-resolution analysis algorithm of )( 22

RL  is to 

calculate the detail coefficients fD j
 or wavelet coefficients, 

from the different approximations. 
The approximation of the signal ),( yxf  to the 

resolution j  is always obtained by projecting orthogonally 

),( yxf  on the subspace 2
jV . 

In this section, there is a single scale function ),( yxφ  
whose set of expanded and translated versions form an 
orthonormal basis for each subspace 

jV  [11-12]. 
The family of functions: 
 

( ) ( ) ( ){ }2,,, 2,22,
Zlk

jjj

lkj lykxyx ∈
−−− −−= φφ             (1) 

is an orthonormal basis of 
jV the scaling function ( )yx ,φ is 

then also definable in the form of a product: 
 

   ( ) ( ) ( )yxyx φφφ ⋅=,                                            (2) 

    The multi-resolution analysis of ( )22
RL  is then said to be 

separable and it has the particularity of highlighting the 
orientations of vertical, horizontal and diagonal direction [13].  
     It should also be noted that the separability adopted by 
Mallat allows for a faster calculation. The approximation 
coefficients are obtained by projection on the basis of scale 
functions: 

( ) ( ) ( )³³ −−=

>=<
−−−

dxdylykxyxf

ffA

jjj

lkj

j

lk

222,

, ,,,

φφ

φ    (3) 

The three 2D wavelet functions defined as follows: 
 

( ) ( ) ( )yxyx ψφψ =,1  
( ) ( ) ( )yxyx φψψ =,2                                      (4) 
( ) ( ) ( )yxyx ψψψ =,3

 
 

These functions are checked, if: 

( ) ( )lykxyx
jjiji

lkj −−= −−− 2,22,,, ψψ  

So  ( )( ) 2,
3

,,
2

,,
1

,, ,,
Zlklkjlkjlkj ∈

ψψψ  is an orthonormal basis of 

jW   
VI. PROPOSED METHOD 

The proposed facial recognition system is described as 
follows: 
- Pretreatment: the pretreatment of facial images before the 
detection and classification of the face is essential. The RGB 
face image is converted to a grayscale image. 
- Face Detection: In this step, we detected the face using 
Viola-Jones algorithm.  
- Feature extraction: in this step we applied the transformed 
wavelet, the face is represented by a characteristic vector 
then stored in the database. 
- Comparison and decision-making: this step includes the 
process of comparison between two signature vectors: the 
one stored in the base and the one obtained after analysis of 
the candidate face. The comparison is done by the calculation 
of Euclidean distance. The result of this comparison will be 
used to make a decision on the match rate of the biometric 
signature for validation or rejection of the identity of the 
individual to be recognized. 
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Fig. 7.  The proposed face recognition system. 

VII. RESULTS AND DISCUSSION 
The tests were performed on a personal computer PC 64 

bits system with I7 2.4 GHz processor and 8 GB of RAM 
using MATLAB R2013a, the performance of proposed 
method is evaluated on FEI face database. 

A. The FEI face database  

The FEI face database is a Brazilian database that contains 
a set of facial images taken between June 2005 and March 
2006 at the FEI Artificial Intelligence Laboratory in São 
Bernardo do Campo, São Paulo, Brazil [14]. All faces are 
mainly represented by FEI students and staff, between the 
ages of 19 and 40 with distinctive appearance, hairstyle and 
ornament. The number of male and female subjects is exactly 
the same and equal to 100. In addition, we provide a subset 
of the FEI face database consisting of only front face images 
previously aligned to a common template so that the pixel 
functions extracted from the images correspond to 
approximately the same location on all the subjects.  

In this manual alignment, we randomly chose the frontal 
image of a subject as a model and the directions of the eyes 
and nose as a reference for location. All these frontal images 
were then cropped to the size of 256x256 pixels. 

 
Fig. 8.  Some examples of image from the FEI face database. 

B. The Pretreatment 

Pretreatment of face images before face detection is 
essential. The RGB face image is converted to a grayscale 
image. 

     

                                  RGB Image                Greyscale Image 

Fig. 9.  Convert a color image to gray level. 

C. Face Detection 

Face detection is the first step in the facial recognition 
process. Its effectiveness has a direct influence on the 
performance of the face recognition system. Face 
authentication essentially depends on the method used to 
locate the face in the image.  

To detect the face, nose, mouth and eyes using the 
MATLAB integrated functions. Based on the Viola-Jones 
face detection algorithm [15]. The computer vision system 
toolbox contains the vision object: "CascadeObjectDetector": 
it is a system that detects objects according to the Voila-
Jones algorithm obtained results mentioned above: 

 

              
                   Face Detection                     Eye Detection 

 

   

   

              Nose detection                  Detection of mouth 
Fig. 10.    Detection features facial regions. 

The precise location of the characteristic facial regions, 
such as the eyes, the nose and the mouth ..., is a very 
important step in the process of facial recognition, while the 
detection of faces verifies the presence of one or more faces. 
in an image. The wavelet decomposition is applied at the 
block level and not at the level of the whole face.  

The discrete wavelet transform is applied to the texture 
line by line, then column by column, four subbands are 
generated at each decomposition level: an 'approximation' 
subband and three 'detail' subbands whose decomposition 
adopted in this work, only the sub-band 'approximation' is 
considered at each level of decomposition. 

 
 
 
 
 
 
 

 
 
 

 
 

       Face                                               Wavelet decomposition 

Fig. 11.  Example of wavelet decomposition. 
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D. The wavelet Types 

In literature, we find a multitude of wavelets. In several 
studies, the authors have tried to give a general answer to the 
problem of the choice of wavelets, but there is no global 
solution. The choice of the wavelet depends essentially on 
the type of application (compression, segmentation, 
identification ...)[16]. 

For our application, we have opted for different types 
of wavelets in order to decompose the region of interest. The 
evaluation and judgment of each type in relation to the other 
is given by the calculation of the parameters Mean Square 
Error (MSE) and Peak Signal to Noise Ratio (PSNR) 
[17].The metrics are: 
  ( )

2

1 1
),(ˆ),(1 ¦ ¦

= =
−×=

M

i

N

j

jiIjiI
NM

MSE
                          (5) 

Which requires two MxN grayscale images I and Î , The 
PSNR is defined as: 

   
¸̧
¹

·
¨̈
©

§
=

MSE
PSNR

2

10
)255(

log10                                                    (6) 

The following table shows the results obtained. 

TABLE I                                                                                                                               
VARIATION OF THE EVALUATION PARAMETERS ACCORDING TO THE TYPE OF 

WAVELETS. 

Wavelet types PSNR (dB) MSE 
bior2.4 260.96494 dB 5.2479 10 -22 
bior2.8 252.24337 dB 3.9097 10 -21 

db2 314.80116 dB 2.1695 10 -27 
db4 310.89617 dB 5.3317 10 -27 
db6 244.08314 dB 6.5596 10 -27 

sym6 259.02475 dB 8.2036 10 -22 
sym8 268.05427 dB 1.0258 10 -22 

rbio2.4 312.46419 dB 3.7159 10 -27 
rbio2.8 310.63555 dB 5.6614 10 -27 
rbio3.5 309.05806 dB 8.1409 10 -27 

 
After the comparison between the parameters (PSNR, 

MSE), we find that the wavelet db2 gives good results. 

E. Comparison criterion 

To identify or verify a face, we have to compare two 
signature vectors: the one stored in the base and that obtained 
after analysis of the candidate face. The comparison is done 
by calculating a distance. The most used distances are: 
Euclidean, Manathan, Tour Echquier, we will present the 
criterion of Euclidean distance [18]. 

22 )'()'()',( jjiippde −+−=                               (7) 

Or the indices i, j are the coordinates of the pixel p and i',j' 
the coordinates of p'. The first 20 eigenvalues of our 
application are indicated in the following: 

TABLE III                                                                                                                              
EXAMPLES OF MEASUREMENTS CORRESPONDING TO EACH TYPE OF 

DISTANCE. 

Compared face Euclidean distance Result 
1 0.088388 Yes 
2 0.35355 Yes 
3 0.70711 Yes 
4 0.35355 Yes 

5 5.1265 No
6 5.3033 No
7 2.0329 No
8 7.6014 No
9 8.5737 No
10 1.8562 No
11 5.7146 No
12 5.2064 No
13 2.7678 No
14 2.5911 No
15 5.9846 No
16 3.44194 No
17 6.26517 No
18 6.2570 No
19 7.1562 No
20 7.9051 No

 

For verification or identification, we compared two 
signature vectors: the one stored in the database and the one 
obtained after analysis of the candidate face, this comparison 
is done by the Euclidean distance calculation, according to 
the results presented in Table 2 , the first four faces are 
authenticated, we set the threshold in the range [0.088388 - 
0.70711], the other faces of (5 to 20) are not authenticated 
because the measure of similarity in relation to the sample is 
out of the threshold the figure above represents the 
comparison results. 

F. Evaluation of the biometric system 

Now, we will evaluate our facial recognition algorithm, 
the evaluation of biometric systems is done by calculating the 
parameters False Acceptance Rate (FAR),False Rejection 
Rate (FRR).Genuine Acceptance Rate (GAR) which are 
discussed in [19]. This evaluation will allow us to deduce a 
confidence band that can be used to set the decision threshold 
of the system. 

 

FRRGAR −= 1                                                                     (8) 
 
      The FRR and FAR values of fingerprint plotted against 
different thresholds is shown in TABLE III. 

TABLE IIIII                                                                                          
VARIATION OF FAR AND FRR (%) WITH VARYING THE NUMBER OF FACES. 

Faces number FAR FRR 
5 0 0,1 
10 1,9 0,4 
15 2,3 1,3 
20 3 2 

The values of the chosen parameters of the proposed 
method were fixed, summarized in the table below: 

Parameters of our method Matching values 
Type of pretreatment Convert image into grayscale 
Size of the analysis area 256x256 
Block size 16x16 
wavelet Types db 2 

the decomposition level 2 
Distance type Euclidienne 
Decision threshold [0.088388- 0.70711] 
Evaluation parameter FAR = 3 %, FRR = 2 % 

VIII. CONCLUSIONS 
Face recognition is the most natural branch of biometrics, 

facial recognition systems are used in many applications that 
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we use in everyday life. In this paper, we are interested in the 
global approach of face recognition and we studied a method 
based on the wavelet transform. This method consists of four 
steps: pretreatment, face detection, extraction of 
characterizations, comparison and decision. Next we 
demonstrated that wavelets have been used successfully in 
image processing. Their ability to capture localized 
information about the spatial frequency of the image drives 
them, their use for extracting features. We gave an overview 
of the use of wavelets in facial recognition technology.  

Finally the choice of wavelet is very important in the 
extraction of features, the effectiveness of the recognition 
system depends on this selection. It guarantees a good 
recognition rate. 
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Abstract—This paper presents application results of several 
optimal control theories on a single-joint flexible link robot. The 
main objective is to control the angle of the manipulator with 
minimum vibration in minimum settling time. In this context, 
three of Linear Quadratic Regulator (LQR) based optimal 
control techniques are applied on a physical system. The study 
gives significant information about choosing the proper method 
for the specific application. Some undesired system behaviors 
are observed as backlash effect, uncertain system friction 
dynamics, etc. Solutions to overcome this type of problems are 
also proposed in this study. The results obtained give high 
motivation for further studies in this area since the single-joint 
flexible link represents a number of systems in practice.     

Keywords— flexible link; vibration; optimal control. 

I. INTRODUCTION 

For a long time, the control of robot manipulators with 
elastic joints and links have been in the center of interest. 
Since there is a high difference between flexible and rigid 
body systems within the context of efficiency, the popularity 
of flexible materials is growing each day. The fundamental 
reason of this efficiency difference is that flexible system are 
lightweight which provides lower need in space and also less 
energy necessity.   

The usage area of this type of systems is numerous; widely 
in space industry, automotive industry, metal industry, etc. In 
this paper, the simplest form of this system which is one 
revolute joint and one flexible link is covered. For complex 
ones, which are multi joints and multi flexible links, the 
system model would change; but the control methods used in 
this paper would remain the same. There are similar 
researches like [1], [2] and [3] about this topic. Differently, the 
effect of integrator added controller on system response and 
the comparison between the simulation and the physical 
system results are covered. In this context, the effectiveness of 
the utilized control methods on a system with mechanical 
errors is emphasized. In short, this paper forms a strong basis 
to be able to make a generalization for the control of this type 
of systems.  

II. OBTAINING SYSTEM MODEL

We have four state variables, which are motor position ( ), 
motor velocity ( ), deflection angle ( ) and deflection angular 
velocity (v). As control signal, we have voltage of the DC 
motor. The schematic picture of the system is given in Fig 2.1. 

The model can be handled by separating it into two parts 
as the DC motor and the flexible link. DC motor model is 

obtained by classical approaches by using the block diagram 
given in Fig 2.2. 

Parameters of the flexible link are defined as follows: 

: Servo gear angular displacement 
: Servo gear angular velocity 
:  Link angular deflection 
: Link angular velocity 
:  Total deflection  =  +  

L:  Flexible link length 
D: End point arc length deflection ( D = .L ) 
m: Mass of flexible link 

arm:  Link’s moment of inertia ( arm =  m L2 ) 

FL:  Link’s damped natural frequency  
Kstiff: Link’s stiffness (Kstiff = FL

2. arm ) 

Fig 2.1: Schematic picture of the system [3] 

Fig 2.2: Block diagram of the DC motor 

The motor side parameters are as follows:  
Ra:   Armature resistance (Ω) 
Km:  Motor voltage constant (V-s/rad) 
K :   Motor torque constant (N-m/A) 
Jm:   Armature inertia (Kg m2) 
Jtach: Tachometer inertia (Kg m2) 
Kg:   Gear ratio 
Beq:  Equivalent viscous friction (Nm/(rad/s)) 
µ:     Total efficiency, (gearbox eff) x (motor eff)   

By sketching the equation with the motor voltage as the 
input and the motor angle the output, we get the (2.1). 
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(2.9) 

(2.12) 

	 	

	

 

 
The output torque can be expressed in time-domain as 

 
	

	
	

	
	  

 
The torque due to the links acceleration is given as 

 

	 
 
where Jarm stands for the moment of inertia of the link.   

The link torque due to torsional spring stiffness Kstiff is 
assumed to be proportional to the link’s deflection . 
 

 

 
 

 
 
The motor overcomes the torque due to link’s 

acceleration in addition to Jeq. 
 

 
 

Substituting Jarm( ) from (2.3) in (2.6) yields  
 

 

 
Further substituting TL from (2.2) in (2.7) gives 

 
	

	 	
							 

 
Finally, substituting for  from (2.7) in (2.6) yields 

 
	

	 	
	 

 
The state space model of a system is given as    

 
 

 
 

In our case, the state variables of the system are described as 
 

	 	 	  

 

Thus, the complete system state-space model [4] is 
obtained as 

 
 

 

III. CONTROL METHODS AND SIMULATION RESULTS 

The objective is to control the angle of the manipulator 
with minimum vibration in minimum time. In this context, 
Linear Quadratic Regulator (LQR), which is one of the 
optimal control techniques and its variations are chosen. 

The linear quadratic regulation problem is to find a control 
law u( ) = ( ) such that (   ) is stable and J is 
minimized [2] [5], defined as follows: 
 

, , ,  

 
Here, Q is a diagonal matrix and R must be a symmetric 

positive-definite matrix having as many columns as B matrix 
(2.10). Moreover, Q and R matrices should be positive since 
our objective is to minimize the cost function; in case Q 
and/or R is negative, the cost function will go to negative 
infinity which is an undesired situation.   
 

,  
 

To find the static feedback matrix F, the following Riccati 
equation needs to be solved to find P matrix [6].  

 
 

 
After obtaining P, F matrix can be found [1] [2] as 

follows: 
 

 
 

When determining the matrices Q and R, state priorities 
and physical system limits are concerned. Since Q is related 
to states as given in (2.11) & (3.1), diagonal elements of Q 
should be chosen corresponding to the priority level of the 
related states.  

On the other hand, R has an effect directly on the control 
signal. Therefore, the physical system limits should be 
considered when determining R. In other words, applicability 
of the control signal should be checked by simulation.   

A. LQR Method 
If we redefine our objective, it is to control motor position 

( ) and deflection angle ( ). In other words, motor position 
will reach to the desired value as well as vibration will be 
damped in minimum amount of time. With this purpose in 
mind, the values corresponding to states  and v are not 
interested. 

Since we give higher priority to motor position and 
deflection angle, the values in Q which are related to these 
states should be chosen much bigger than their derivative 
terms. However, there is a tradeoff between them ( , ). If the 

(2.11) 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.10) 

(3.1) 

(3.3) 

(3.4) 

(3.2) 
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motor position priority is selected relatively bigger than 
deflection angle, motor position would reach the reference 
but vibration damping would take a long time. However, in 
opposite situation, the vibration damping would take less 
time but steady state error might have occurred for motor 
position. In other words, the complete poles and zeros of the 
controlled system vary depending on Q and R values. 
Eventually, the related values should be chosen wisely. R is 
selected as ‘1’ and Q is decided by experiment and simulation 
in MATLAB as follows: 
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Another key point to be mentioned is the implementation 
of the control system into MATLAB/Simulink. To cancel out 
the steady state error theoretically, the first element of the 
feedback vector F should be added as a gain (F1) right after 
the reference signal. The block diagram of the control system 
is shown in Fig 3.1. 

 
 
 
 
 
 
 

Fig 3.1: Block diagram of the control system 

 
      When the physical system parameters are replaced in 
2.12, the following system matrices A and B are obtained. 
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As covered previously, state feedback vector can be found 

as in 3.3. MATLAB’s “lqr(A,B,Q,R)” command [5] returns 
this vector F (Fig 3.1). By using this command with our A 
and B system matrices, we obtained the following state 
feedback vector F: 

  
                   [ ]0.7451-1.620914.8249-10=F  

 
The simulation results are as follows: 

 
 
 
 
 
 
 
 
 
 
 

Fig 3.2. Change in motor position in time. 
 

 
Fig 3.3. Change in deflection angle in time. 

 

 
Fig 3.4. Change in control signal in time 

 

B. LQR + Integrator Method 
Standard LQR method covered in the previous section 

would work without any problem if the physical system would 
have been modeled perfectly, with zero modeling error. In 
practice, a system model with zero error doesn’t exist. 
Therefore, unexpected system responses may occur even 
though the simulation results look as desired. 

Steady state error is one of the undesired system behaviors. 
To get rid of it, adding an integrator to the related state is an 
option. By doing so, the system state reaches the reference 
eventually, which is the advantage of adding integrator to the 
system. On the other hand, the settling time of the system 
increases, which is the disadvantageous side of this method.  

In this study, zero steady state error for DC motor position 
was defined as objective. Hence, error of this state is added 
as a new state variable; the system matrices and Q matrix 
are modified and the system topology has changed [7] as in 
Fig 3.5.  

Fig 3.5. Block scheme of the control system with integrator 
 
The system matrices are modified [7] by using the 

(3.4) and matrix Q by the (3.5) where µ is a constant value.  

 

                          
 

                          

 
Since the main objective is to cancel out the steady state 

error as fast as possible while having an acceptable settling 
time, the priority of this state should be the highest. In this 

(3.4) 

(3.5) 

(3.5) 

(3.6) 

(3.7) 

Out 
Ref 

F
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manner, µ is chosen as 1500. In the end, the following 
simulation results are obtained: 

 

 
Fig 3.6. Change in motor position in time. 

 

 
Fig 3.7. Change in deflection angle in time. 

 

 
Fig 3.8. Change in control signal in time 

 
The settling time of the system is increased as expected 

(Fig 3.2 and Fig. 3.6). Moreover, damping time of the 
vibration has also increased (Fig 3.3 and Fig 3.7). However, 
it is guaranteed that the steady state error for DC motor 
position would be zero, in theory.  

C. LQR + Integrator + Feedforward Gain Method  
The weak side of the previous method was the slowness 

of the system response. To overcome this problem as well as 
keeping the advantageous sides of the previous method 
(steady state) the same, a new method is proposed; LQR + 
Integrator + Feedforward Gain. 

 
The new topology of the system is shown Fig 3.8. 
 

 
Fig 3.8. Block scheme of the control system with integrator and 

feedforward gain. 
 
Feedforward gain (Kff) can be explained as a boost for 

initializing the system. By using this method, system rapidly 
reaches the neighborhood of the operating point [8] and with 

integral effect the steady state error around this point goes to 
zero in time. With a high feedforward gain, overshoot may 
occur, which may also lead the settling time and the vibration 
damping time to increase for very high values. 

 
The simulation results for Kff=9 is given below: 
 

                            
Fig 3.9. Change in motor position in time. 

 

 
Fig 3.10. Change in deflection angle in time. 

 

 
Fig 3.11. Change in control signal in time 

 
By using the feed-forward structure with integral control, 

we were able to obtain a settling time (within the %2 band) 
of 0.5876 sec which is 0.5358 sec faster than the system 
without feed-forward gain. 

IV. EXPERIMENTAL RESULTS ON PHYSICAL SYSTEM 

In this section experimental results for a step input with a 
magnitude of 90 degrees are given. The physical system given 
in Fig 4.1 was built with a budget as low as USD 90. We 
constructed a bridge with 4 strain-gauges bonded near to the 
fixed end of the link in order to acquire instantaneous vibration 
data. The output of the bridge was further processed by a 
INA118P based instrumentation amplifier. The output of the 
amplifier was transferred to STM32F4 microcontroller card. 
The manipulator was driven by a DC motor equipped with 64- 
pulse incremental encoder and a gearbox with a ratio of 70.   

Motor parameters were unknown. In order to determine 
them, system identification methods should be applied. It is 
known that DC motors show approximately first order system 
behavior. Therefore, step response identification method is 
good enough to obtain the transfer function. In this context, 
we applied 12V step reference to the motor. As a result, 
voltage-motor speed (rad/s) transfer function was obtained by 
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considering the motor response graph for the given reference 
input as follows:  

 

 

 
From (2.1) and the obtained transfer function, all the 

unknown parameters could be extracted by replacing the 
calculated parameters Ra, Km, Kg, and µ. 

Ra : obtained by measuring the resistance at the motor 
ends. 

Km,: maximum motor voltage is 12 V and maximum 
motor speed is 1099.55 rad/s. Obtained by dividing voltage 
to motor speed (rad/s). 

Kg: already known as 70. 
µ: the efficiency graph which we obtained from the 

manufacturer was analyzed. Since, the load is significantly 
low considering the limit torque of the motor (14 kg/cm), the 
highest efficiency value was selected.  

Complete system parameter values are given in Table I. 
and Table II.     

      
 
 

 
 

 
 
 

 
 
 
 

 
Fig 4.1. Picture of the designed physical system 

 
 

TABLE I. 
Jeq (kg m

2
) Beq (Nm/(rad/sec)) µ  Jarm (kg m

2
) Kstiff

0.01552 0.00268 0.4 0.001452 1.1 
 

TABLE II. 
m (kg) L (m) Km ((V sec)/rad) Kg (gear ratio) Ra ( )

0.062 0.265 0.0109 70 2.5 
 

 
Experimental results are given in the figures Fig 4.2-Fig 

4.7  

 
 

 
 
 
 
 
 

 
 
 
 

Fig 4.3. Deflection angle without vibration control  
 
 
 
 
 

 
 
 
 
 
 
 

Fig 4.4. Deflection angle with LQR controller 

 
Fig 4.5. Motor position with LQR controller  

 
 

Fig 4.6. Motor position with LQR + Integrator + Feedforward Gain 
controller 

Fig 4.2. Motor position without vibration control 

 

 

 

 

 

4.7. Wind-up effect with LQR + Integrator + Feedforward Gain 
controller 
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) 
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It can be seen that with the implementation of LQR 
method and its variations, the deflection of the flexible link 
decreased significantly while reaching the desired motor 
angle position with approximately same settling time.   

Some differences between the simulation results and 
experimental ones were observed. For simple LQR method, 
steady state error occurred while for LQR with integrator 
methods, wind-up effect on motor position was noted. We 
consider the possible reasons for such undesired results as 
follows: The system was fully handcrafted which lead to 
mechanical errors resulting in critical modeling errors. On 
the other side, one of the biggest handicaps of the system 
was the existence of backlash effect caused by the gearbox, 
with approximately ±1.5 degrees of range. At his point, it 
should be noted that backlash effect is disadvantageous for 
both control of motor position and vibration. However, it 
should not be expected to see the effect at the motor position 
graph. Since motor position data is acquired directly from 
the encoder, error caused by backlash cannot be remarked. 
On the other side, in the context of controlling the vibration, 
it has a significant effect as the precision of the control 
system decreases critically.  

 Moreover, static friction force varies depending on the 
position of the gears. As an evidence, the voltage value that 
makes the motor turn does not remain the same for 
equivalent cases.   

We observed a small offset value around 0.035 radian 
for the deflection angle (Fig. 4.4) which we explain to be 
due to offset and drift of the signal conditioning circuit.  

 

V. CONCLUSION 

In this paper, the effectiveness of LQR method and its 
variations on damping the vibration of the flexible link as 
well as controlling the motor position are examined. Even 
though the physical system had certain mechanical errors, 
experimental results showed sufficient similarities with 
simulation results.   

On the other hand, wind-up effect was observed with 
integrator-added control methods due to mechanical 
uncertainties. It is obvious that for less mechanical error this 
effect would decrease. For future studies, we plan to cut off 
the integral effect around the reference point to overcome 
this problem.  

The method to be chosen may differ from one 
application area to another. For those where small steady 
state error is tolerable, simple LQR method can be used 
since it is faster than its counterparts. On the other side, in 
applications where higher precision (significantly small 
steady state errors) is required, LQR + Integrator + 
Feedforward Gain controller structure will be a better 
alternative. Here again, the same step proposed in the 
previous paragraph can be applied that we stop the integral 
effect once the pre-defined tolerance band is guaranteed.   

This study gives useful information about the simplest 
form of a flexible-link system. Since single-joint flexible 
link systems exist in many types in practice, obtained 
results give high motivation for future studies in this 
domain. 
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Abstract—In this study, generalized self-tuning regulator (STR) 
based on support vector regression (SVR) which was previously 
introduced is deployed to design a state feedback controller so as 
to control a nonlinear bioreactor system. The parameters of the 
state feedback controller used in the controller block are 
adjusted via SVR based parameter estimator and system model 
blocks. The performance evaluation of the controller has been 
examined by simulations carried out on a nonlinear bioreactor 
system. 

Keywords—Adaptive control; Adaptive state feedback 
controller;  STR based on SVR;  SVR 

I. INTRODUCTION

Functional simplicity and robustness are two most crucial 
features that allow a controller to be preferred in industry. State 
feedback controller is one of the few controller structures that 
can provide both of these features. However, the performance 
of the state feedback controller with fixed parameters designed 
using conventional methods deteriorates when the designed 
controller digresses from the operating point at which 
controller parameters are initially assigned. Therefore, insetting 
adaptation to controller parameters is vital so as to attune new 
circumstances. For this purpose, it is required to benefit from 
powerful aspects of artificial intelligence and optimization 
theory. 

Support vector regression(SVR) based adjustment 
mechanism has latterly been proposed to optimize the 
parameters of conventional controller structures since global 
solution of optimization problem is ensured in SVR, which 
enables to acquire accurate system models. Therefore, adaptive 
controller structures based on SVR have superseded neural 
network (NN) and fuzzy logic (FL) model based adjustment 
methods in recent years.   

In this paper, strong characteristics of state feedback 
controller and SVR methodology are embodied in an adaptive 
state feedback controller based on SVR for nonlinear systems. 
Two separate SVR structures are utilized in proposed self-
tuning regulator (STR) architecture, one for approximating 
system behavior and the other for identifying the dynamics of 
controller parameters. Both SVR’s regression parameters are 
adjusted in online manner. The performance evaluation of state 
feedback controller based on SVR has been performed on a 
bioreactor system.  

The paper is organised as follows: Our proposed generalized 
STR structure based on SVR and a brief description of state 
feedback controller are given in Section II. The performance 
evaluation of the controller for the bioreactor system and 
simulation results are given in Section III. The paper ends with 
a brief section on conclusions and comments. 

II. GENERALIZED STR BASED ON SVR

A. Generalized STR Structure based on SVR
The controller parameter adjustment mechanism for the

proposed STR structure based on online SVR is depictured in 
Fig. 1. The adjustment mechanism is formed with two separate 
SVR structures: SVRestimator is utilized to compute the 
controller parameters and SVRmodel is employed to predict the 
future behavior of the controlled system. Owing to the multi 
input single output (MISO) structure of SVR network, it is 
required to employ a separate SVRestimator for each 
approximated controller parameter. Therefore, the number of 
the SVRestimator  structures utilized in parameter estimator block 
is equal to the number of the controller parameters to be 
approximated. For our proposed control system, the number of 
SVRestimator structures to be constructed is equal to the number 
of states used in the design. 

In the proposed STR structure, training, prediction and 
control operations are performed consecutively in online 
manner in SVRestimator and SVRmodel blocks. The controller 
parameters are estimated via SVRestimator as follows: 
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where mc  is the current input of thm estimator, estimatorm
K

represents the kernel matrix, mkα , mk  and estimatorm
b  denote 

the parameters of the thm  estimator, estimatorm
f  is the regression 

function to be optimized in training [1]. Thus, the control 
signal can be computed as: 

( ) ( ) ( )( )controller 1 1 2 2 ,n c c m mc cu g θ θ θ= ª º¬ ¼"
  

(2) 

where controllerg  indicates the control law computed as the 
output of the controller, mθ  stands for the thm  parameter of 
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the controller and c  is the current input vector of the 
controller. After the control signal is computed, it is firstly 
applied to the SVRmodel to approximate the future behavior of 
the system against alterations on controller parameters 
depending on parameter adjustment. Since ideally it is 
anticipated that SVRmodel ( 1ˆny + ) will converge to system 
output ( 1ny + ) in the long run, the system output is estimated as 
follows via SVRmodel 

( ) ( )1 model model model
SV

ˆ ,n c j j c
j

y f K bλ+
∈

= = +¦
     

(3) 

where modelf  is the regression function, modelK  denotes the 
kernel matrix of the system model, j 's stand for support 
vectors, c  represents current input, and jλ , and modelb  are 
the parameters of the system model to be optimized[1][2]. As 
can be seen from Fig. 1, the regression model parameters of 
SVRestimator are optimized so as to force the system output to 
follow the reference signal depending on the estimated 

tracking error (
1

ˆ
ntre

+
). Then, the optimal controller parameters 

are acquired using trained SVRestimator ‘s, and optimal control 
signal is applied to the real system to attain the actual system 
output ( 1ny + ). Thus, the training data pair ( c , 1ny + ) required 
for SVRmodel training stage can be obtained. 

B. Adaptive State Feedback Controller based on SVR 
The structure of the state feedback controller based on STR 

is delineated in Fig. 2, where r denotes the reference signal, u
is control signal, y  is controlled output and stands for state 
feedback controller parameters at time index n. It is assumed 
that the system states are available. The control signal applied 
to the system is defined as  

ˆTu r= − x                                         (4) 

where ˆ  indicates the approximated controller parameters. 
The controller parameter vector [ ]T

1 mθ θ= "  is 
approximated via SVRestimator as in (1). 
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Fig. 1 Generalized self-tuning regulator based on online SVR. 
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Fig. 2 Adaptive state feedback controller based on SVR. 
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In the proposed mechanism, the strong characteristics of 
state feedback control technique and SVR methodology are 
merged for nonlinear dynamic systems. 

III. SIMULATION RESULTS 
The performance of the state feedback controller has been 

evaluated by simulations performed on a bioreactor system. 
The dynamical equations describing the behaviour of the 
system are given as 
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where ( )tγ  is nutrient inhibition parameter, ( )tβ  is grow 
rate parameter, ( )u t is the control signal, ( )1c t  is the output 

of the system and ( )tγ is the time-varying parameter of the 

system, the nominal value of which is ( ) 0.48tγ = as given 

in [3][4][5][6] and ( ) 0.02tβ = . The performance of the 
system has been assessed for three different cases:  

• Nominal case: when there is no noise and 
parametric uncertainty in the system 

• Measurement noise case: 30 dB measurement noise 
is added to the output of the system 

• Parametric uncertainty case: time-varying 
parameter is introduced to the system. 

A. Nominal Case 
The control performance of the proposed controller 

structure is firstly examined for nominal system conditions. 
Therefore, the time-varying parameter, ( )tγ  is set to its 

nominal value ( ) 0.48tγ = . The tracking performance of the 
controller for staircase and sinusoidal type reference signals, 
control signals produced by the controller and adaptation of 
the controller parameters for state feedback controller are 
depicted in Fig. 3-6.  
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Fig. 3 System output(a), control signal(b) for staircase 
reference signal (nominal case). 
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Fig. 4 Adaptive state feedback controller parameters for 

staircase reference signal (nominal case). 
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Fig. 5 System output(a), control signal(b) for sinusoidal 

reference signal (nominal case). 
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Fig. 6 Adaptive state feedback controller parameters for 

sinusoidal reference signal (nominal case). 
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As shown in Fig. 3, the controlled output of the system 
can be derived to the desired reference signal. The 
evaluation of the adjusted controller parameters are 
illustrated in Fig. 4. In addition to staircase reference signal, 
the tracking performance and adjusted controller parameters 
for a sinusoidal reference are given in Fig. 5 and Fig. 6 
respectively. 

B. Measurement Noise Case 
In order to examine the robustness and tracking 

performance of the controller against measurement noise, a 
zero mean Gaussian noise with 30 dB SNR is added to the 
measured output of the system.  
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Fig. 7 System output(a), control signal(b) for staircase 

reference signal (measurement noise case). 
 
The adjustment mechanism ably attunes to the measurement 
noise condition and provides satisfactory tracking 
performance. The control performance and obtained control 
signal are shown in Fig.7. The state feedback controller 
parameters are illustrated in Fig. 8. 
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Fig. 8 Adaptive state feedback controller parameters for 

staircase reference signal (measurement noise case). 
 

C. Parametric Uncertainty Case 
The success of the controller in terms of parametric 
uncertainty is appraised by assuming that ( )tγ  alters slowly 
in the vicinity of its nominal value with 

( ) ( )0.48 0.06sin 0.016t tγ π= + . In Fig. 9, the disturbance 
rejection performance of the controller is given.  
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Fig. 9 System output(a), control signal(b) , time-varying 
parameter (c) for staircase reference signal (parametric 

uncertainty case). 
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Fig. 10 Adaptive state feedback controller parameters for 
staircase reference signal (parametric uncertainty case). 

 
Comparing the control signals in Fig. 3 and Fig. 9, it can be 
stated that the control signal complies with the uncertainty 
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in system parameter. The alternations of the controller 
parameters are depictured in Fig. 10.  

IV. CONCLUSION 
In this paper, an adaptive state feedback controller tuned 

via SVR based parameter estimator is proposed to control a 
nonlinear bioreactor system. The adjustment mechanism 
comprises two seperate SVR structures; SVRestimator and 
SVRmodel which are concurrently deployed to acquire the 
optimal controller parameters and approximate the system 
behavior. The SVRestimator  proposed first in [1] is compotent 
to estimate the adjustable controller parameters without an 
explicit knowledge about actual value of the desired 
parameter. The attained results indicate that the proposed 
adjustment mechanism can ably force the controlled system 
output to track the desired reference signal with small 
transient and steady-state errors. In future works, novel SVR 
based STR architectures are planned to be designed for 
nonlinear systems, by employing different types of 
parameterized controller types in the STR block. 
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Abstract—  A method of designing adaptive controller for 
high performance active magnetic bearings (AMB) is 
represented. The approach combines two simple architectures 
often referred to as a Dynamic Feedback Linearization (DFL) 
and recent advances in adaptive control design techniques to 
form a new approach for AMB. The procedure enables the 
designer to explicitly define the desired closed loop dynamics. 
The result is a straight forward procedure that enables the design 
of a robust stabilizing adaptive controller that forces the system 
dynamics to the specified desired dynamics, despite disturbances, 
modelling uncertainties, and variations in AMB dynamics.   This 
method also guarantees the robustness of both stability and 
system performance and enables the design for other unstable, 
magnetic levitation plants. 

Keywords—adaptive control;  robust optimal control; magnetic 
levitation; dynamic feedback linearization; PI, PID type of 
adaptation mechanism 

I.  INTRODUCTION

   A matter of primary concern in designing position control 
for magnetic levitation (MAGLEV) systems such as trains, 
suspensions, bearings is how to achieve high speed, high 
accurate, high robust performance. To meet these advanced 
requirements, various kind of positioning controllers have 
been proposed. Feedback linearization control, adaptive robust 
control, variable structure based control are good examples 
[9].  These methods commonly require the design of two loop 
structure. One is the design of a linearizing-loop compensator 
for robustness; the other is the design of a PID controller for 
desired performance specifications. In such schemes, the 
linearization compensator generates a corrective control input 
to linearize the plant and reject to disturbance affect as much 
as possible in mathematical and physical limits. On the other 
hand, the PID controller is designed to enhance overall system 
performance.  Feedback linearization control, adaptive robust 
control, variable structure based control are good examples 

and nonlinear robust sliding mode control algorithms are 
available for high  precision and strong robustness controls of 
AMBs [1]-[10], [22]-[27], [30-32]. 

   AMB enables high speed rotation with low power loss and 
active vibration damping thanks to advanced control 
algorithms and currently available technologies. Nowadays 

∞H  optimal robust stabilizing PID in linearization feedback 

control theory can be put into practice for the control of AMB 
systems. The most important problem required to overcome in 
AMB systems is mass imbalance. The deviation of the center 
of rotor mass from the inertial axis is the static mass 
imbalance; the inclination angle of the rotating axis to the 
inertial axis is the dynamic mass imbalance. Other 
disturbances acting on systems are magnetic couplings and 
nonlinearities [19]. In AMB’s, the pre-magnetization direct 
currents through the electromagnet coils are considered to 
compensate the nonlinearity and then control techniques are 
developed by using this linearized system model at the 
operating point for these direct currents. This causes 
unnecessary energy consumption. The approach developed in 
this study does not require pre-magnetization current or 
linearization around an operating point [23]. The control 
algorithm developed in this study performs in the frame of the 
cascaded control structure such that dynamic feedback 
linearizers, ∞H  optimal robust PID controllers and the rule 

based variable structure controllers with the switching logic in 
outer control loops provide the desired currents for the 
balancing forces to coincide the vertical axes of the shafts of 
the rotor and the bearings. Balancing the other axes can be 
maintained by the same approach. In this paper, design of a 
Dynamic Feedback Linearization (DFL)  is proposed based on 
the ∞H  optimal robust controller (HiORC), applied the 

vertical axis of the AMB system with one degree of freedom. 
Two electromagnets and a mass mechanism are chosen and 
used for modelling and implementing the controller.  

1361

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

   The remainder of this paper is organized as follows. Section 
2 introduces how to obtain a simple model of AMB. Section 3 
analyzes and discusses the control methods. Section 4 gives an 
adaptive controlled AMB system simulation. Section 5 
provides concluding remarks.  
 

II. MATHEMATICAL MODEL 

 
   In this study, the proposed mathematical model structure and 
controller design realized on a MAGLEV system because, 
AMB is one of the private applications of the MAGLEV based 
system. All equations for MAGLEV are available for AMB. 
Instead of making a new model construction, the latest form of 
the model equations used in control is preferred. The dynamic 
equations, which is formed by Newton's and Kirchoof''s rules, 
are given 
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where v(t), i(t) are voltage on electromagnet inputs and current 
through electromagnet windings, R, L(x) resistance and 
variable inductance of the electromagnet, f(dx/dt) 
aerodynamic resistance of  air.  If there is a linearity between 
current and flux,  then we can use the ordinary derivative 
instead of  the partial derivative  
 
   The state equations which determine the real behaviour of 
MAGLEV system can be easily defined by the differential 
equations (1) and (2).  The assumption of magnet is driven by 
current controlled source, another way of speaking, the current 
is independent control signal and the voltage is dependent 
variable, the first equation can be neglected. By defining 
x1(t)=i(t)  and   x2(t)=dx/dt   as state variables and using the 
definition that u(t)=i(t) is control input and d(t) is disturbance, 
Wm

’ is magnetic coenergy, 
 

21 1
2

1 1

( ) ( , , , )

( , ) 1 ( )
( ) /

2

D

m

d t g x σ u t g

W x u L x
u f x M

x x

= = +

⎡ ⎤′∂ ∂
− −⎢ ⎥∂ ∂⎣ ⎦  

(3)   

 
   then the state space model has a form of 

)()(
)(

2

1
)(

)()(
2

1

1
2

21

tdtu
x

xL

M
tx

txtx

+
∂

∂
=

=

&

&

 

(4) 

  
where x1  and x2  are state variables which define position of 
the magnetic object referenced from magnetic core and 
velocity of magnetic object,  u(t) control function which is 
current flow from electromagnet windings. M represents the 
mass of magnetic object, L(x1)  actual induction function, d(t) 

frictional, gravitational and other environmental disturbance 
forces that affects the motion of the object. 
 
   All parameters and quantities that define the dynamic model 
are unknown, uncertain parameters and quantities at their 
physical operating conditions. Only known is their nominal 
values and upper and lower limits. Another way of speaking, 
the MAGLEV system demanded to control and determined by 
model (4) is a literally uncertain dynamic system. 

  
 
III. CONTROLLER DESIGN 
 

A.    Linearizing and Stabilizing Control 
 
In this section, we investigate the dynamic feedback         

linearization structure to provide a systematic design 
framework for HiORSC design. This work was first developed 
by Ishida (1990). Our development begins with a compensated 
linearized feedback system. Then, we take a more rigorous 
look at characteristics of proposed structure. A desired, stable 
prototype model,  

 

1 1
2 2

2 2

0 1 0
( )

2
m m

r

m n n m nd

x x
x t

x ω ξω x ω
⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥− −⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

&

&
 

(5) 

  
is considered to let actual controlled system behave like 
desired dynamics, where  the desired equilibrium position of 

an actual MAGLEV system is represented by  r
x , and desired 

control current i(t)=u(x1, x2, xr),  ξ and wn are positive 
parameters chosen for desired ideal performance. 

 
Desired equilibrium position is limited by electromagnet's 

attraction interval. 
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The difference between the dynamics of the actual system 

and linear prototype model determines the error 
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Using the equation (5) with (6), the governing equation of 

the state error is formulated as 
 

)()()( uBtAete σ+=&
 (8) 

 
which represents dynamic deviation model for e(t), where the 
matrices and the functions are given as 
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and we always have a positive definite symmetric matrix 
P=PT>0  as a solution to the matrix Lyapunov equation 

 
0=++ QPAPA
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for the stability matrix A with remarking Q=QT>0. 

Now, the quadratic function Pee)e(V T=  can be chosen as 

a candidate Lyapunov function for system (4) and its 
derivative along the solution to error dynamics (8) are derived 
as follows 
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The aim of the controller design is that, the actual system 

determined by equation (4) is forced to behave like prototype 
model determined by equation (5). This can be achieved by 
making the candidate Lyapunov function time derivative to be 
strictly negative definite. For this purpose, it is sufficient to 
find a real solution u to be σ(u)=0 in the equation (11).  To 
conclude, control function from equation (11) has to realize 
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In these conditions, the MAGLEV system determined by 

equation (4) is solved according to linearizing and stabilizing 
control law with equation (11) is formulated as follows 
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To realize this control law, actual M, L(x), d(t) parameters 

and functions must be known during MAGLEV system's 
actual dynamic operating conditions. Moreover, another 
definition can be made on operating modes. uc<0 (i≠0) can be 
defined as attraction mode for which the motion equation is 
given in (4). uc≥0 (i=0)is defined as free falling mode and the  
motion equation for this mode  is given by 
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Equations (4), (16) and (17) define a variable structure 

control system operating in two modes. Instead of unknown 

parameters, control signal is implemented by nominal 
parameters and quantities between restrictions 
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where  x1(t) and x2(t) are position and velocity data from 
sensors, nominal mass Mn, nominal analytic inductance 
function Ln(x) and gravitational  acceleration disturbance g. 
With enforcing control function to the actual system during 
dynamic operation, the control system dynamics  form as 
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where KM constant and KL(x1) as a nonlinear function are 

unknown parameters defined as  
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There exist obligatory natural limitations on parameters and 
quantities, for instance 

maxxx0 ≤≤ , 
maxmin MMM ≤≤ , 

mi)t(u ≤ , )x(L)x(L0 n≤<  in actual dynamic operation such 

that we can reflect them on KM and KL(x1) parameters as 
follows 
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Equations (24-27) should be considered to form the control 

rule and to determine the limits. By regarding equations (21) 
and (24-27), a state space model of dynamic perfect feedback 
linearized magnetic suspension control system is obtained as 
follows 
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(28) 

 

1363

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

where )t,x,,x(ĝ rD σ
−

 is regarded as a disturbance input 

including all unknowns uncertainties for the dynamic system 
in environment and, it is limited by a constant ),0(k ∞∈  at all 

operating conditions 

k||)t,x,,x(ĝ|| rD ≤
−
σ  (29) 

 
B.    Optimal Robust Control 
 

In order to design a robust controller for dynamic 
performance and to have zero steady state error, storage 
control must be added to the linearizing dynamic feedback 
controller (Mazenc, et al. 2006).  The new control system 
dynamic defined by adding the state variable of integral 

control ( 3x ) and integral constant IK  
)()( 13 txtxx

r
−=&

 (30) 

)()( 3 txKtu
ICI

=  (31) 

Thus, dynamic feedback linearizing new control strategy is 
defined as follows 
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By regarding equations (30-34), the dynamic model of the 

MAGLEV control system with new control strategy is given 
by equation (35) 
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Figure 1: State Flow Diagram of PID Based Linearizing 

Dynamic Feedback Control 
 
Figure 1 shows the structure of  the PID based linearizing 

dynamic feedback control for a MAGLEV system. From state 
flow diagram disturbance input and its related output can be 
expressed as in terms of the states' initials, limitations and 
control parameters 
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where )()( 23
IPDS

KsKsKKss +++=∆  is the characteristic polynomial. 
After formulating disturbance response expressed equation, 

∞H  optimal control criteria is applied to disturbance response 

determined by equation (38) (Kubota, et al., 1998). By caring 
the worst initial conditions given by equation (40), robust 
control parameters are appointed. 
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As a result necessary and sufficient condition that forces the 

system robust stable is given by equation (41). 
 

maxmin32 SSS

n
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KKK

K
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Ksc is the parameter which makes the system critically 

stable. In addition to this, the controller parameters 

nD 2K ςω= and 2
nPK ω= reached from equation (39) for 

∞H - optimal robust stability are given:  

IPD
KKK 2/2≤ , minSI KKg <  (42) 

  
    

 

Fig. 2. Adaptive Control Block Diagram for Active Magnetic 
Suspension System by Using Two Electromagnets Using 
Augmented Error Technique 

C.   Adaptive Control  
 

It is not possible to obtain desired performance qualities for 
steady and transient state at the same time by using only 
linearizing robust control approaches in MAGLEV system 
analysis. However, disturbances which are the results of 
dynamic uncertainties are bounded. To ensure stability and 
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performance robustness, adaptive linearizing robust control 
approach must be utilised (Gibson, 2002). The model 
reference based adaptive control approach with the following 
procedure enables us to successfully achieve the purpose 
(Landau, Y. D. 1979).  

 
Proportional+Derivative affected Linearizing Feedback 

Control based dynamic system model is given   following 
equations 
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   The reference model that determines desired system 
behaviour at worst dynamic conditions is given: 
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   Adaptive robust control strategy is determined by the robust 
performance criterions imposing on PD controller coefficients 

nDK ςω2= and 2
nPK ω=  as follows 
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   Assuming all the state variables can be measured, state error 
and related signal are given: 
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where 21 c,c  are constant parameters. Besides, a new adaptive 

control function is suggested in place of PD affected 
linearizing control law, 
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where )t,v(u
a

is an adaptive control signal to compensate the 

external disturbances and )t,v(K
a

 is an adaptive gain to 

compensate the effects of changes of physical parameters in 
environment. The control current through magnet windings is 
given by equation (51) 
  

)t(u
x

)x(L
lM)v,x,x(u)t(i

CQ

n

nr

1

1

12
−

− ⎥
⎦

⎤
⎢
⎣

⎡
∂

∂
==  (51) 

 

   The adaptive control effected MAGLEV system dynamic 
has a form of  
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and the governing equation of the dynamic state error in (46) 
can be arranged as follows 
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with new control signals defined as 
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where )t(v  is considered as the output of a linear dynamic 

feed forward block with a positive real transfer function in 
equation (56) 
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   Thus, standard feedback system block diagram of the error 
model defined by the equations from (53) to (56) is indicated 
in Figure (3) 

 
Figure 3: Standard Feedback System for the Equivalent Error 
Dynamics 
 
   The desired performance by this reference model and the 
reference input is ensured also by respecting the following 
restrictions on both the parameters and the variables in this 
complete system. 
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   The position and the velocity of the magnetic object and 
disturbance function are limited in operating conditions by 
following equations (58-59). 
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   )t(u
PD is always a limited control signal whenever the 

actual operating conditions occur as the same as the previously 
expected ones in the design stage of the controller  
and the magnetic suspension control system is achieved 
provided that the constraint 

maxSLMminS
K)x(KKK ≤≤ 1  as a 

robust stability condition in MAGLEV system is held. Thus, 
)t(u

PD
 and ),,( txg

D
σ

−
 limited functions’ changes are not 

important in 1=l  closed loop control mode whenever the 
perfect tracking condition stated by the equation (60) is 
verified by adding an adaptively created  auxiliary control 
signal as in (61) in the control loop  
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There exist )t,v(K

a
 and )t,v(u

a
 limited functions which 

obtain equation (60) equality and equation (61) inequality. 
Otherwise, the control current of the MAGLEV system can be 
forced to behave as reference model making precision tracking 

)t(x)t(x)t(e
rr

−=  by adaptation mechanism. The adaptive 

mechanisms or controllers obtaining precision tracking are 
memorized structures which produce nonlinear equations 
given by (62) and (63) 
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To achieve a good design of the adaptive controllers, a 
stability aspect should invariably be included and this  can be 
done using Lyapunov direct method or  Popov hyperstability 
approach. Thence, related equations (62-63) obtained by 
regarding adapting variables are substituted in equations (54) 
and (55) then formed the passive nonlinear feedback block of 
standard feedback system for the equivalent error dynamics 
that results in the integral equation (64) 
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Design problem can now be stated as to form an asymptotic 
hyperstable equivalent feedback system with the block 
diagram in Fig. 3 and the equations (47-53-64) such that the 
following Popov integral inequalities (65-66) are the 
sufficiently required conditions whereas a positive real 
transfer function (67) is both necessary and sufficient for a 
solution. 
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Since, in all actual dynamic operating conditions, the 
functions )x(KK 1LM

 and )t,,x(gD −−−
σ are bounded and 

positive functions there exist general solutions to the Popov 
integral inequalities (64) and (66), which we can formulate as  

t)(u)(v)t()t,,v(
,PD
<ττττ−α=τΦ 11  (68) 
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<τττ−β=τΨ 11  (70) 

)(v)t()t,v( τβ=Ψ 22  (71) 

where )t(1 τα −  and )t(1 τβ −  are strictly positive definite, 

bounded kernel functions.  )t(1α  and )t(1β  are strictly 

positive definite or positive semi-definite bounded functions 

for 0≥t . According to Popov stability theorem, the 
dynamical feedback system with nonlinear functions (68-71) 
in feedback path requires to have a strictly positive real 
transfer function (56) or (67) in forward path to be 
asymptotically stable. Since the reference model is stable, 
there exists a positive definite symmetrical matrix P  as a 
solution to the matrix Liyapunov equation (72), therefore the 
output matrix c  in (67) can be chosen as in equation (73) for 
asymptotic hyperstability of feed forward block, equivalently 
for the strictly positive real transfer function )s(h  

0, >=−=+ TT
QQ   QPAPA  (72) 

Pbc
T=  (73) 

Thus, 0)t( 11 >=− βτα  0)t( 22 >= αα  and 

0)t( 11 >=− βτβ , 0)t( 22 >= ββ  constants are chosen and 

robust hyperstable adaptive MAGLEV control system is 
obtained by the proportional+integral type adaptive rules. 
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21 0
 

(75) 

In these adaptation rules, PD controller output signals can be 
replaced by the robust PID controller output signal uPID(t)  or 
the actual position error )t(x)t(x)t(e rr −= in the bearing 

housing because we are ensured transfer function 

approximation 
)s(X
)s(X)s(h

)s(X
)s(X

r

d

r

≅   by the robust design 

procedure and also the adaptation mechanism. Figure (3) 
shows block diagram of the adaptive system design principle. 
The control methods are simulated in the MATLAB 
environment. A vertical axis AMB model with two converse 
affected electromagnets is set for testing the stability and 
performance robustness of industrial application. The results 
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can be given in presentation of the paper, because of place 
restrictions. 

IV. SIMULATION 

The ∞H  optimal robust controller (HiORC) and the Robust 

Stabilizing Adaptive Control (RSAC)are simulated in the 
MATLAB environment.  A vertical axis AMB model with 
converse affected electromagnets is set for testing the stability 
robustness  of industrial application.  
 

 

Figure 4a: Unloaded Rotor Robustness Performance for HiORC 

 

Figure 4b: Loaded Rotor Robustness Performance for HiORC 

 

Figure 4c: Overloaded Rotor Robustness Performance for HiORC 

Roots of Active Magnetic Bearing (AMB) controlled 
system are chosen in robust stable area and stability and 
performance robustness test is simulated. Fig. 4 and Fig. 5 
depict the position change of the rotor that starts on bottom of 
the magnet vs. time graph for the ∞H  optimal robust 

controller (HiORC) and the Robust Stabilizing Adaptive 
Control (RSAC). In Fig. 4(a) and Fig. 5(a) the rotor of the 
motor is unloaded, Fig. 4(b), 5(b) the rotor is loaded in its 
limits and Fig 4(c), 5(c) the rotor is overdose loaded. In 

conclusion, Fig. 5 denotes that the stability and performance 
robustness is protected when the disturbance (load) change in 
its limits and gives better results for transient response and 
performance robustness comparing with the HiORC. The 
AMB loose its stability and performance robustness for 
HiORC, when rotor is load over 400 times of its mass. In 
contrast, by using RSAC the AMB loose its stability and 
performance robustness, when rotor is load over 4000 times of 
its mass. 

 

Figure 5a: Unloaded Rotor Robustness Performance for RSAC 

 

Figure 5b: Unloaded Rotor Robustness Performance for RSAC 

 

Figure 5c: Unloaded Rotor Robustness Performance for RSAC 

V. CONCLUSION 

In this paper, a new approach toward designing of the 
Dynamic Feedback Linearization (DFL)   has been developed 
based on proposed Robust Stabilizing Adaptive Control 
(RSAC) structure. Using the equivalent characteristics 
between the RSAC and DFL, the proposed structure provides 
better results. RSAC is developed over classical DFL to obtain 
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robustness.   In conclusion, RSAC guarantees stability, 
performance robustness and enables the design for unstable 
plants such as AMB differently from the conventional 
methods. Simulation results for the AMB have verified 
validity of proposed design method. 
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Abstract—Vehicle autonomy definitionally is the act of pro-
cessing information gathered from the environment and acting
on the decisions formed based on this information. Therefore,
any autonomous paradigm can only perform as good as the
quality of the information it can understand. Lane identification
forms the foundation of many of the autonomous drive and
driver-assist technologies. However, current methods are not
always reliable, especially under the edge-cases. In this paper,
we have experimentally evaluated and extended the state-of-
the-art deterministic lane detection methods. Our evaluation
provides experimental evidence towards their efficacy in extreme
cases: real-data with sharp shadows and varying lighting that
is recorded through a camera that has a limited field of view.
Experimental results suggest that a method that builds similarly
to human perception performs better—with an increase of 32%
in its accuracy. Our hypothesis is that autonomous vehicles that
can perform even under these extreme conditions will play an
important role on the fully autonomous systems.

Index Terms—Autonomous vehicles, image processing, lane
detection, comparative performance evaluation, tracking.

I. INTRODUCTION

Autonomous vehicles (AV) have the potential to signifi-
cantly reduce the crash statistics by eliminating the dominant
cause—human-error [1]. They also have the possibility to
outperform human driving in fuel economy and comfort by
combining collective information and advance inference to
predict and act accordingly. However, the quantitative eval-
uation of both systems (with and without autonomy) can only
be fairly performed when both drivers have covered similar
mileages. For especially considering the safety coverage, the
test data should include similar edge conditions observed in
daily vehicle use (e.g. different weather, lightning, traffic...).

Unfortunately, even with a fraction of experience on actual
roads [2], the track record of autonomous driving systems is
not spotless. One major factor in these crashes is the quality
(or lack thereof) of the observations made by autonomy.
Similar to manual driving, an AV can only perform as good

as the data they are provided. This necessitates a clean and
reliable state information on the dynamic and static contents
of the environment. From the static content available in a
road infrastructure, the identification of lane lines forms the
foundation of this accurate representation as most of the
autonomous paradigms necessitate this information.

There has been a number of works that focus on accurate
lane detection. Camera based lane detection and tracking
methods usually follow similar steps: a preprocessing step to
reduce/remove camera distortions and extracting features, a
lane extraction algorithm to detect the lanes, and a tracking
step to reduce the search space for the newer lanes while
increasing robustness. Inverse perspective mapping (IPM) is
one of the widely used preprocessing methods to remove the
distortions caused by perception, which in essence is similar
to mimicking a bird-eye view [3]–[6]. Additional to that, since
lanes create strong edges on an image, most of the methods
apply an operation to extract gradients and edges. These
operations can be grouped as color based [7]–[9], differential
(such as Sobel, Canny edge or Difference of Gaussian) [3]–
[5], [10], [11], and Adaptive Thresholding [12]–[14]. As in [7],
[15], some methods also combine these approaches to increase
the robustness of the detection while increasing necessary
computing power. Similarly, methods such as [3], [6], [16],
[17] require powerful CPUs to run in real time.

The lane extraction methods can be grouped as linear,
parabolic, and spline based methods. One of the most common
implementation of the linear methods is Hough Transform
[10], [11], [13], [18], [19] and its variations for increased per-
formance [17]. However, these types of linear approaches fail
to detect curved lanes and they are sensitive to road patterns
and artifacts. Parabolic [20], [21] and spline based methods
[3], [5], [10], [22] can achieve more robust performance, but
with the cost of increased computational power.

978-1-5386-7641-7/18/$31.00 ©2018 IEEE
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Tracking methods include a model of the expected lane
[10], [17], [18], [23], [24] or sanity checks using known road
geometry [5]. Applications can be Kalman filter [13], [16],
[22] or particle filter based [3], [6], [12], [17], [22], [25].

The challenges to detect and track lanes are mostly caused
by reduced contrast of the lanes (e.g. reflections, low light) or
other disruptive factors such as snow or old lane markings.
State of the art methods that are mentioned earlier also
considers some of these challenging conditions. [23], [26] can
perform on roads with disruptive factors such as shadows, and
[14], [24], [27] can perform well on dark roads. However, none
of them succeeds to perform well in all of the challenging
conditions without consuming high computational power.

Therefore, in this paper, we have systematically reviewed
the state-of-the-art lane detection methods under extreme con-
ditions in an indoor environment. The algorithms need to cope
with i) dark shadows, ii) bad lighting conditions, iii) camera
at a lower-than-usual elevation, and therefore iv) with limited
field of view due to this positioning. Our testing environment is
justified by the possible edge conditions in an extended driving
session: If any of these approaches can sufficiently identify the
environment state in these extreme cases, they would perform
robustly in the majority of road conditions.

Since the evaluated methods perform sub-par under these
conditions, we have extended them with an additional additive
tracking filter method that utilizes the stereo vision—similarly
to how humans observe the world. In particular, we utilize a
filtering method that combines both camera frames based on
the information of the previous state and perception accuracy
of the lane lines. The output of the filter is the tracked positions
of the lane line centers. Our proposed method increases the
robustness of the system since unreliable lane lines are not fed
into the model while the continuity of the lines is preserved.
Our experimental evaluation shows that our proposed approach
with tracking filter provides 32% performance improvement
then without any tracking, while increasing the robustness
of the pipeline over the test-track by reducing variations in
performance.

This paper is organized as follows: Section II summarizes
the state-of-the-art lane detection algorithms as well as the
filtering approach used to improve the performance. Section III
defines the experimental protocol, while results and discussion
is given in Section IV. Section V concludes the paper.

II. METHODS

Classical approaches for lane detection problem include
three main parts. The first step of the pipeline, preprocessing,
can be used for noise suppression, image softening/sharpening
[28], contrast adjustment [29] or color space transformations.
This step is followed by a feature extraction algorithm. Al-
though there are broad range of methodologies for lane feature
extraction, most of the methods basically depend on finding
the gradients in the image and extracting linear or curvilinear
shapes. In first and second part of the pipeline, only the
instantaneous (current) frame information is utilized. For this
reason it is prone to momentary disturbances and blackouts.

For the third step, therefore, a lane tracking algorithm can
be implemented for increased robustness. This section first
summarizes the two main methods for edge detection—Canny
Edge Detection, Adaptive Edge Detection and Difference of
Gaussian. For lane feature extraction, only Linear Hough
Transformation is explained, since higher order methods are
outside the scope of this paper. Finally, a Kalman filter
structure is proposed to fuse and track the lanes detected by
right and left cameras.

A. Edge Detection

The Canny Edge detector is a method that detects a wide
range of edges in images. In essence, the detector is a
multi-stage process and can be expressed as follows:

• Finding Gradients: Vertical and Horizontal Sobel kernels
are convolved with the filtered image to calculate approxima-
tions of the derivatives. Sobel kernels can be given by:
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Amplitude and angle of the gradients can be calculated by
formulation as follows:
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• Non-Maximum Suppression: Non-maximum suppres-
sion algorithm suppress all the gradient values except the local
maxima.
• Hysteresis: Canny Edge detector uses a double threshold

for determining which pixels belongs to edges. If a pixel
gradient amplitude is higher than the upper threshold, the pixel
is accepted as belong to an edge. If a pixel gradient amplitude
value is below the lower threshold, the pixel is accepted as
not belong to an edge. If the pixel gradient amplitude is
between the two thresholds, then it will be accepted only if it
is connected to a pixel that is above the upper threshold.

B. Adaptive Edge Detection

An autonomous vehicle may travel through various envi-
ronmental conditions, such as sunny, shadowy, rainy, misty
roads. Several of these conditions can be encountered in even
a single trip. Therefore, the algorithm for edge detection
would benefit from being adaptive to changing environment.
For this purpose, double threshold values of the Canny Edge
detector can be set on-the-run for each image-frame per
second. Candidates from which the Canny threshold values can
be inferred adaptively are statistical measures of pixel, gradient
intensities, between cluster (edge/non-edge) properties, e.g.
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mean (or median), standard deviation, OTSU threshold value,
entropy [30]. In this application, the double threshold pair
(t

max

, t

min

) is selected as (µ
xy

, aµ

xy

), where µ

xy

is the mean
gradient intensity for a given frame, and 0 < a < 1 is design
parameter with a = 2/3 is used for best performance.

C. Difference of Gaussian

The Difference of Gaussian is one of the feature extraction
methods to detect edges on an image. It involves subtracting
a Gaussian blurred image from less blurred version of the
original image. This approach acts as a band-pass filter that
passes frequencies within a certain range and rejects frequen-
cies outside that range. For this application, line width is the
main band-width that we want to pass where the variance
values of Gaussian distributions are selected accordingly.

Instead of applying two different Gaussian filters to the im-
age and subtracting the resulted images, we subtract Gaussian
filter kernels and then used this kernel to find the edges(Fig.
1). Difference of Gaussian is a linear filter and this advantage
can be utilized in GPU accelerated computing.

Fig. 1. 1-Dimensional DOG Filter Kernel

D. Hough Transformation

The Hough transform is a technique for finding certain class
of shapes in binary images. In this study, Hough transform
is used to find straight lines. Polar coordinates are used
for expressing lines, because expressing lines with Cartesian
coordinates pose a problem for vertical lines.

For arbitrary pixel a located in the binary image at point
(x

a

, y

a

), group of lines that goes through that pixel is ex-
pressed as in (5). In this equation ✓ and ⇢

✓

represents the
angle of pixel a with respect to image origin, and the set of
lines passing through that pixel respectively.

⇢

✓

= x0cos✓ + y0sin✓ (5)

For each pixel in the binary image, a group of lines are
found. If a line is common for other pixels too, this line can
be accepted as detected line in the image.

Since our method utilizes a Stereo camera, the algorithm
has two images of the same scene from different perspectives

Fig. 2. Polar Representation of Candidate Lines

in these camera frames. To correct the distortion that is caused
by perception, IPM operation is performed based on following
equations:

x̃ =
M11x+M12y +M13

M31x+M32y +M33

ỹ =
M21x+M22y +M23

M31x+M32y +M33

(6)

M is a 3 by 3 transformation matrix that is calculated from
source points and destination points which is chosen from the
original image.

E. Kalman Filter

After the Hough transformation step, right and left lane
markings are detected. Thanks to the stereo camera, it is
possible to detect the lanes both with the left and right camera
frames as presented in the Fig. 3.

Fig. 3. Detected Lines by Left and Right Camera

Since the lane width is usually constant, the detected right
and left lanes can be offset to find the centerline. Therefore
in the best case scenario, there are four measurements for
the centerline, while detection algorithms may fail to identify
the lane lines correctly. Available measurements can be fused
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Fig. 4. AVL Demonstrator Vehicle and Sensor Placement Diagram

together when the center line is tracked by a Kalman Filter.
Estimated states are lateral position of the upper and lower
ends of the centerline, defined as X

u

and X

l

respectively.
There are 4 measurements for each state and are defined in
the form of X

camerasource,lanelocation,lanepoint

, l and r stands
for right and left indices. State transition and measurement
matrices, A and C can be constructed as follows:
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State transition matrix is selected as identity so that lanes are
modeled as stationary between frames. Measurement matrix
corresponds to upper and lower X coordinates of the each
centerline measurements. In the case that all of the 4 measure-
ments are not available for every camera frame, our method
novelly disregards the lane information provided at that time
step by setting the corresponding rows of the C matrix to
zero. With this modification, prediction and correction steps
for Kalman filter can be applied to track the centerline as
follows:
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III. EXPERIMENTAL SETUP

The proposed algorithm is tested and validated on a 1/10
scale electric vehicle. The testing platform in its base is a
remote-controlled four wheeled non-holonomic vehicle that
has been outfitted with extra batteries, sensors and com-
putational power. Due to size and weight limitations, on-
board power sources and therefore the available computational
capabilities were limited. For that reason, an Nvidia Jetson
TX2 is used, which uses HMP Dual Denver 2 and Quad ARM
A57 CPU while still running at 15W. The desired acceleration
and steering commands received either through autonomy or
user control are converted to actuation through Power HD LF-
13MG Digital Servo and a Hobbywing Xerun Combo XR8
SCT ESC. The vehicle odometry can be derived from the
incremental encoder placed on the propeller shaft and a 9-
axis IMU on board the chassis. General look of demonstrator
and sensor placement diagram are presented in Fig. 4.

Fig. 5. Overall HW architecture of the demonstrator vehicle

The add-on sensors on the vehicle are 10 ultrasonic sensors
(five at the front end, two at sides, and three at the rear of
the vehicle), a laser scanner and a ZED Stereo Camera that
is connected through USB 3.0 port. For the lane detection
algorithm, only the camera is used which is placed at 27cm
front and 21.5cm above the middle of the rear axle to minimize
the vehicle’s obstruction on the camera image. Four Arduino
modules are utilized for control and sensor interface purposes.
First two modules are implemented to process front and
rear/side ultrasonic sensor sets. One Arduino is utilized for
encoder and IMU readings, and one is for steering and ESC
module control. To isolate high power lines from the signal
lines, an optoisolator is utilized for ESC control. Thanks to this
distributed architecture, more processing power is attained and
it became possible to implement low level control and safety
functions with very low latency (Fig. 5).

The evaluation is performed on a test track that was drawn
on an empty floor with varying curvature. Fig. 6 shows the
scaled version of the 80m long test track. Furthermore, the
large windows which are the only light-source on the floor,
causes poor-lightning with changing illumination conditions
and shadow characteristics depending on the time of the day.

IV. RESULTS AND DISCUSSION

For evaluation, a subset of 5 different lane-detection
pipelines are chosen. These pipelines differ in their edge detec-

1372

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



tion and filtering methods while Hough Line Transformation
is commonly used for line fitting. In particular, the evaluation
is performed for the following methods with their assigned
abbreviations:

TABLE I
EVALUATED LANE DETECTION PIPELINES

Abbreviation Line Detection Lane Centers Method

EDH Edge Detection Average Lane Centers

AEDH Adaptive Edge Detection Average Lane Centers

EDHK Edge Detection Kalman Filter

DOGH Difference of Gaussian Average Lane Centers

DOGHK Difference of Gaussian Kalman Filter

The test data is gathered when the vehicle is driven manually
to follow the lane of the track. Although the data is recorded
from the test platform at 60 frames per second (fps) using
the on-board camera, the evaluations are performed off-line
to ensure a fair comparison. Off-line testing eliminates the
possible effects caused by interrupts and power drain for the
operations under the limited computational power. During the
data generation, there has been no instance of the vehicle
driving outside the lane, although there has been numerous
cases where both of the camera frames were not able to
observe both lane lines due to the curvature of the road. Fig.
7 shows a subset of frames used for evaluation.

The total evaluation recording has 1100 frames. The ground-
truth data for each of these frames with accurate lane lines is
generated through the MATLAB’s ground truth labeler. The
aforementioned tool provides an easier ground truth labeling
by utilizing a script to automate labeling initially. Then, the
user can manually correct ground-truth values frame-by-frame.
Unfortunately, due to challenging nature of the task, automated
outputs had to be corrected for most of the frames which
limited the size of test-data.

We have quantified the performance of the lane detection
algorithms based on both the accuracy in their detection and
the validity of their output. Specifically, each line detection
method provides the lane lines with two points which then can

Fig. 6. Schematic representation of the 80m long test track.

be used to either calculate or filter the lane center point with
respect to the lateral placement of the vehicle at a predefined
longitudinal distance. We have further defined one metric for
detection accuracy and one metric for output validity as:

• Lane Line Angle: This metric compares the line angles
in world coordinate frame with the corresponding angles
calculated from the ground-truth. For each lane line
on each camera frames, overall metric is calculated
cumulatively. Accurate lane angle represents correct
rotational detection for the lane lines.

• Euclidean Distance of Lane Centers: This metric com-
pares the lane center points in world coordinate frame
with the lane center points calculated from the ground-
truth data. For each camera frame, a single point at a pre-
determined longitudinal distance is calculated depending
on the detected lane information. These values can either
be averaged (without filtering) or filtered depending on
the chosen method. Accurate lane center represents the
efficacy of the algorithm, since these values are used for
the vehicle’s lateral controller command generation.

TABLE II
EXPERIMENTAL RESULTS: EVALUATION OF FIVE DETECTION PIPELINES

Pipeline Line Angle Difference [Deg] Lane Centers [pixel]

Mean ± Std.Dev Mean ± Std.Dev

EDH 7.05 ± 7.1 16.8646 ± 7.1025

AEDH 7.0757 ± 7.0878 17.8308 ± 7.0878

EDHK 4.8573 ± 5.2833 12.1257 ± 5.2833

DOGH 7.0525 ± 6.6481 15.8028 ± 6.6481

DOGHK 4.7768 ± 4.5523 10.8017 ± 4.5523

The overall performance of the five detection pipelines is
summarized with means and standard deviations in Table II.
The Line Angle Differences of each pipeline are given in
degree and Lane Centers are calculated in pixel. Note that the
results are provided with respect to the ground truth values,
and their mathematical formulation is given in Equation 11.

LineAngle =
2X

f=1

2X

l=1

abs(✓
n

� ✓

GroundTruth

)

LaneCenter =
2X

f=1

(X̂
n

�X

GroundTruth

)2 (11)

where f , and n indices represent the camera frames and line
numbers, respectively. For the cases without filtering, the ob-
served line centers for each frame is calculated as the average

1373

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



Fig. 7. Snapshots of the test track as recorded through the on-board camera with changing a) road curvature b) lightning conditions, c) shadows and d)
reflections. The snapshots that are chosen to demonstrate various conditions are common in the test video. These conditions appear almost equally on the test
track (˜25% high curvatures, ˜30% low light conditions, ˜25% shadows, ˜15% reflections).

of all center points for for lines. It should be noted that even
though the error magnitude does not possess large numerical
deviations, even a small change in these performance metrics
affect the actual performance. For example, variations on the
lane center performance do lead oscillations (i.e. fish-tailing)
and even small magnitude errors in the perception may cause
the vehicle to get off the track at high-speed depending on the
characteristics of the error.

Most notably, the performance of adaptive filtering is only
better at some occasions but on average, it follows a similar
perception and lane center efficiency when both cases are
compared to the ground-truth data. Moreover, the pipelines
with DoG outperforms the cases with edge detection with and
without adaptation and therefore is a viable alternative (Figure
8). However, all these methods fail to perform reliably due to
the difficulty of the test data. Frequently, either one of the
camera frames fails to observe both lane lines which ends up
in either a false or no detection.1 It is possible to generate
an external logic that would omit the lines that have lower
perception confidence and use the previously detected line.
However, we believe that a filtering approach is better suited

1In the case that there is no line detection, the boundary of the region of
interest is taken which deteriorates the performance.

Fig. 8. Perception Results for selected pipelines.

Fig. 9. A close-up of the lane center distance results for selected pipelines.

due to having dynamics—it will also use the information of
the previous frames in the prediction, and with even more
emphasis on them if the current perception performance is
poor.

Specifically, the proposed filtering approach mimics human
perception. Kalman filter remembers the last state and only
updates if the observations are reliable to disregard poor (or
non) perception results. Since the model used in the filter is
relatively simple, it also provides advantages in computational
power compared to alternatives. One can see from the results
that, best method which is DOGHK in terms of line angle
and lane center error outperforms the predecessor DOGH by
32% in terms of both of these error metrics. As shown in
Figure 9, it also provides smoothing behavior especially for
frames that has lower perception performance. In the ideal
case that the perception algorithm is able to identify lanes
reliably, the performance increase with filtering would not be
this significant. Finally, this approach significantly decreases
the deviation in the performance metrics which results in
smoother tracking.

V. CONCLUSION

This paper presents a method to detect and track lanes in
challenging conditions which can run in real-time even on a
low power computing module. Two common edge detection
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methods, Difference of Gaussian and Canny Edge Detection,
are briefly explained, and a novel filtering approach that
utilizes the stereo vision while disregarding the unreliable
observations is proposed. The methods are tested on a recorded
road video which includes challenging low light and reflective
surface situations.

The quantitative performance of these different methods
show that the performance can indeed be improved in both
perception accuracy and produced lateral control commands
with a supplementary filtering method. Moreover, robustness
of the perception pipeline is shown to benefit from such an
approach with experimentally decreased variations in perfor-
mance and therefore enabling smoother tracking.

Future work includes the use of higher order line representa-
tion methods such as splines and high-order polynomials fits
for the line detection. Moreover, the comparative evaluation
of the proposed method can be further extended in both its
quantity and variation (e.g with non-trivial road segments
including multiple lanes and intersections).
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Abstract— In this paper, we reviewed business intelligence in 
scientific research aspect, its existing tools on the market; its 
situation in the world and its situation in Algeria. We then 
analyzed the situation of the business intelligence at SCIMAT 
company which is our case study. We proposed a moderated 
monitoring system in management of alerts and monitoring of 
web pages, management of external events or internal to the 
production systems (training, conferences...etc.) and its most 
consistent module; a configurable and customizable survey 
generator (which we have called STL 1.0) into categories of 
questions, types of questions, the choice of languages to allow the 
members of the sample, to better understand the questions and to 
answer them correctly, come later the statistical calculations 
which are on several parts; as a positive response rate tables 
questions, accompanied by charts. 

We have applied this tool to generate several e-questionnaires 
or e-surveys that make it possible to make global or regional 
cartographies on the studied aspects.  

Keywords— Business Intelligence; Survey; Algeria; SCIMAT, 
STL 1.0 

I. INTRODUCTION 

Business intelligence (BI) refers to computer-based 
techniques used in spotting, digging-out, and analyzing 
business data, such as sales revenue by products and/or 
departments, or by associated costs and incomes.  

The concept of BI became more and more used during the 
last years, and now, this association of terms is used across 
different fields from data technology to business modeling.  

We discuss the utility of a BI system in any organization 
and its contribution to daily activities. 

We have applied a configurable and customizable survey 
generator (which we have called STL 1.0) at SCIMAT company in 
Alegria.  

II. BUSINESS INTELLIGENCE DEFINITION 

According to AFNOR (French Association Normalization), 
Business Intelligence (BI) is a "largely iterative continuous 
activity, aiming to monitoring actively of the technological, 
commercial environment, to anticipate evolutions.  [1] 

Experimental standard XP X 50-053 defines as "Services of 
standby and services of setting up a monitoring system". 

III. THE DOMAINS OF BUSINESS INTELLIFGENCE

According to AFNOR 1998 [1], [2], the BI is applied in 
several areas. The list of BI’s domains is not exhaustive but 

these are the most used areas; strategic intelligence, 
competitive intelligence, technological intelligence, legal 
intelligence and scientific intelligence or knowledge. The latter 
is a target of knowledge and their management. 

Knowledge management (KM) is emerging as a discipline 
in the information sciences. Scientific intelligence concerns 
research & development and basic research. Its sources are 
essentially published scientific data (journal articles, books, 
research summaries, monographs…etc.). This type of 
intelligence interest to us in our work to encourage enterprises 
and particularly production systems to update regarding the 
technology, the processes and production methods. 

IV. BUSINESS INTELLIGENCE STATE OF THE ART

ISICIL initiative (Information Semantic Integration through 
Communities of Intelligence onLine) in (Buffa et al, 2013) 
mixes new viral Web applications with semantic web formal 
representations and processes, to integrate them into business 
practices, for technological Intelligence, economic intelligence 
and scientific Intelligence (Fig. 1). [2] 

The resulting source platform offers three features: (1) a 
social semantic platform for social semantic bookmarking 
controlled by network analysis tools, (2) a system for 
semantically enriching folksonomies and linking them to 
business terminology and (3) semantically enhanced user  
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Fig.  1. State of the art business intelligence 

interfaces, monitoring activity and notification tools BI.  

(Ren & al, 2013) highlights a sales system construction 
based on the Economic Intelligence. By combining the 
management of sales information with decision analysis for 
integrated solutions, that can manage their daily activities, 
effectively extract and analyze historical business data into 
useful information, that provides decision support for 
companies. Cloud computing is a new computing paradigm 
that has generated a lot of interest in business and research. Its 
goal is to integrate a set of heterogeneous resources, to provide 
online services in the demand for different types of users, that 
are released from the details of the internal infrastructure, while 
focusing on their application resource on the net. [4] 

(Haraty & al, 2017) in [7] presents a high-performance 
damage assessment and recovery algorithm for e-healthcare 
systems. The algorithm provides fast damage assessment after 
an attack, by a malicious transaction to keep the availability of 
the e-healthcare database. Reducing the execution time of 
recovery is the key target of our algorithm. The proposed 
algorithm outperforms the existing algorithm. It is about six 
times faster than the most recent proposed algorithm. In the 
worst case, the proposed algorithm takes 8.81 ms to discover 
the damaged part of the database; however, the fastest recent 
algorithm requires 50.91 ms. In the best case, the proposed 
algorithm requires 0.43 ms, which is 86 times faster than the 
fastest recent work.  

(Sanyal & al, 2018) in [8] have highlighted the importance 
of cloud computing in business and tried to develop a 
framework for integrating BI System with cloud computing, 
and an attempt has also been made to analyze the efficiency of 
the proposed model, which improves performance over the 

cloud. Some of the challenging issues as well as the future 
research directions have also been discussed. 

V. PANORAMA OF BUSINESS INTELLIGENCE SOFTWARE TOOLS 
BI software tools (Fig. 2) are becoming more numerous and 

are currently moving towards the processing of big data for 
better decision-making. [3] 

 
Fig.  2. Panorama of business intelligence tools  

VI. BUSINESS INTELLIGENCE CONTRIBUTIONS 
According to Digimind in [4], based on an extensive 

survey, the contributions of BI can be summarized in (Fig 03.) 
[5] 

- Innovation: The most problematic addressed by 
monitoring cells is "Find / develop innovative products" to 
55.4%. 

- Growth with "Detect new markets" at 33.7% or "Defend 
or develop your market share" at 23.9%. 

- Corporate Reputation with "Defending the corporate 
image" at 18.5%. 

-  Conversely, only 3.3% of respondents attach importance 
to the issue "Recruiting key people" and 2.2% to the issue of 
"Better talk with my suppliers." 

SIE-OBI
A platform for 

knowledge of the 
situation in 

Operational BI

Intellixir 
Pack-synthèse

Articles, notices 
and

  scientific patents

DigiMind
Business Intelligence 

Solutions
Infocodex Knowledge

 Manager 4.2
mappings with

  neural networks

Mathéo Analyser 3.0 
Analysis of documents 

and cross statistics

Online Miner 3.2 
Text search 

with linguistic
 techniques

Cognos
Scenario planning 

and modeling

Teradata
Big data

for decision making

Kaliwatch 
Professional 4.1 
Surveillance and

categorization 
of web sources

KBCrawl 3.0 
Collaboration 

and information 
analysis

GoOLAP
The fact recovery 

framework

ETracer
Tracking and tracing a

  innovative object

PSALM
Tool for 

Business Intelligence

LCI
Social channel analysis 
for a customer business 

intelligence FPGAs
Fast data analysis

BC-PDM
Data mining,

  social network analysis
and the 

text extraction system 
based on

cloud computing

Rubix
A framework for improving 

integration
  data with 

related data

FPGAs
Fast data analysis

Cubix
A visual analysis 

tool of conceptual 
and semantic data

2018
2017

Speed PaintBall
 Intelligent matchmaking 

using Particle 
Swarm Optimization 

(PSO) 

BIS - cloud computing 
BIS & cloud computing 

system are siblings
in the business 
environment

Healthcare system
assessment and 

recovery algorithm 
for e-healthcare

systems

OLAP Cube
Model Business 

Intelligence System 
creating database, 

data warehouse

1377

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



 

 

 
Fig. 3. The contributions of business intelligence [4] 

VII. BUSINESS INTELLIGENCE IN ALGERIA  
According to the survey we conducted in Algeria on a 

sample of 29 Algerian companies interviewed on 18 aspects of 
BI (Fig. 4); The interviews focused on an alternating period of 
4 months, we found the overall results explained on the 
histogram of Fig. 5. [6] 

The state sector quality control, the oil sector and the 
housing sector are more aware of the importance and 
application of BI. In this study, we highlight the case of the 
abstention of the popular and National Army concerning BI 
aspects. These are many personal initiatives of some 
company’s employees aware of the importance of the 
intelligence; and use customized BI tools. 

The directions are not sufficiently involved in these aspects, 
but the needs are expressed explicitly in these directions. For 
intelligence organizational units are non-existent compared to 
our sample. 

Only one-third of companies (9 companies) know what BI 
means, which is little for such a vital area, especially for profit-
making companies.  

In Fig. 5, the most answered aspect of the BI is that the BI 
as it is applied in these companies responds according to the 
interviewees to the needs expressed, by the management of the 
company. 

 
Fig.  4. Importance of business intelligence aspects in Algeria 

Aspects 

Companies 
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Fig.  5. Totals of BI aspects in Algeria  

The BI of the cement’s society our object of study is almost 
non-existent except a customer complaint register, which is not 
always supported especially for customers with a low share of 
the SCIMAT market; we can also explain by the deficit 
6000000 tons of cement of the Algerian market. 

VIII. BUSINESS INTELLIGENCE AT SCIMAT 
Fig. 06 is extracted from the elaborated global causal tree 

and shows that the causes related to marketing and sales 
represent 14% of the internal problems of the SCIMAT and the 
rest of the causes are external related to the environment and 
the SCIMAT market. [6] 

In order to address the main causes, we have proposed 
solutions (Fig. 07) that can be summed up mainly of a BI 
system that improves SCIMAT's proactivity, to influence and 
work its environment instead of undergoing its constraints. 

A second global solution is the development of an 
innovation and intellectual property management system that 
would encourage the creativity of its employees and experts 
provided there is protection of the property of innovation.  

The details of the problems identified in a thorough study 
of the SCIMAT and its environment are summarized in 
Ishikawa diagram in Fig. 6. Proposed solutions to deal with this 
uncertain environment, and improve emergency decision-

making, solutions are proposed in the Ishikawa diagram of 
solutions of Fig. 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.  6. Detailed diagnosis Marketing and sales SCIMAT 

 
 
.  
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

Fig.  7. Proposed Solutions to SCIMAT Marketing and Sales 

IX. BUSINESS INTELLIGENCE SYSTEM DESIGN 
We proposed this database schema for the proposed BI 

system (BIS). The BIS has three main features: [6] 

1- Alert management and monitoring: subscription to alerts 
and monitoring of sites of interest for receiving tags (Fig. 8) 

2- Event management: These are events of interest to the 
production system, training, ... (Fig. 9) 
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3- A trilingual survey generator: Arabic, French and 
English 

 
Fig.  8. Alert Management and Monitoring 

 
Fig.  9. Events Management 

X. PROPOSAL OF A UNIVERSAL SURVEY GENERATOR; FOR 
BUSINESS INTELLIGENCE 

STL 1.0: Survey Test Laboratory version 1.0 is a trilingual 
survey or survey generator extensible to other languages of the 
world; for setting up, launching and analyzing a universal 
online survey. The main features of STL 1.0 are summarized in 
the activity diagram of STL 1.0 (Fig. 10), and its conceptual 
structure of the database is illustrated in Fig. 11. 

 
Fig.  10. Activity diagram of the proposed intelligence system 

A. The steps of developing a survey in STL 1.0 
The activity diagram of Fig.10. trace the development 

process of a new survey. 

The development of a new survey begins with the setting of 
this one (language, user’s authentication information of the 
investigation, choice of questions axes, choice of questions ..., 
then it is possible to make a simulation of this investigation. 
The axes and questions are not pre-established. 

The survey launch consists of creating mailing lists, 
invitation editing and launching. sample members' responses 
are automatically marked in the base 1.0 STL data. Responders 
can send feedback to the super administrator about the 
investigation in addition to the comments that are in the survey.  

STL 1.0 allows an overall statistical analysis and a detailed 
statistical analysis with simple graphs and their export to Excel. 
Mailing lists and their information can also be imported from 
an Excel file. A report of the investigation is generated in 
addition to the results for printing. 
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Fig.  11. Diagram of object classes the proposed intelligence system 

B. Implementation of the STL 1.0 Survey generator  
Fig. 12 represents the setting of a new survey, added to a 

survey list of each user. [6] 

 
Fig.  12. Setting and management investigation 

We applied this generator to generate four e-surveys: 

1- e-survey: From knowledge to performance; for the 
development of a cartography on different aspects of KM 

2- e-survey: Knowledge mapping; who knows what in a 
company and find the directory or the experts panel applied to 
the SCIMAT our object of study. 

3- e-survey: Decision support a disturbed environment; for 
the collection of disturbances and reactions; the validation of 
CODECO ELECTIVE (a new approach to improve the 
responsiveness of the production system to disturbances); and 
the collection of performance indicators. 

4- e-survey: The didactic of training or education in 
Algeria, skills-based approach, being updated with the world of 
work; for validation of the competency-based approach; this 
survey is applied to university and professional training in 
Algeria. 

XI. CONCLUSION 
we reviewed BI in terms of the scientific research aspect, 

its existing tools on the market; its situation in the world and its 
situation in Algeria. We proposed a moderated monitoring 
system in production systems management.  

As we mentioned before, business intelligence appeared as 
an answer to the economics’ environment needs. Big 
organizations and multinational companies have already 
implemented a solution for business intelligence. 

We have applied a configurable and customizable survey 
generator (called STL 1.0) to generate several e-questionnaires 
or e-surveys that make it possible to make global or regional 
cartographies on the studied aspects. 

A BIS provides internal and external listening to prepare 
for contingencies. STL 1.0 is intended to be improved for other 
more sophisticated features, such as the integration of statistical 
laws that follow the phenomena studied. 
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Abstract—In this paper a railway traction system model,

consisting of loops, namely current loop, acceleration loop, speed

loop and position loop is analyzed under parameter variations.

The parameter variations are chosen as the mass of the vehicle,

which is mostly changing at a station, and as the wheel radius.

Considering the ride comfort and the energy efficiency the

acceleration loop is studied in detail. Two PI based controllers

are compared, in terms of regenerative energy, journey time and

acceleration profile for a given road profile.

Keywords—Railway systems, robust PI controllers, nonlinear PI

controller, energy efficiency, regenerative energy

I. INTRODUCTION

The energy consumption of a Railway vehicle plays an
important role in daily life transportation, considering the
expenses. The traction motor constitutes the core part of a
railway vehicle. Due to low maintenance costs[1], 3-phase
AC induction motors are used as the traction motor. Different
control strategies are available for the control of the induction
motor and in terms of energy efficiency, it is crucial to
minimize the energy loss during the braking of the railway
vehicle[2]. It is possible to use the regenerated energy either
during the acceleration or to supply the regenerated energy
to the catenary network. For high demand railway networks,
supplying the regenerated energy to the catenary network
contributes to a more stable and regulated catenary voltage.
Considering the fact that, the demand for railway systems
changes drastically, at work hours for instance, results in
a substantial amount of change in the mass of the railway
vehicle, due to the number of the passengers onboard.

This paper is constructed as follows; the railway vehicle
and the induction motor model is derived in chapter 2. In chap-
ter 3 the calculation of the regenerated energy is examined.
Chapter 4 introduces two control strategies used in this paper.
The simulation results are presented in chapter 5.

II. THE VEHICLE TRACTION MODEL

The vehicle traction model that reduced to per motor
model, consists of 4 loops, namely current loop, acceleration
loop, speed loop and position loop. The developed model is
illustrated in Figure 1. The induction motor consist of an
electrical part and a mechanical part. The current loop is the

control loop for the induction motor related with the electrical
part. In comparison with the mechanical part of the induction
motor, the electrical part has substantially fast dynamics, which
allows the separation of the current loop. During the synthesis
of the current controller, the speed feedback is neglected, but
during the simulation of the traction model the speed loop is
taken into account. The input of the current controller is an
acceleration reference, which is produced by the speed loop.
The speed reference is produced by the position loop. This
separation via loops not only simplifies the analysis of the
vehicle traction system, but also simplifies the control design
regarding the acceleration, speed and position control of the
vehicle.

Fig. 1. The scheme of the traction system based on single motor

A. Traction Motor

The induction motor is chosen as the traction motor. The
motor parameters are given in Table I

The model of the traction system that reduced to the single
motor is given in Figure 2.

Fig. 2. The model of the traction system reduced to single motor
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TABLE I. THE PARAMETERS OF THE TRACTION MOTOR AND THE
TRACTION SYSTEM

Parameter Value
K

a

46.4727
T

a

0.014
V

max

230.9401
K

t

1.8350
J 2.9
B 0.0566
a11 0.006374
a12 193,5
a22 0.000329
a3 0.7370
A

v

11,390
⇤

gear

1/6.316
⌘

gear

0.98
phi 0.96
K

b

1,2722
L

m

0,0077

B. Current Loop

The simplified model of the induction motor in d-q axis[3],
the transfer function of the q-axis is calculated as,

V
q

(s)

I
q

(s)
=

K
a

T
a

s+ 1
(1)

and the d-axis is neglected, since the d-axis has little effect
compared to the q-axis. The transfer function given in 1 is
the first order transfer function and placed into closed loop
with controllers and in order to build a realistic simulation
environment, the voltage V

q

is limited between �V
max

and
V
max

, which come from the catenary voltage limitations.
Since, the V

d

voltage is very small compared with the V
q

voltage, no limitations are required for the V
d

voltage.

C. Acceleration Loop

The most important loop in the traction vehicle is the
acceleration loop. The railway vehicles are mostly controlled
by applying an acceleration reference. The acceleration of the
vehicle plays an important role for the ride comfort of the
vehicle and for the energy efficiency. The acceleration loop is
constructed by calculating the torque of the motor shaft and
applying it to the following transfer function,

a(s)

I
q

(s)
=

K
t

s

J
eq

s+B
eq

(2)

where, a(s), I
q

(s), K
t

, J
eq

and B
eq

are acceleration of the
vehicle, current of the traction motor, constant that observes the
relation between current and torque of the motor, equivalent
inertia of the system and equivalent friction coefficient of the
system, respectively. The equation (2), is the transfer function
corresponding to the mechanical part of the motor and the
derivative of the velocity of the motor, calculated from

v(t) = !(t)R
w

(3)

where R
w

is the wheel radius of the train. An acceleration
controller is used to ensure reference tracking and better ride
comfort. Using the acceleration loop, limitations due to torque
are applied to the q-axis current, for more realistic simulation
results.

D. Speed Loop

The speed loop is constructed by using the following
relation,

v(t) =

Z
t

t0

a(t)dt (4)

and a controller is placed to produce acceleration reference for
the inner loop. Here, in order to improve the ride comfort and
raise the energy efficiency, a limitation between �1.1m/s2

and 1.1m/s2 is applied to the acceleration reference and a
limitation between �1m/s3 and 1m/s3 is applied to the jerk
of the reference, which is the derivative of the acceleration
reference.

E. Position Loop

The position loop is the final loop where a speed reference
is produced for the traction vehicle. In this loop the following
relation is used,

z(t) =

Z
t

t0

v(t)dt (5)

Some speed limitations on the journey of the vehicle are
applied to the speed reference produced in this loop. For
safety of the trip between two stations there are some speed
limitations. For instance, the maximum speed limit is 80 kmph
for subway, however intercity trips this limit was decided as
50 kmph for subways. Thus, these limitations were taken into
account in this paper and model.

On the other hand, it is significant that, the position signal
of the model should not have the overshoot because of missing
destination of station. Thus, it has to be taken into account
while designing the position loop of the model.

F. Resistive forces and Gearbox

The traction vehicle is affected by certain forces due to
its aerodynamic structure. These effects are modeled using the
Davis formula [4], [5], and the total resistive forces are given
as

F
res

(t) = a11Mv

+ a12n+ a2Mv

v(t) + a3Av

v2(t) (6)

where a11, a12, a2 and a3 are the davis coefficients, M
v

is
the vehicle mass, A

v

is the vehicle frontal area and v(t) is the
velocity of the vehicle. It is important to note that the resistive
forces depend on both, the vehicle mass and the velocity of
the vehicle, which depends on the wheel radius. This shows
the importance of the resistive forces, in regard to variations
in vehicle mass and wheel radius.

The gearbox is modeled in order to end up with more
realistic results. The change in the angular velocity is expressed
as,

w
t

= w
m

· ⇤
gear

(7)

where ⇤
gear

, w
m

and w
t

are gearbox efficiency ratio, angular
velocity of the motor shaft and angular velocity of the train
wheel, respectively, and the change in the torque if T

m

· w
m

is positive
T
t

= T
m

⌘
gear

⇤
gear

(8)

otherwise the change in torque is expressed as

T
t

=
T
m

⌘
gear

· ⇤
gear

(9)
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G. Regenerative energy

The traction motor has two operating modes, namely motor
mode and generator mode[6]. During the simulations the
operation mode was decided by comparing the direction of the
voltage and the direction of the current. If the voltage and the
current are in the same direction the operation mode is motor
mode, where the traction motor draws power from the system
and if they are in opposite directions, the operation mode
is generator mode, where regenerative energy is produced.
Velocity profile of railway vehicles involves 4 phases while
tripping one destination to another such as, accelerating, speed
holding, coasting and braking [7]. Regenerative energy is
produced during the braking of the railway vehicle.

III. CONTROLLERS

Since the acceleration loop is crucial for the ride comfort
and energy efficiency, two different controllers are used.

A. Conventional PI Controller

PI controllers are commonly used in control systems, and
the controller designed for the acceleration loop is given as,

u(t) = K
p

e(t) +K
I

Z
t

t0

e(t)dt (10)

where the controller parameters are given as K
p

= 1 and
K

I

= 1000 [8]. According to the nature of the PI controller,
adds the zero to the system which rejects the steady state error.
Steady state error cannot be eliminated. Thus, PI controller
design has effective solution for the preventing from steady
state error. Since there are many constraints and saturations in
the traction system, using an anti-windup for the PI controllers
is necessary[9].

B. Nonlinear PI Controller

The nonlinear PI controller is based on conventional PI
controllers, but it adjusts the control signal

u(t) = (K
p

e(t) +K
I

Z
t

t0

e(t)dt)(� � ↵e��| e(t)
r(t) |) (11)

where ↵ = 3, � = 10 and � = 4 are the controller parameters,
which are obtained from [10]. On the other hand, gain of the
nonlinear PI controller is changing by the time. Which makes
the system adaptive to the change of the acceleration. However,
it can make high amount of the jerk. Thus, saturation had been
used for preventing jerk.

C. Controllers for the other loops

Since the vehicle mass and wheel radius parameters are
varying, a robust controller needs to be designed. The robust
PID controller design method given in [8] is used.

The controller for the position loop which is used to
generate a speed reference is chosen to be a PI-PD type
controller, in order to prevent the adverse effects of the zero
of the controller and to generate a control signal that obeys
the speed limits. The controller parameters are calculated as,
K

ppi

= 10, K
ppd

= 90, K
d

= 249.57 and K
i

= 10.01.

The controller for the speed loop used for generating an
acceleration reference, the controller is chosen to be a PI-PD
type controller for the fact that the controller generates accel-
eration reference without overshoot. The controller parameters
are calculated as, K

ppi

= 0.1, K
ppd

= 4.9, K
d

= 5.28 and
K

i

= 0.998. Basic scheme of the PI-PD and the coefficient
identifications are given in Figure 3.

Fig. 3. Basic scheme of the PI-PD controller

The current controller is chosen to be a PI controller, since
it is a loop with fast dynamics compared to other loops, and
the controller parameters are calculated as K

p

= 1 and K
i

=
234.24.

IV. SIMULATION RESULTS

Considering railway vehicles in industrial applications,
there are two main parameter variations that effect the railway
traction system, namely the vehicle mass and the wheel radius.
The traction system of the subway train that involves 2 cars
and a locomotive with 8 motors, is simulated via gridding the
vehicle mass and wheel radius. The acceleration values for
each parameter deviation using conventional PI and nonlinear
PI controllers, is given in Table II and the corresponding

TABLE II. COMPARISON OF CONTROLLERS FOR ACCELERATION OF
THE VEHICLE

System Parameters Conventional PI Nonlinear PI
R

w

M

v

a

max

a

min

a

max

a

min

(m) (103kg) (m/s

2) (m/s

2) (m/s

2) (m/s

2)

0.62 120 1.0854 �1.0777 1.0761 �1.1281
0.62 140 0.9336 �0.9785 0.9340 �0.9791
0.62 160 0.8180 �0.8599 0.8183 �0.8603
0.52 120 1.0986 �1.0707 1.2816 �1.3367
0.52 140 1.0984 �1.0791 1.0978 �1.1484
0.52 160 0.9721 �1.0142 0.9726 �1.0142
0.42 120 1.0988 �1.06 1.5086 �1.5391
0.42 140 1.0987 �1.0983 1.3504 �1.4038
0.42 160 1.0985 �1.1011 1.1846 �1.2319

acceleration plots are given in Figure 4 and Figure 5.

It can be observed, that the acceleration values are mostly
in the desired bounds, which shows that the ride comfort for
both controllers is acceptable. It is also important that the
railway vehicle does not overshoot during the position control,
which corresponds to the scenario where the railway vehicle
is not able to stop at the desired position. The position control
of the vehicle is depicted in Figure 6 and Figure 7 and it can
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Fig. 4. The acceleration against parameter deviations in vehicle mass and
wheel radius by the use of the conventional PI controller as acceleration
controller

Fig. 5. The acceleration against parameter deviations in vehicle mass and
wheel radius by the use of the nonlinear PI controller as acceleration controller

Fig. 6. The position against parameter deviations in vehicle mass and wheel
radius by the use of the conventional PI controller as acceleration controller

be seen that for all parameter variations the railway vehicle
stops at the desired location, namely at 1500m.

The journey time, which is defined as the amount of time
required to reach the desired destination, for conventional PI
and nonlinear PI controller are compared in Table III. From
Table III it can be seen that, the effect of the wheel radius
and the vehicle mass only makes a roughly 2s difference in
journey time. The train speed for all parameters variations is
given in Figure 8 and Figure 9

The regenerated energy during braking for the conventional
PI controller and for the nonlinear PI controller are given in
Table IV and Table V, respectively. Comparing the regenerated

Fig. 7. The position against parameter deviations in vehicle mass and wheel
radius by the use of the nonlinear PI controller as acceleration controller

TABLE III. COMPARISON OF CONTROLLERS FOR ACCELERATION OF
THE VEHICLE

System Parameters journey time
R

w

M

v

Conventional PI Nonlinear PI
(m) (103kg) (s) (s)

0.62 120 101 101.2
0.62 140 100.9 101
0.62 160 100.9 100.7
0.52 120 100.5 100.6
0.52 140 100.3 100.7
0.52 160 100.5 100
0.42 120 99.9 99.9
0.42 140 99.5 99.5
0.42 160 99.2 99.3

Fig. 8. The train speed against parameter deviations in vehicle mass and wheel
radius by the use of the conventional PI controller as acceleration controller

Fig. 9. The train speed against parameter deviations in vehicle mass and wheel
radius by the use of the nonlinear PI controller as acceleration controller

energy, the conventional PI controller regenerated energy more
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TABLE IV. ENERGY CONSUMPTION WITH CONVENTIONAL PI

System Parameters Energy
R

w

M

v

Consumption Regenerated Percentage
(m) (103kg) (kWh) (kWh) (%)

0.62 120 13, 4435 8, 0367 60
0.62 140 15, 5834 9, 2457 59
0.62 160 18, 2137 10, 4985 58
0.52 120 13, 3874 8, 224 61
0.52 140 15, 3261 9, 531 62
0.52 160 17, 2211 10, 8272 63
0.42 120 13, 4739 8, 4093 62
0.42 140 15, 3558 9, 7763 64
0.42 160 17, 2572 11, 1275 64

TABLE V. ENERGY CONSUMPTION WITH NONLINEAR PI

System Parameters Energy
R

w

M

v

Consumption Regenerated Percentage
(m) (103kg) (kWh) (kWh) (%)

0.62 120 21, 5403 7, 1168 33
0.62 140 20, 5344 10, 1538 49
0.62 160 24, 8095 12, 8013 52
0.52 120 16, 8069 8, 8184 52
0.52 140 24, 616 10, 4357 42
0.52 160 24, 4848 12, 1051 49
0.42 120 17, 9826 10, 1763 57
0.42 140 21, 9592 12, 2481 56
0.42 160 26, 3288 14, 0871 54

efficiently, with almost identical journey times, with varying
wheel radius and vehicle mass.

V. CONCLUSION

In this paper, two PI based controllers, namely conventional
PI controller and nonlinear PI controller, are compared against
change in vehicle mass and change in wheel radius. A straight
road profile with no elevation is used during the simulation of
the motion of the traction vehicle. The energy consumption,
acceleration, speed profile and position of the traction vehicle
are compared with parameter variation effects. It has been
shown that both of the controllers mentioned in this paper
perform similar in terms of journey time and acceleration
profile of the vehicle, which can be interpreted as the ride
comfort. It is also shown that the nonlinear PI controller is
consuming more energy, and is less efficient regarding the
regenerated energy.
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[10] Ş. AKKAYA, H. Nak, and A. F. ERGENÇ, “Design, analysis and
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Abstract—In this work we propose a visual servoing
strategy on multiple triangles underoing different piece-
wise rigid motion. Our strategy is to compute first a
correction related to each triangle independently using its
related interaction matrix. Then, we process an average
global correction to correct the camera pose and obtain
a view which is as close as possible to the desired visual
features. We show that this strategy performs better than
a naive one with a single interaction matrix that gathers
all the triangles. We use an analytic version of the image
moments on 2D triangles and apply the proposed strategy
on several triangle poses to show its relevance.

I. INTRODUCTION

Visual servoing is a very flexible method for the
control of uncalibrated dynamic systems evolving in an
unknown environment [1]. it is an alternative approach
that several research teams have proposed in medical
applications, in order to directly control from visual
information extracted from the medical image, and in
closed loop, either the displacement of the imaging
device or that of an instrument. These techniques have
a major advantage. They make it possible to obtain
positioning accuracies of the order of the pixel while
trying to compensate as well as possible the disturbances
introduced by the physiological movements of the patient
by means of the visual feedback loop[9][10][11]. It
has been widely used in computer vision for a very
long time, especially for pattern-recognition applica-
tions[3][4][5]. Image moments belong to the family of
globlal image features. Several types of moments can
be used: geometric moments, Zernike moments and
Legendre moments [6]. Image moments are particularly
interesting, they can be computed easily from a binary
or a segmented image, or from a set of extracted points
of interest. Computing moments in several images (for
visual servoing, the initial and the desired ones, and
all the successive images acquired by the camera) just
necessitates a high level global matching of the object,
and not an accurate and tedious matching of each object

point [2]. Moments are generic (and usually intuitive)
descriptors that can be computed from several kinds
of objects, defined either from closed contours or from
a set of points [1]. The main reason of using image
moments for visual servoing is that they provide a
generic representation of any object, with simple or
complex shape [7]. In addition, image moments can be
computed easily from binary or segmented image or
from a set of extracted points of interest, disregarding
the object shape complexity [8].

In this paper, we study the visual servoing on multiple
triangles using the moment approach. Every triangle
undergoes its own rigid motion. In a classic visual
servoing scheme, we use a single interaction matrix
that gathers all the moments of all the triangles. The
correction that is applied to the camera is then global.
In our work, we propose to first compute a correction
that is specific to each triangle. Second we average the
overall corrections and apply it to update the camera
pose. We show that our approach is more reliable then
the first naive one. We explicitly derive the formulas
of the method for triangle using the area, the center of
gravity and the orientation of the triangle. These feature
moments allow us to control 4 degrees of freedom of
the camera: the 3D translation velocity and the angular
rotation along the camera axis. We test the robustness
of the studied approach with different image Gaussian
noise.

II. INTERACTION MATRIX BASED ON IMAGE
MOMENTS

The formulas of this section are taken from [6] which
can be referred to for more details. Let T be the observed
triangle in the image aquired by the camera at time t. We
denote D(t) the part in the image where the 3D triangle
projects, and C(t) the contour edges of D(t). We consider
the triangle being segmented in the image. The moments
m

ij

are defined by:
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m

ij

=

Z Z

D(t)
x

i

y

i

dxdy (1)

Fig. 1: Image motion of a triangle.

ṁ

ij

=

I

C(t)
f(x, y)(ẋ, ẏ)T ~ndl (2)

with (ẋ, ẏ)T the motion of the edge contour points
for every (x, y)T 2 C(t) and f(x, y) = x

i

y

i. ~n is
the normal to the triangle edge (see figure 1). dl is
the integral along the triangle edges. We are interested
in determining the analytical form describing the time
variation ṁ

ij

of the moment m
ij

. Observing that in the
above equation the only term that depends on t is D(t)
and by applying Green’s theorem we have

ṁ

ij

=

Z Z

D(t)
div[f(x, y)~ẋ]dxdy (3)

Showing explicitly the divergence, we find that

ṁ

ij

=

Z Z

D(t)
[
@f

@x

ẋ+
@f

@y

ẏ + f(x, y)
@ẋ

@x

+
@ẏ

@y

]dxdy

(4)
ṁ

ij

=

Z Z

D(t)
[ixi�1

y

j

ẋ+jx

i

y

j�1
ẏ+x

i

y

i(
@ẋ

@x

+
@ẏ

@y

)dxdy

(5)
The relation between image point velocity and camera
velocity (3-translation and 3-rotation) [1] can be written
as
✓
ẋ

ẏ

◆
=

2

64
1

Z

0
�y

Z

�xy 1 + x

2 �y

0
1

Z

�y

Z

�(1 + y

2) xy x

3

75 ⇤ v

(6)
with v = (v

x

, v

y

, v

z

,!

x

,!

y

,!

z

)T 2 R

6. Considering
the plane where the triangle lies is

A1X +B1Y + C1Z = D1 (7)

We can thus write the image projection with respect to
the point depth Z as:

1

Z

= Ax+By + C (8)

with A = A1/D1, B = B1/D1 and C = C1/D1. Taking
into account this fact, we replace in the point’s variation
equation to find
✓

@ẋ

@x

@ẏ

@y

◆
=


�A 0 (Ax+By + C) y �2x 0
0 �B (Ax+ 2By + C) 2y �x 0

�
⇤v

(9)
The interaction matrix for moments can then be written
as

L

mij =
⇥
m

vx

m

vy

m

vz

m

wx

m

wy

m

wz

⇤

(10)

8
>>>>>>>><

>>>>>>>>:

m

vx

= �i(Am

ij

+Bm

i�1,j+1 + Cm

i�1,j)�Am

ij

m

vy

� j(Am

i+1,j�1 +Bm

ij

+ Cm

i,j�1)�Bm

ij

m

vz

= (i+ j + 3)(Am

i+1,j +Bm

i,j+1 + Cm

ij

)� Cm

ij

m

wx

= (i+ j + 3)m
i,j+1 + jm

i,j�1

m

wy

= �(i+ j + 3)m
i+1,j � im

i�1,j

m

wz

= im

i�1,j+1 � jm

i+1,j�1
(11)

L

mij can be computed from moments of order less
then i+j+2 and from plane parameters A,B and C for
translational components. The Centered moments can be
written as

µ

ij

=

Z Z

D(t)
(x� x

g

)i(y � y

g

)jdxdy (12)

L

µij =
⇥
µ

vx

µ

vy

µ

vz

µ

wx

µ

wy

µ

wz

⇤
(13)

The triangle orientation can then be written with
respect to the second order centered moments

✓ =
1

2
arctan(

2µ11

µ20 � µ02
) (14)

and the associated interaction matrix is written as

L

✓

=
⇥
↵

vx

↵

vy

↵

vz

↵

wx

↵

wy

�1
⇤

(15)

8
>>>>>><

>>>>>>:

↵

vx

= ✓A+ �B

↵

vy

= ��A� ✓B

↵

vz

= �A↵

wy

+B↵

wx

↵

wx

= ��x

g

+ ✓y

g

+ �

↵

wy

= ✓x

g

� �y

g

+ ⌫

(16)

2

1388

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



with
8
>>>>>>>><

>>>>>>>>:

✓ = µ11(µ20 + µ02)/�

� = [2µ2
11 + µ02(µ02 � µ20)]/�

� = [2µ2
11 + µ02(µ20 � µ02)]/�

� = 5[µ12(µ20 � µ02) + µ11(µ03 � µ21)]/�

⌫ = 5[µ21(µ02 � µ20) + µ11(µ30 � µ12)]/�

� = (µ20 � µ02)2 + 4µ2
11

(17)

The area of the triangle being

a = m00 (18)

L

a

=


�aA �aB a(

3

Z

g

� C) 3ay
g

�3ax
g

0

�

(19)
The triangle’s center of gravity in the image being

x

g

=
m10

m00
, y

g

=
m01

m00
(20)

L

xg =

 �1

Z

g

0
x

g

Z

g

+ ✏1
x

g

y

g

+ 4n11 � (1 + x

2
g

+ 4n20)yg

�

(21)

L

yg =


0
�1

Z

g

y

g

Z

g

+ ✏2
1 + y

2
g

+ 4n02 � x

g

y

g

� 4n11)�xg

�

(22)
8
>><

>>:

1

Z

g

= Ax

g

+By

g

+ C

✏1 = 4(An20 +Bn11)

✏2 = 4(An11 +Bn02)

(23)

n

ij

=
µ

ij

a

with
8
><

>:

µ20 = m20 � ax

2
g

µ02 = m02 � ay

2
g

µ11 = m11 � ax

g

y

g

(24)

III. EXPLICIT IMAGE MOMENTS FOR A TRIANGLE

In this section we derive analytic expressions of the
moments for a 2D triangle primitive. The analytic ex-
pressions allows us to speed up the computation of the
formulas involving double integrals which are presented
in the previous section. Let ABC be a triangle in
an image with coordinates A(x1, y1), B(x2, y2) and
C(x3, y3), see figure 2. The equations of each line edge
of the triangle are written as
line AB

y � y1

x� x1
=

y2 � y1

x2 � x1
= ↵

AB

(25)

Fig. 2: Image of a triangle on (oxy) image plane with
domains of integration.

y = ↵

AB

x+ y1 � ↵

AB

x1 (26)

line BC
y = ↵

BC

x+ y2 � ↵

BC

x2 (27)

↵

BC

=
y3 � y2

x3 � x2
(28)

line AC
y = ↵

AC

x+ y1 � ↵

AC

x1 (29)

↵

AC

=
y3 � y1

x2 � x1
(30)

m01 =

Z Z

D

ydxdy =

Z Z

D1
ydxdy +

Z Z

D2
ydxdy

(31)

m01 =

Z
x3

x1

(

Z
y=↵ACx+y1�↵ACx1

y=↵ABx+y1�↵ABx1

ydy)dx+

Z
x2

x3

(

Z
y=↵BCx+y2�↵BCx2

y=↵ABx+y1�↵ABx1

ydy)dx (32)

I1 =

Z
x3

x1

�
↵

AC

� ↵

AB

�
x�

�
↵

AC

� ↵

AB

�
x1dx (33)

I1 =
�
↵

AC

� ↵

AB

� ✓
x

2
3 � x

2
1

2

◆
� x1

�
x3 � x1

��

(34)
I1 =

�
↵

AC

� ↵

AB

� �
x3 � x1

� ⇣
x3 + x1

2
� x1

⌘
(35)

change equation of AB :

↵

BA

=
y1 � y2

x1 � x2
(36)

y = ↵

BA

x+ y2 � ↵

BA

x2 (37)

I2 =

Z
x2

x3

Z
y=↵Bcx+y2�↵BCx2

y=↵BAx+y2�↵BAx2

(38)

I1 =
�
↵

BC

� ↵

BA

� �
x2 � x3

� ⇣
x2 + x3

2
� x2

⌘
(39)
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m00 = ↵

AC

� ↵

AB

x3 � x1
x3 + x1

2
� x1 (40)

+↵

BC

� ↵

BA

x2 � x3
x2 + x3

2
� x2 (41)

IV. VISUAL SERVOING LOOP FOR ONE TRIANGLE

We will now show how we build a control strategy
based on multiple triangle setup. To do this, we consider
the vector s = (a, x

g

, y

g

, ✓) which represents the
moments extracted from the image for a given triangle.

We will minimize the error defined by the following
relation

e(t) = s� s

⇤ (42)

s is the vector of current moments and s

⇤ is the
vector of desired moments. We need to determine the
relationship between the speed of the visual moments ṡ

and the velocity of the camera v

ṡ = Lv (43)

Where v is a translational speed and rotation vector in
3D v = (v

x

, v

y

, v

z

, w

x

, w

y

, w

z

)T . Using equations (42)
and (43), we obtain the relation between the speed of
the camera and the variation in time of the error:

ė = Lv (44)

using the equation (44) we will cancel the error with
the introduction of a proportional gain �

v = ��L

+
e (45)

where L

+ is the pseudo-inverse of L. continuing the
development we find

v = ��L

+(s� s

⇤) (46)

We close the servoing loop using (44) and assuming that
we realize perfectly v

ė = ��LL

+
e (47)

The last equation characterizes the servoing scheme of
this study. The following relation will make it possible
to define the representation of the servoing scheme for
a triangle.

0

BB@

ȧ

ẋ

g

ẏ

g

✓̇

1

CCA =

0

BB@

L

a

L

xg

L

yg

L

✓

1

CCA v = Lv (48)

In this work, we compute the matrix L at the de-
sired pose of the triangular primitive. This last equation
provides four equations to control the velocity and the

angular rotation around the camera axis. To be able to
control the two other rotation angles we have to add
two more moments that takes into account the fourth
and fifth order moments [8]. This is beyond the scope
of this paper and will be addressed in future work.

V. VISUAL SERVOING LOOP FOR MULTIPLE
TRIANGLE

In the case of n triangles, a naive and classic scheme
would be to stack the interaction matrices in a row-wise
style and process one single correction for the camera
as follows

v = ��

0

B@
L1
...
L

n

1

CA

+ 0

B@
e1
...
e

n

1

CA (49)

In this paper, we propose to compute a single correction
per triangle

v

i

= ��L

+
i

e

i

, i = 1, · · · , n (50)

and then to compute an average correction overall the
per-triangle corrections

v =
1

n

nX

i=1

v

i

(51)

We show that this method converges better than the
naive one. It also provides more consistent results and
it is more reliable in term of visual accuracy. Indeed,
when the triangles undergo different motions the global
correction scheme is not anymore realistic since it looks
for a single rigid motion while in reality the triangles
have different rigid motions.

VI. SIMULATION RESULTS

We study the visual servoing on multiple triangles
using the moment approach to control the camera’s four
degrees of freedom (Velocities and Camera axis angular
speed: v

x

, v

y

, v

z

and !

z

respectively). We put two
triangles in two different positions. At the desired state,
the camera is aligned with the world marker and the
triangle is positioned in front of the camera so that
A = B = 0. The orthogonal distance of the triangle
to the camera center is 2 meters. At the initialization
state the camera is rotated by 5 degrees around its
optical axis Z and translated by 0.5 meters along its
X axis. The focal length of the camera is f = 15001.
Figure 3 depicts simulation results that correspond to
changes in the triqngles’ positions, while Figures 4 and

1If not mentioned, the units of distances are meters and the angles
are degrees.
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5 show results corresponding to changes in camera’s
positions alone then both triangles’ and camera’s posi-
tions respectively. The current and referrence triangles
are picked with different positions as shown in the first
graph, the second graph illustrates the convergence from
current to reference positions after many iterations, this
convergence is demonstratedin the third diagram. The
fourth graph shows how the components of the moment
change with the number of iterations, the steady state is
reached after approximately 50 iterations. The translation
and rotation of the camera are given in the fifth and
sixth diagrams. We see in the figures 3 and 4 that we
have chosen two triangles: one triangle on the (oxy)
plane with vertices at position p0 (:, 1) = [3; 3; 2;
1]; p0 (:, 2) = [3; -3; 2; 1]; p0 (:, 3) = [-3; -3; 2;
1] (in Matlab notation). We aplied a transformation T1
which represents a translation followed by a rotation.
The second triangle has vertices at the points p1 (:, 1) =
[3; 6; 2; 1]; p1 (:, 2) = [3; 0; 2; 1]; p1 (:, 3) = [-3; 0; 2;
1]. We applied another transformation T2 different than
T1.From the experiments conducted, it appears that the
average control-based approach is more reliable than the
approach based on the use of a single interaction matrix
for all triangles. It can be observed that the convergence
speed is fast enough for the approach’s time step (after
150 iterations). We also ran a similar setup on three
triangles and the obtained control converges as well, as
can be seen in figure 5.

VII. CONCLUSION

We applied the visual servoing on several triangles
which have different piece-wise rigid motions. Using
an approach of the analytic moment on each triangle
independently of the other we compute a separate correc-
tion for each. We derived an average camera correction
based on the per-triangle corrections. In this way, we
can see the triangles as much as possible with the initial
view despite of applying different rigid movement on the
triangles. We showed that this approach is more reliable
in term of visual accuracy and gives better results than
using a common interaction matrix for all triangles.
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Fig. 3: Results of applying the rigid visual servoing on two triangles using the moment approach.

Fig. 4: Results of applying the piece-wise rigid visual servoing on two triangles using the moment approach.
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Fig. 5: Results of applying the piece-wise rigid visual servoing on multiple triangles using the moment approach.
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Abstract—Fault detection plays an important role in

supervising the operation of robotic swarm systems. If faults

are not detected, they can considerably affect the performance

of the robot swarm. In this paper, we present a robust

fault detection mechanism against noise and uncertainties in

data, by merging the multiresolution representation of data

using wavelets with the sensitivity to small changes of an

exponentially weighted moving average scheme. Specifically, to

monitor swarm robotics systems performing a virtual viscoelastic

control model for circle formation task, the proposed mechanism

is applied to the uncorrelated residuals form principal component

analysis model. Monitoring results using a simulation data

from ARGoS simulator demonstrate that the proposed method

achieves improved fault detection performances compared with

the conventional approach.

I. INTRODUCTION

Swarm robotics is a new line of research that has been
first founded to mimic the intelligence observed in natural
swarm systems such as insects and flocks of birds [1], [2].
As with swarms in nature, while involving a large group of
relatively simple robots, complex tasks in swarm robotics can
be effectively accomplished collaboratively and co-operatively
[3]. However, it has been reported that performing such tasks
could be affected by specific faults called partial failures [4].
Therefore, the detection of such types of faults must be taken
into account when designing robust controllers for robotic
swarm systems.

So far, two kinds of fault detection approaches, endogenous
and exogenous methods, have been developed to monitor
robotics swarm systems [5]. Endogenous fault detection
methods are the type of techniques in which a robot is
able to detect failures arising in its own components. A few
works approaching such methodology can be found in [6]–[9].
However, these methods might not be able to signal few kinds
of anomalies such as dead battery to the other robots of the
swarm.

On the other hand, exogenous fault detection methods are
the type of methods that have recently been a matter of
interest in the literature of swarm robotics. While compared
to the endogenous fault detection methods, these methods
have the ability to allow one or more robots to detect faults
that occur in other robots of the swarm. This means that the
fault detection decision is made collaboratively by generally

tacking into account the information available in the swarm
[10]. A number of works have been done in this vision.
For example, Christensen et al. [10] reported an exogenous
fault detection method inspired by the firefly behaviour. The
method was able to allow real robots to detect faulty robots
among operating robots. Jakimovski et al. [11] implemented
an Artificial Immune System (AIS) algorithm that took its
inspiration from the mechanisms of the T-Cell Receptor
and intracellular signalling network, and which successfully
detected faults in a robotics swarm system. In the same
vision, Tarapore et al. [12] adopted an AIS technique to test
the efficiency of a swarm robotics exogenous fault detection
approach using a set of swarm behaviours as a case studies.
In another studies, Khadidos et al. [13] suggested using a
communication strategy that broadcasts the motor speeds of
robots as well as their sensor readings to the neighbours in
an efficient exogenous fault detection method applied to a
swarm robotics system. Millard et al. [14] were able to detect
faults on a robots swarm at real-time through comparing a
prediction model implemented locally in each robot with the
real behaviour of the other robots of the swarm.

Despite using endogenous or exogenous fault detection
approaches, both can be formally developed through
mathematical models or data-driven implicit models. When
using mathematical-based models, the fault detection process
is decided by comparing the current behaviour of the
system with its predicted behaviour [15]. Unfortunately, such
predicted models are usually derived from system analytical
models, which are generally hard to design in a precise
way [16]. Therefore, data-driven implicit models come to
overcome such drawbacks and to be moreover appropriately
applied in cases where explicit models cannot be used [16],
[17].

In fact, data-driven implicit models are mostly approached
using computational intelligence and machine learning
algorithms. In this context, multivariate statistical process
control schemes are among those algorithms that have been
widely applied to monitor many industrial processes [18].
But, yet little works have been done to monitor robotics
swarm systems. Recently, Khaldi et al. [18] were able to
successfully applied a statistical procedure to monitor a
group of foot-bots robots during a circle formation task [19].
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The main idea of their procedure was to combine the
flexibility of the principal component analysis (PCA) modeling
to generate residuals with the greater sensitivity of the
exponentially weighted moving average scheme (EWMA)
to detect faults. The approach was able to detect many
case studies failures on a swarm robotics system. However,
EWMA-based charts ignore the multiscale nature of data,
which are generally encapsulated by the noise present in
measurements. This noise can easily mask the important
features existed in data and therefore results in misleading
indications. Moreover, noisy measurements are swiftly spread
in the time-frequency domain. Thus, features should be
effectively extracted from time and frequency scale. In
statistics, one of the efficient tools that have this ability is the
multiresolution representation of data via wavelets [20]–[23].
In this paper, an improved mechanism merging the benefits of
the multiscale representation technique and EWMA scheme
is proposed to deal with noisy measurements and therefore to
enhance the quality of detecting faults in robot swarms. This
mechanism will be called the WM-EWMA chart hereafter.
Similar to the case study done in [18], the WM-EWMA
approach is tested on a group of foot-bots robots performing a
circle formation task via the virtual viscoelastic control (VVC)
model.

II. VIRTUAL VISCOELASTIC CONTROL MODELING
APPROACH

In the VVC model, a virtual physics approach is followed to
self-organize a swarm robotics system into a circle formation
[19]. The idea behind the VVC model is to model the
interactions between the robots, and hence the movement of
the overall swarm, using virtual viscoelastic forces. A VVC
configuration of a circle of radius r, formed by four foot-bot
robots, is illustrated in Fig. 1 .

Fig. 1. A VVC configuration of a circle formed by 4-robots.

Equation (1) indicats how the total virtual viscoelastic force
F

i

vvc exerted on a robot i is gotten. Then basing on that force,
the desired forward speeds v

r

i

and v

l

i

of the right and the left
wheels of the robot is given in equation (2).

F

vvc

i

=
nX

j=1

(k
s

(d
i,j

� d0)d̂ij + µ(v
i

� v

j

), (1)


v

li

v

ri

�
=


1 b

2
1 �b

2

� 
v

i

!

i

�
, (2)

with
!

i

= k

!

\F vvc

i

, v

i

=
v

maxp
| !

i

| +1
(3)

Where in equation (1), d0 = 2r sin(⇡/(n + 1)) is the
equilibrium length of the spring, n is the number of neighbors,
k

s

is the spring constant, d

i,j

is the current length of the
spring between two interacting robots, d̂

ij

is the unit vector
indicating the direction of the virtual viscoelastic force, and µ

is the damping coefficient. v
i

and v

j

are the velocities of the
interacting robots i and j.

Whereas in equation (2), b is the distance between the robot’
wheels, !

i

is the robot’ angular velocity, and v

i

is the robot’
forward speed.

Finally in equation (3), k
!

is a gain constant, \F vvc

i

refers
to the angle formed by the force F

vvc

i

, and v

max

is the
maximum allowed forward speed.

In a foot-bot robot, the VVC model is achieved using
the robot’ RAB device (range and bearing sensing and
communication device). With this device and within a
maximum range D

r

, messages can be sent and received
to (from) neighboring robots. The constants used for the
implementation of the VVC model in the foot-bot robot can
be found in [19]. The implementation of the VVC model on
each foot-bot is tested in the the ARGoS simulator [24]. The
ARGoS-based setup of the model is further detailed in Section
IV.

III. PROPOSED DETECTION STRATEGY FOR A ROBOT
SWARM SUPERVISION

The proposed monitoring mechanism is based on the
PCA-based feature extraction, which is used to create the
residuals for fault detection. The integrated EWMA with
multiresolution data decomposition, WMEWMA scheme, is
applied to residuals for monitoring the operation of a robot
swarm (Figure 2). The detection mechanism is introduced in
this section.

Fig. 2. Proposed mechanism for monitoring the operation of a robot swarm.

A. Feature extraction via PCA

PCA has become a well-reputed modeling procedure used
for extracting relevant information from multivariate data [17],
[25]–[27]. Let X =

⇥
x

T

1 , . . . , x

T

n

⇤
T 2 R

n⇥m be a scaled
measurement matrix with n measurements and m variables.
The data matrix X is factorized using PCA scheme into two
orthogonal parts,

X = TWT =
kX

i=1

t

i

w

T

i

+
mX

i=k+1

t

i

w

T

i

= bX+E (4)
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where bX is the approximated data and E is a residual data.
T = [t1 t2 · · · tm] 2 R

n⇥m and W 2 R

m⇥m represent
a matrix of the transformed uncorrelated variables (principal
components) and loading matrix, respectively. Given certain
correlation (redundancy) in data X, the first ’k’ PCs (where
k < m) are abale to capture most of the variability in X. The
loading matrix is usually computed via SVD of the covariance
matrix S of the input data X as:

S =
1

n� 1
XTX = W⇤WT with WW

T = W

T

W = I

n

.

(5)
Here, ⇤ = diag(�2

1 , . . . ,�
2
m

) is a diagonal matrix comprising
the decreasingly ordered eigenvalues of S [28]. The
eigenvalues �

i

are equal to the variance of the PC t

i

, �2
i

. Here,
we use CPV procedure to select the number of retained PCs,
CPV (l) =

Pk
i=1 �iPm
i=1 �i

⇥100. In this CPV procedure, the number
of PCs is determined by counting PCs until the cumulative
variance explains the desired percentage (e.g., 90%) of the
total variance.

In [18], a data-driven approach based on PCA model
for monitoring a robot swarm has been developed. In
this approach, a PCA model was employed for generating
residuals and an EWMA chart was used to detect faults in
the monitored robot swarm. However, the noise present in
measurements can mask important features in data or lead to
misleading indications by increasing false alarms and missed
detections. In addition, EWMA-based charts don’t consider the
multiscale nature of data. Robustness of a monitoring system
is crucial to operating in noisy environments whilst preserving
sensitivity to anomalies. The measurement noise is spread in
time-frequency domain which needs suitable feature extraction
from both time and frequency scale. Wavelet-based multi-scale
representation of data has shown to be a powerful data analysis
tool since it can extract useful data simultaneously from time
as well as frequency domain. To cope with the aforementioned
limitations, we propose an approach based on the fusion of
the EWMA scheme with wavelet-based multiscale analysis for
further enhanced detection results.

B. The WM-EWMA approach
Integrating the benefits of multiscale representation with

those of the EWMA approach should result in an enhanced
monitoring system. To achieve this integrated approach, we
developed the WM-EWMA-based fault detection scheme
based on the wavelet coefficients at different scales.

The EWMA procedures have been largely applied to
monitor the operation of industrial processes [29], [30]. The
EWMA decision rule is computed by [31],

z

t

= ⌫x

t

+ (1� ⌫)z
t�1, t = 1, 2, . . . , 0 < ⌫  1, (6)

where z0 is the fault-free mean of data, µ0, and ⌫ is
the smoothing parameters. When the charting statistic, z

t

,
becomes larger than a threshold, UCL, a signal of a potantial
fault is triggered.

UCL = µ0 + 3�0

r
(

⌫

(2� ⌫)
[1� (1� ⌫)2t], (7)

where �0 is standard deviation of the fault-free data.

It should be pointed out that the presence of highly noisy
measurements negatively affects the performance of a fault
detection procedure. The effect of noise has to be handled
such that the faults could be detected successfully. Since
the measurement noise is multi-scale in nature, a multi-scale
representation using wavelets have been used for detection.
Here, we design an innovative fault detection methodology
by integrating a PCA model with WM-EWMA monitoring
scheme for enhanced monitoring capability of swarm robotics
systems.

Multiresolution representation of signal using wavelet
permits simultaneous time and frequency analysis of a signal.
By using the Discrete Wavelet Transform (DWT) a signal,
x(t), can be expressed as a combination of approximation,
A

J

(t) and detail coefficients, D
j

(t) [32].

x(t) = A

J

(t) +
JX

j=1

D

j

(t), (8)

where the coarsest scale J usually termed the decomposition
level.

We applied EWMA anomaly detection method to detailed
signals obtained using a multiscale representation of the data.
A fault-free training data set was utilized to compute the
control limits at multiple scales, which were then applied
to the detailed signals of the testing data on multiple
scales when these thresholds are surpassed, the presence of
a fault is indicated. This proposed monitoring scheme is
diagrammatically summarized in Figure 3.

Fig. 3. Multiscale EWMA monitoring chart.

C. Combination of PCA and WM-EWMA scheme for fault
detection:

In PCA modeling, the few retained principal components
(contain the most relevant information) capture the largest
amount of covariance in the data while the smaller PCs
represent the residuals of the process. These residuals become
closer to zero under the normal conditions, whereas a larger
residuals values are obtained in the presence of abnormal
conditions. Unfortunately, in a noisy environment, faults and
important features can easily get lost in the noise. In other
words, a large amount of noise can mask faults, and ultimately
influence fault detection capability. Residuals from PCA are
used as the input to fed WM-EWMA approach for detecting
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potential faults in a swarm robot. We can evaluate the
process performance by applying the WM-EWMA chart to
the generated residuals from the PCA model. The novelty
of our approach is to develop a robust fault detection
approach to noise measurements by exploiting the benefits
of the multiscale representation of data and those of the
EWMA scheme to better detect abnormal behaviors. Figure 4
schematically presents the proposed approach. To monitor
the operating conditions of the inspected swarm robot, we
first construct an appropriate PCA model using fault-free
measurements and then compare the predicted from the
model with measured (simulated) data. And fault detection
is performed by evaluating the generated residuals based on
the WM-EWMA monitoring scheme.

Fig. 4. A diagrammatic representation of the proposed procedure.

IV. SIMULATION RESULTS

In this study, a circle formation task is achieved using
an ARGoS-based implementation of the VVC model in a
swarm of 6 foot-bots. The ARGoS configuration setup of the
undergoing simulations is as follows:

The foot-bots are randomly distributed in an indoor area
of 10 ⇤ 6m2 of surface. The RAB device of each foot-bot
is activated within a range D

r

= 3m. 5 runs of 1500 time
step each are performed for the same experiment. During the
experimental simulations, the data in Table.I are collected to
be further used as inputs/outputs for the proposed monitoring
methodology.

TABLE I
MEASUREMENTS OBTAINED FROM THE ARGOS SIMULATOR.

The training data collected in the absence of abnormalities
would be used for building the PCA model and the developed
model would be used for validating the testing data by the
use of the conventional EWMA chart and its improved version
WM-EWMA approach. The training data set consists of 3000

samples and 12 variables (i.e., viscoelastic force-length and
viscoelastic force angle from each robot). CPV approach is
employed to determine the number of PCs in the PCA model.
Three PCs, which capture 96% of the useful information in
the inspected swarm, are selected in order to build the PCA
model. Once the model is developed from the training data,
it would be used with the proposed WM-EWMA approach to
detect anomalies in the testing data. Four types of anomalies
in robotic swarm systems, namely bias anomaly, intermittent,
random walk, and complete stop faults would be introduced
into the testing data.

A. Detection results
The faults types considered in this study have been injected

to the true measures of the motor and the RAB sensor of one
or more foot-bots while a swarm of six foot-bots is performing
a circle formation task. All partially faulty data were injected
in real time during an ARGoS based simulation of the desired
task.

1) Cases of a robot swarm with abrupt faults: To verify the
effectiveness of the proposed approch in detecting abrupt faults
in a robot swarm, we introduced a bias to the measurements
of the viscoelastic force-length of the first robot from sample
times 150 to 200. The amplitude of the introduced bias
is equal to 10% of the total variation found in the raw
data. The performances of conventional EWMA chart and
its multiscale extension, WM-EWMA, in detecting a fault
in swarm robots are studied under noisy environment. To do
so, let us consider scenarios when the measurement sensors
were corrupted by noise. We modeled measurements noise
with Gaussian distribution with zero mean and a standard
deviation, �, but this time we investigate different values of
� = 0.3, 0.9, 1.7. The results of the two charts for testing
data with � = 0.9 (moderate noisy data)are demonstrated in
Figures 5.

Fig. 5. (a) EWMA and (b) WM-EWMA schemes in the case of an abrupt
fault, moderate noisy data example.

To make statistically valid conclusions on the robustness
of these two monitoring charts against noise measurements,
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a Monte Carlo simulation with 1000 realizations is
accomplished in each scenario (Table II). Table II confirms
the robustness to noise measurements and sensitivity to abrupt
faults of the proposed PCA-based WM-EWMA approach
compared to the conventional approach.

TABLE II
FAR AND MDR VALUES OF THE EWMA AND MW-EWMA SCHEMES IN

VARIOUS SCENARIOS OF NOISY DATA.

2) Cases of a robot swarm with intermittent faults: Here,
the robustness to sensor noise and sensitivity to intermittent
faults of the proposed approach have been investigated. An
intermittent fault has been introduced into the raw data,
with a bias of amplitude 40% of the total variation of
raw measurements from time instant 50 to 100 and bias of
amplitude 10% for time instant 150 to 200. Figures 6 illustrate
the monitoring results of EWMA and WM-EWMA approaches
for the moderate noise level case in which the raw data
are tainted with moderate noisy data (� = 0.9). Table III
summarize the performance of the two approaches in term
of the average of FAR and MDR computed using a Monte
Carlo simulation with 1000 replicated simulations. Results in
Table III confirms the superiority of the WM-EWMA approach
compared to conventional EWMA approach shows that the
proposed approach results in lowest FAR and MDR compared
to the conventional one.

Fig. 6. (a) EWMA and (b) WM-EWMA schemes in the case of an intermittent
fault, moderate noisy data example.

In summary, accurate and timely detection of faults in
a robot swarm is important to avoid deterioration and
degradation of the efficiency of the monitored swarm. The
presence of noisy data degrades the capability of a fault

TABLE III
FAR AND MDR VALUES OF THE EWMA AND MW-EWMA SCHEMES IN

VARIOUS SCENARIOS OF NOISY DATA.

detection system. Regretfully, the conventional PCA-EWMA
is not entirely reliable, that is, it produces several false alarms
and potential faults could be missed in the presence of noisy
data. A proper integration of EWMA approach together with
a wavelet-based multiscale representation is proposed to keep
a suitable sensitivity to faults whilst reducing the influence
of measurements noise. Although the proposed approach is
successful in detecting of different faults in a robot swarm
under noisy environment.

V. CONCLUSION

This work proposes an improved EWMA scheme applied
to a robotic system for fault detection under noisy conditions.
This method combines the advantages of PCA, the EWMA
chart, and wavelet-based multiresolution smoothing. PCA
model is used to generate residuals for fault detection. The
new detection scheme, WM-EWMA, merges the benefits
of multiscale representation of data and those of the
EWMA scheme to suitably detect faults. Here, multiscale
representation of data using wavelets, which is able to
decouple features/noise, has been used to enhance fault
detection performance minimizing uncertainties and noise
effects. Superiority and robustness of the proposed approach
to noise measurements compared to that of the conventional
PCA-EWMA have been tested by simulated data obtained
from the ARGoS simulator.
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Abstract— The ball and plate system, which has more than 
one variable, is a non-linear system. The stability of the ball 
and plate system can be performed when the ball is moved 
to any desired coordinates on the plate or to the desired 
orbit. The degree of freedom of the ball and plate system is 
greater than the number of actuators that move the system. 
Therefore, the control of the system is a difficult problem. 
There is friction, measurement delays and unstable 
parameters that can affect the system control negatively. 
The designed physical model was implemented using 
Arduino Uno R3 development card by using PID, Sliding 
Mode Control (SMC) and Fuzzy Logic Control (FLC) 
methods through LabVIEW environment. For this aim, a 
user interface is created on the Labview program and a 
system design is implemented in which control parameters 
can be changed or different control algorithms can be 
tested. 

Keywords— Ball and Plate Mechanism, PID Controller, Sliding 
Mode Controller, Fuzzy Logic Controller, Arduino Uno R3 

I. INTRODUCTION

In the laboratories of technological institutions, training 
models are available to facilitate testing of control algorithms 
developed by research groups in specific fields. Similarly, these 
models are also used as preliminary benchmarks before serial 
production of products. The growing trends in product 
development are increasing through training models in both 
institutional and commercial research areas. It has become 
important to be able to test it comfortably on the simplified 
model, which is quite close to the real model in the laboratory 
environment. In general, it is impossible or costly to directly 
test the control algorithms using real systems in the laboratory 
environment [1]. For example, testing and experimenting with 
a high-tech humanoid robot control strategy would not be 
economical, as it would be unnecessary to experiment with the 
robot itself. But it would be preferable in preliminary 
investigations to make experiments on the inverted pendulum 
to simulate a walking human since this system has more 
acceptable costs and less risks. Similarly, the subject of this 
study, the ball and plate system, draws the attention and 

popularity of many researchers from different disciplines. In 
simple terms, the system consists of a flat plate with a 
rectangular or circular geometry with center-turning capability, 
so that the plate can move in two axes as the ball moves on the 
plate. For this reason, the main goal is to command the ball so 
that the ball can be positioned at a specific coordinate on the 
plate, or to allow the ball to follow a specific trajectory on the 
plate. 

Unlike other training models, the ball and plate system have 
interesting features in terms of the operation of unstable and 
nonlinear systems. First, the ball and plate mechanism has four 
degrees of freedom, with ball and beam, reverse pendulum, and 
magnetic levitation mechanisms having two, two, and one 
degrees of freedom, respectively. Secondly, despite the stability 
problems that can be worked out with these training models, the 
ball and plate mechanism can also offer the opportunity to 
examine trajectory tracking problems. The ball and plate system 
was first established in the Rockwell Laboratory of the 
University of Czechoslovakia in the 1990s [2]. 
     The ball and plate system with two inputs and two outputs is 
a highly variable electromechanical system. The system is 
incompletely driven because the number of actuators on the 
system is lower than the degree of system freedom [3]. 

In the PID control technique, which is one of control 
techniques for control of dynamic systems mostly preferred due 
to its simplicity in application. The determination of PID 
parameters is an important topic in controller design. In 
addition to the applications that have been previously adjusted 
according to the process result that the PID parameters are tuned 
and tuned during the operation and also there are studies to 
change the first entered PID control parameters according to the 
process result in real time using artificial neural networks or 
fuzzy logic control techniques [4, 5]. 

The Sliding Mode Control (SMC) is known for its 
uncertainty over the system and its insensitivity to disturbing 
effects. In this control method, which is inherently 
discontinuous, it is expected that system conditions will reach 
the sliding surface. If system conditions go out of the sliding 
surface, the controller will try to move the situation to the 
sliding surface by generating a sudden output signal. This 
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switching signal, which has unlimited frequency that can cause 
a lot of sudden changes in a short time, is called chattering and 
is a situation that can cause problems according to the 
application being worked on [6]. 

Unlike traditional control methods, Fuzzy Logic Control 
(FLC) does not require a mathematical model. FLC, which is 
also effective in controlling nonlinear systems, generates fuzzy 
clusters using linguistic variables. The controller input and 
output are defined by these fuzzy sets generated. There is a need 
for a rule table consisting of linguistic variables to determine 
the relationship between input and output clusters in FLC [4]. 

In this study, the position and trajectory control of the ball 
and plate system was performed using PID, SMC and FLC 
methods. First, the transfer function is obtained by deriving the 
mathematical model of the system. The controller design 
created on the LabVIEW program in computer environment has 
been made compatible with the Arduino Uno R3 development 
kit via the same interface. The connection between the 
development kit and the actuators on the ball and plate system 
is provided by means of a designed power card. In contrast to 
the different position and trajectory reference inputs entered 
through the LabVIEW interface, the system's output data is 
plotted in real-time in the LabVIEW environment and 
compared against performance criteria. 

II. MATHEMATICAL MODEL OF THE SYSTEM 
The physical model of the ball and plate system is shown in 

Fig. 1 and Fig. 2 shows the degree of freedom. 
 
 
 
 
 
 
 
 
 
 
Euler-Lagrange motion equations were used while creating 

a mathematical model. The motion equations are derived from 
the s' and s'' states of the ball and plate system as shown in Fig. 
2. 

 
Fig. 2. Free-body diagram 

 
The following assumptions have been made for the 

mathematical modeling: 
• The ball is in continuous contact with the plate. 
• There is no sliding between the ball and the plate. 

• Friction forces are neglected. 
• The ball is symmetrical and homogenous. 
• There is no limit to the slope of the plate. 
According to these assumptions, kinetic energy expressions 

of ball and plate are given in (1) and (2). 

𝑇𝑏 = 1
2

(𝑚𝑏 + 𝐽𝑏
𝑟𝑏

2) (�̇�𝑏
2 + �̇�𝑏

2)                    (1)           

 

𝑇𝑝 = 1
2

[𝐽𝑝𝑥�̇�2 + 𝐽𝑝𝑦�̇�2 + 𝐽𝑏(�̇�2 + �̇�2) + 𝑚𝑏(𝑥𝑏�̇� + 𝑦𝑏�̇�)2](2) 

 
𝑉𝑏 = −𝑚𝑏𝑔(𝑥𝑏 sin 𝛼 + 𝑦𝑏 sin 𝛽)                             (3) 
 

where Tb and Tp denote the kinetic energy of the ball and plate, 
respectively, and Vb is the potential energy of the ball. When 
the plate kinetic energy equation is derived, the ball is taken as 
a mass point in x-y coordinates. The potential energy of the ball 
is given in (3). Equations (4) and (5) are the expressions written 
in the form of actuator angles of the plate axes of both axes: 

 
sin 𝛼 = 𝑟𝑚

𝐿𝑥
sin 𝜃𝑥                               (4) 

 
sin 𝛽 = 𝑟𝑚

𝐿𝑦
sin 𝜃𝑦                                 (5) 

If the Langrange method is applied to the kinetic and 
potential energy equations and if partial derivatives are taken, 
then Equations (6) and (7) are obtained for both axes. If the 
Langrange method is applied for α and β, the torque equations 
in (8) and (9) are obtained. 
  
(𝑚𝑏 + 𝐽𝑏

𝑟𝑏
2) �̈�𝑏 − 𝑚𝑏𝑥𝑏�̇�2 − 𝑚𝑏𝑦𝑏�̇��̇� − 𝑚𝑏𝑔 sin 𝛼               (6) 

 

(𝑚𝑏 + 𝐽𝑏
𝑟𝑏

2) �̈�𝑏 − 𝑚𝑏𝑦𝑏�̇�2 − 𝑚𝑏𝑥𝑏�̇��̇� − 𝑚𝑏𝑔 sin 𝛽                 (7) 

 
(𝑚𝑏𝑥𝑏

2 + 𝐽𝑏 + 𝐽𝑝𝑥)�̈� + 2𝑚𝑏𝑥𝑏�̇�𝑏�̇� + 𝑚𝑏𝑥𝑏𝑦𝑏�̈� + 𝑚𝑏(�̇�𝑏𝑦 +
𝑥�̇�𝑏)�̇� = 𝜏𝛼 − 𝑚𝑏𝑔𝑥𝑏 cos 𝛼                                    (8) 
 
(𝑚𝑏𝑦𝑏

2 + 𝐽𝑏 + 𝐽𝑝𝑦)�̈� + 2𝑚𝑏𝑦𝑏�̇�𝑏�̇� + 𝑚𝑏𝑥𝑏𝑦𝑏�̈� + 𝑚𝑏(�̇�𝑏𝑦 +
𝑥�̇�𝑏)�̇� = 𝜏𝛽 − 𝑚𝑏𝑔𝑦𝑏 cos 𝛽                                 (9) 

 
This mathematical model of non-linear terms can be 

simplified by making some assumptions [7]. If the differential 
equations in (7) and (8) are linearized around the operating 
point, the expressions in Eq. (10) can be written for small 
angles. 

sin 𝜃𝑥 ≈  𝜃𝑥,     sin 𝜃𝑦 ≈  𝜃𝑦                                           (10) 
In the ball and plate mechanism, if the actuator angles are 

chosen as the system input and ball position is chosen as the 
system output and then if the necessary Laplace transformations 
of the variables are made, the transfer functions of the axes are 
finally obtained as in (11) and (12). 

Fig. 1. Physical model of ball and plate system 

a,b 
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As seen from the transfer functions, the system consists of 
two inputs and two outputs:  

 
𝑋𝑏(𝑠)
𝜃𝑥(𝑠)

= 𝐾𝑥
𝑠2                                                            (11) 

 
𝑌𝑏(𝑠)
𝜃𝑦(𝑠)

= 𝐾𝑦

𝑠2                                                    (12) 
 

𝐾𝑥 = 𝑚𝑏𝑔𝑟𝑏
2𝑟𝑚

[(𝑚𝑏𝑟𝑏
2+𝐽𝑏)𝐿𝑥]

    𝐾𝑦 = 𝑚𝑏𝑔𝑟𝑏
2𝑟𝑚

[(𝑚𝑏𝑟𝑏
2+𝐽𝑏)𝐿𝑦]

                    (13) 

 
 

TABLE I. Ball and Plate System Mathematical Model Parameters 

Symbol Unit Explanations 
𝑚𝑏 𝑘𝑔 The mass of the ball 
𝑟𝑏 𝑚 The radius of the ball 
𝑟𝑚 𝑚 Motor arm length 
𝑔 𝑚/𝑠2 Gravitational acceleration 
𝐿𝑥 𝑚 The x-axis length of the plate 
𝐿𝑦 𝑚 y-axis length of the plate 
𝑥 𝑚 Position of the ball in the x-axis 
𝑦 𝑚 Position of the ball in the y-axis 
𝛼 degree Angle in the x-axis of the plate 
𝛽 degree Angle in the y-axis of the plate 
𝜃𝑥 degree x-axis motor angle 
𝜃𝑦 degree y-axis motor angle 
𝐽𝑏 𝑘𝑔𝑚2 The inertia moment of the ball 

𝐽𝑝𝑥 𝑘𝑔𝑚2 The inertia moment of on the x axis of the 
plate 

𝐽𝑝𝑦 𝑘𝑔𝑚2 The inertia moment on the y axis of the 
plate 

 
The unit values and explanations of all the parameters used 

in the mathematical model are presented in Table 1.  

III. ELECTRONIC DESIGN OF THE SYSTEM 
Two MG996 model metal geared RC servo motors are used 

to ensure angular movement of the plate in the x and y axes in 
the ball and plate system. These motors, which can be driven by 
PWM signal, are positioned between 0° and 180° at the output 
according to the duty cycle at their inputs [8]. 

Arduino Uno, which is one of the popular development kits 
in recent times, contains the Atmega328 microcontroller as its 
electronic control unit. Some technical specifications of the 
development kit are as follows [9]: 

• 16 MHz crystal 
• 14 Input / Output Pins (6 PWMs) 
• 6 ADC Pins 
• 32Kb Flash memory 
• 1Kb EEPROM 
In order to integrate the development kit with the ball and 

plate system, the electronic card in Fig. 3 is designed. 
On the designed board, there are power ans driver units. 

Furthermore, LED indicators are added to give warning for the 
user according to the programming preferences. The system can 
be powered by a power supply between 12VDC and 24VDC. 

The computer communication of the system is done by USB 
input on Arduino. 

 
 
 
 
 
 
 
 
In the ball and plate system, the position on the ball plate 

can be detected using different methods. There are also studies 
in which the ball position can be detected by image processing 
techniques or by using a touch screen [10 - 12], as well as 
applications where the ball position is perceived by creating 
photosensor matrices on the plate. 15" (15 inch) four-wire 
resistive touchscreen was used in this study. The touch screen 
is communicated to the controller through its USB connection 
via the computer.  

IV. DESIGN OF THE CONTROLLER 
The ball and plate system is a multi variable and under 

actuated system with two inputs and two outputs. Moreover, 
nonlinear equations make controller design much more 
complex. 

 

In the ball and plate system, a loop with double feedback 
structure is used. Thus, more effective control is achieved. 
When calculating the appropriate plate angle according to the 
outer loop ball position, the inner loop aims to keep the motor 
angles at this calculated value. Fig. 4 shows a general diagram 
of the ball and plate system showing cycles for the x and y axis. 
As shown in Fig. 4, the motor output forms the input signal of 
the system block. The inputs of the system are the motor angle 
and the outputs are the ball position.  

 
 
In the ball and plate system designed in this study, inner 

loops are formed by servo motors. The servomotor has a 
permanent magnet DC motor and a potentiometer connected to 
the same motor shaft. Thus, the position of the motor shaft via 
the potentiometer is taken as feedback, and the position control 
of the motor shaft is carried out via the controller circuit in its 

Fig. 4. Ball and plate system nested loop general diagram 

Fig. 3. Arduino Uno and driver card 

Fig. 5. Servo motor control cycle 

1402

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



own. The motor shaft is positioned according to the PWM 
signal applied to the input. Fig. 5 shows the control loop of the 
servo motor. 

The ball position as a feedback signal in the outer loop is 
acquired by the touch screen. The error signal is compared to 
the reference signal and the controller output continues to the 
closed loop loop by creating a new angle value according to the 
error signal in PWM. The experimental setup of the ball and 
plate system which is realized in this study is as shown in Fig. 
6.  

 

 
Fig. 6. Ball and plate system test setup  

A. PID Controller 

 
 

The general scheme of the ball and plate mechanism for the 
PID control loop is given in Fig. 7. The PID controllers in the 
outer loop are designed separately for both axes and the PID 
parameters of the axes are independent of each other. On the 
other hand, the parallel PID output for both axes is calculated 
as in (14) and (15): 
 

𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡)                                                           (14) 
 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑

𝑑𝑡
𝑒(𝑡)                        (15)    

The controller design is based on the LabVIEW program. 
The control algorithm was developed using blocks in the 
LabVIEW environment. A user interface was created for both 
providing communication with Arduino Uno within the 
algorithm and monitoring the output data of the systems in real 
time. Thus, the reference signal can be changed via this 
interface at any time during PID parameters or system 
operation. In addition, by using the control and simulation tool 
in the LabVIEW program, simulations of the system based on 
the transfer function can be performed in the same environment. 
Thus, simulations based on both the data obtained from the real 
experimental setup and the mathematical model can be 
examined.  

B. Sliding Mode Controller (SMC) 
It may be impossible to avoid design errors on real dynamic 

systems, unstable conditions such as undesirable changes in 
pressure and temperature that may arise from environmental 
conditions, damaging effects due to vibration, or electrical 
noise such as voltage changes. Sliding mode control is known 
to be a robust control technique that provides the desired 
dynamic behavior on the system against disruptive effects and 
parameter changes. For this reason, sliding mode control is a 
form of control that can be applied to linear or non-linear 
systems [6, 13]. In the case of sliding mode control designs, the 
aim is to transfer the system variables determined for the system 
to be controlled to the desired values by means of this sliding 
surface on a surface referred to as the "sliding surface" [14]. 
Sliding mode control consists of two phases: ‘reaching’ and 
‘sliding’. In this study, the fixed reaching rule as in (16) is used 
for the access phase.  

 
�̇� = −𝑝. 𝑠𝑖𝑔𝑛(𝑠)                                                              (16) 

 
The sliding surface for sliding mode control is selected as in 

(17) and (18). 
 

𝑠 = �̇� + 𝜆𝑒                                                                            (17) 
 
�̇� = �̈� + 𝜆�̇�                                                                           (18) 
 

If the error signal is rewritten in (19) and if r(t) is rearranged 
as the reference position of the ball for the x-axis and y(t) is as 
the ball position, then Equation (20) is obtained. The first and 
second derivatives can be written as in (21) and (22), 
respectively. 

 
𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡)                                               (19) 

 
𝑒 = 𝑥𝑟 − 𝑥𝑏                                                                          (20) 

                                                                                       
�̇� = �̇�𝑟 − �̇�𝑏                                                                          (21) 

     
�̈� = �̈�𝑟 − �̈�𝑏                                                                          (22)  

  
The following equations can be written for the fixed alternating 
reaching rule. 
 

�̈�𝑟 − �̈�𝑏+ 𝜆(�̇�𝑟 − �̇�𝑏) = −𝑝. 𝑠𝑖𝑔𝑛(𝑠)                          (23) 
 

�̈�𝑏 = 𝑝. 𝑠𝑖𝑔𝑛(𝑠) − 𝜆�̇�𝑏                                                        (24) 
 

𝑝. 𝑠𝑖𝑔𝑛(𝑠) − 𝜆�̇�𝑏 = 𝑚𝑏𝑔𝑟𝑏
2𝑟𝑚

[(𝑚𝑏𝑟𝑏
2+𝐽𝑏)𝐿𝑥]

 sin 𝜃𝑥                   (25)         

 

𝐾𝑥 = 𝑚𝑏𝑔𝑟𝑏
2𝑟𝑚

[(𝑚𝑏𝑟𝑏
2+𝐽𝑏)𝐿𝑥]

                                                                (26) 

 
sin−1 (𝑝.𝑠𝑖𝑔𝑛(𝑠)

𝐾𝑥
− 𝜆�̇�𝑏

𝐾𝑥
) = 𝜃𝑥                                  (27) 

Fig. 7. Ball and plate system PID general scheme 
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The input signal to be applied to the system is given in (28) 
for the x axis. Similarly, if the same operations are repeated for 
the y axis, the input signal is obtained as in (29). 
 

𝑢𝑥(𝑡) = 𝜃𝑥 = sin−1 (𝑝.𝑠𝑖𝑔𝑛(𝑠)
𝐾𝑥

− 𝜆�̇�𝑏
𝐾𝑥

)                                   (28) 
 

𝑢𝑦(𝑡) = 𝜃𝑦 = sin−1 (𝑝.𝑠𝑖𝑔𝑛(𝑠)
𝐾𝑦

− 𝜆�̇�𝑏
𝐾𝑦

)                                  (29) 

 
Fig. 8 shows the general block diagram of the SMC method. 

 
 

C. Fuzzy Logic Controller (FLC) 
The controller utilized the triangular function when 

generating fuzzy clusters of input and output. The ball position 
error membership functions for the x and y axes in the 
LabVIEW environment for the ball and plate system are given 
in Fig. 9(a) and (b). The touchscreen metrics were used to create 
boundaries for membership functions. The membership 
function of change of error is as shown in Fig. 9(c) for two axes. 
The boundaries of the membership function were determined 
after several trial and error methods. The output membership 
function is given in Fig. 9(d). The limits of the output 
membership function are determined by the PWM value given 
to the servo motor in the LabVIEW environment. The value of 
450 corresponds to 45 degrees, approximately. 
 

Table II. Fuzzy logic rule table 

�̇�\𝒆 NB NM NS Z PS PM PB 

NB NB NSB NUM NM NS NVS Z 

NM NSB NUM NM NS NVS Z PVS 

NS NUM NM NS NVS Z PVS PS 

Z NM NS NVS Z PVS PS PM 

PS NS NVS Z PVS PS PM PUM 

PM NVS Z PVS PS PM PUM PSB 

PB Z PVS PS PM PUM PSB PB 

 

The rule table used in this study for reprenting system 
behavior is the same as used in [15]. In Table 2, e is the error, 
and �̇� is the change of error. And the abbrevetions in the Table 
2 is explained in Table 3. For the ball and plate system, this rule 
table is utilized in order to obtain the appropriate control signal 
in the function of error and change of error data which is fuzzied 
in the input membership functions. 

 
 
 
 

Table III. Membership functions explanations. 
 

MF 
name 

Explanation MF 
name 

Explanation 

NB Negative Big PB Positive Big 

NSB Negative Small Big PSB Positive Slightly Big 

NUM Negative Upper 
Medium 

PUM Positive Upper 
Medium 

NM Negative Medium PM Positive Medium 

NS Negative Small PS Positive Small 

NVS Negative Very Small PVS Positive Very Small 

Z Zero   

 

 

Fig 9. Membership functions. 
 

 The Mamdani fuzzy model was used in this study, and as a 
defuzzification method, the center of gravity method was 
employed to achieve realistic results. The general fuzzy logic 
control scheme shown on the single axis of the ball and plate 
system is as shown in Fig. 10. 

Fig. 8. Overall control scheme for sliding mode control 
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In the ball and plate system, a switched integral controller was 
designed to prevent the permanent state errors that may occur 
in the ball position after the fuzzy logic control. The switched 
integral control system is shown in Fig. 11. 
 

 
Fig. 11. Fuzzy logic and switched integral control 

 
The controller signal is calculated as shown in (30). Here, Ki is 
the integral gain and m is a constant number. ethr is the threshold 
error value at which the integral control will be activated in the 
circuit. 

 

𝑓(𝑡) = 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡   𝐾𝑖 = {𝑚,    𝑒(𝑡) < 𝑒𝑡ℎ𝑟
0 ,    𝑒(𝑡) ≥ 𝑒𝑡ℎ𝑟           (30) 

 
If the error value is greater than the threshold value, as shown 
in (30), the integral controller is disabled and the ball position 
control is still in the FLC. If the error value is less than the 
specified threshold value when the ball approaches the 
reference position, the integral control is switched on and this 
integral action contributes to the control signal produced by 
fuzzy logic controller; then the control signal that consists of 
two parts starts to decrease the steady state error. Therefore, 
switched integral control will be active sometimes only when it 
is necessary. Hence this makes the system to work more 
efficiently.  

V. EXPERMENTAL RESULTS AND CONCLUSIONS  
In this section, the ball and plate system are tested for PID, 

SMC and FLC in two different modes of operation as position 
and trajectory control, and the experimental results are 
presented comparatively in terms of performance criteria. The 
diameter of the metal ball used in the experiments is 40 mm and 
the mass is 263 grams. 

Experiment 1: Performing position control with PID, sliding 
mode control and fuzzy logic control for reference inputs x = 0 
mm, y = 0 mm.  

 
Fig.12. Experiment 1: PID control 

 

 
Fig. 13. Experiment 1: SMC 

 

 
Fig. 14. Experiment 1: FLC 

 

Table IV. Experiment 1 performance criterion comparison 

Experiment 1 PID SMC FLC 
Performance 

Criteria x-axis y-axis x-axis y-axis x-axis y-axis 

Overshoot 0 %25 %38.7 0 %9.5 0 
Rising Time 1s 0.75s 1s 4.25s 0.6s 2.5s 
Settling tiime (%5 
band range) 4.3s 3.5s 9s 10s 6.25s 2.75s 

Steady state error ±8mm ±4mm 9.5mm -8mm ±6mm ±4.5mm 
 

The output positions of x, y and reference positions of ball are 
shown in Figs. 12-14. The results obtained according to the 
control methods applied to the ball and plate system for 
Experiment 1 in Table IV are presented comparatively in terms 
of performance criteria. As can be seen from the table, the 
greatest overshoot has been realized in SMC method. The 
amount of overshoot in the FLC is lower. While the rise-time 
performances vary according to the axes, the results for PID and 
FLC techniques have better values than that of the SMC. PID 
control is more advantageous in the 5% band interval as the 

Fig. 10. Ball and plate system fuzzy logic control general scheme 
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settlingt time. The best result in terms of steady state error is 
obtained by the FLC. Fuzzy logic shows that switched integral 
control is successful, with less steady state errors in the control. 
 
Experiment 2: Performing a trajectory control with PID, SMC 
and FLC for a reference rectangular shape with a long side of 
200 mm and a short side of 100 mm.  
 

(a) 

 

(b) 
 

(c) 

 
Fig. 15. (a) PID, (b) Sliding Mode Control, (c) Fuzzy Logic Control results 

As seen in Figure 15, in Experiment 2, the ball traced the 
desired trajectory with good performance in PID and FLC. In 
the SMC, it is observed that the reference shape are well 
followed except a few points deviations. Following the 
trajectory, it was observed that the tracking rate of PID and 
SMC is better than FLC. The switched integration control 
applied to the FLC reduces the steady state error, which causes 
the system to be delayed in its settling time. 

In this study, the ball and plate system was designed and 
physically realized. Designed physical model PID control, 
SMC and FLC techniques are applied and ball stability and 
trajectory control results are presented comparatively. 

References 
[1] A.N. Hunde, Design of Fuzzy Sliding Mode Controller for The Ball and 

Plate System, Addis Ababa Universty, 2011. 
[2] H. Liu, Y.Liang, “Trajectory Tracking Sliding Mode Control of Ball and 

Plate System,” 2nd International Asia Conference on Informatics in 
Control, Automation and Robotics, s:142-145, 2010. 

[3] U. Farooq, J. Gu, J. Luo, “On the Interval Type-2 Fuzzy Logic Control of 
Ball and Plate,” Proceeding of the IEEE International Conference on 
Robotics and Biomimetics(ROBIO), Shenzhen, China, s:2250-2256, 
2013. 

[4] F. Köse, K. Kaplan, H. M. Ertunç, “PID ve Bulanık Mantık ile DC 
Motorun Gerçek Zamanda STM32F407 Tabanlı Hız Kontrolü,” Otomatik 
Kontrol Ulusal Toplantsı, TOK2013, Malatya, Türkiye, s:1178-1183, 
Eylül 2013. 

[5] İ. Coşkun, H. Terzioğlu,“Gerçek Zamanda Değişken Parametreli Pid Hız 
Kontrolü,” 5. Uluslar arası İleri Teknolojiler Sempozyumu(IATS’09), 
Karabük, Türkiye, Mayıs 2009. 

[6] Köse E., Abacı K., Aksoy S., Mekanik Sistemlerin PID ve Kayma Kipli 
Kontrol ile Modellenmesi ve Analizi, Elektrik-Elektronik ve Bilgisayar 
Mühendisliği Sempozyumu, Bursa, Türkiye, 2-5 Aralık 2010. 

[7] D. Debono, M. Bugeja, “Application of Sliding Mode Control to the Ball 
and Plate Problem,” 12th International Conference on Informatics in 
Control, Automation and Robotics (ICINCO-2015), s:412-419. 

[8] MG996R Datasheet, http://www.towerpro.com.tw/product/mg995-robot-
servo-180-rotation/, 28.04.2018. 

[9] Arduino Uno R3 Datasheet, https://store.arduino.cc/usa/arduino-uno-
rev3, 28.04.2018 

[10] A. Zeeshan, N. Nauman, M. J. Khan, “ Design, Control and 
Implementation of a Ball on Plate Balancing System,” 9th International 
Bhurban Conference on Applied Sciences & Technology (IBCAST), 
Islamabad, Pakistan, s:22-26, 2012. 

[11] J. Han, F. Liu, “Positioning Control Research on Ball&Plate System 
Based on Kalman Filter,” 8th International Conference on Intelligent 
Human-Machine Systems and Cybernetics, s:420-424, 2016. 

[12] A. Kassem, H. Haddad, C. Albitar, “Commparison Between Different 
Methods of Control of Ball and Plate System with 6Dof Stewart 
Platform,” International Federation of Automatic Control (IFAC), s:47-
52, 2015. 

[13] Kalaycı M. B., Yiğit İ., Pratikte Kullanılan Bazı Kayan Kipli Kontrol 
Tekniklerinin Teorik ve Deneysel İncelenmesi, Journal of the Faculty of 
Engineering and Architecture of Gazi Universty, 2015, Vol 30(1), 131-
142. 

[14] Özkan B., Değişken Kayma Yüzeyli Kayan Kipli Denetim Yönteminin 
Elektromekanik Bir Kanat Tahrik Sistemine Uygulanması, Journal of the 
Faculty of Engineering and Architecture of Gazi Universty, 2017, Vol 
32(3), 987-998. 

[15] Pour R. K., Khajvand H., Moosavian S. A. A, Fuzzy Logic Trajectory 
Control of a 3-RRS Ball and Plate Parallel Manipulator, International 
Conference on Robotics and Mechatronics, Tahran, İran, 26-28 Ekim 
2016. 

1406

6th International Conference on Control Engineering and Information Technologies, 25-27 October 2018, Istanbul, Turkey



978-1-5386-7641-7/18/$31.00 ©2018 IEEE

Higher Order Spectral Analysis of Ventricular 
Arrhythmic ECG Signals with MATLAB HOSA 

Toolbox  

Fatih Serdar SAYIN 
Electrical – Electronics Engineering Department 

Faculty of Technology, Marmara University 
stanbul, Turkey 

fatih.sayin@marmara.edu.tr 

Ömer AKGÜN 
Computer Engineering Department 

Faculty of Technology, Marmara University 
stanbul, Turkey 

oakgun@marmara.edu.tr 

Abstract— In signal processing methods using second order 
statistics and / or power spectrum, phase relationships between 
frequency components are not considered. For this reason these 
methods are blind to the phase. Second order statistics and power 
spectrum are also not sufficient to statistically define the non-
gaussian processes. In recent years, random processes have been 
defined as more statistically more sensitive, and high-order 
statistics (greater than two) and spectrum studies have been 
carried out to process phase information. In this study, high-
order spectral analyzes were performed on ECG recordings in 
MIT-BIH Malignant Ventricular Arrhythmia and MIT-BIH 
Normal Sinus Rhythm databases. The obtained results were 
compared and tried to determine signal abnormalities with the 
help of higher order spectral analysis methods (Bispectrum, 
Wigner-Ville Distribution etc.). Analyzes were performed using 
the MATLAB HOSA toolbox. 

Keywords— ECG, Higher Order Spectral Analysis, Ventricular 
Arrhythmia, MATLAB HOSA Toolbox 

I. INTRODUCTION 

The electric fields reaching the co-activating endothelial 
cell of excitable cells in organs such as the heart, muscles and 
brain are spread all over the body and then through the whole 
body and can be measured through the skin with sensitive 
devices. Because the cells in the body work in cooperation with 
other cells and tissues, they usually continue to work with 
electrical or chemical stimulus from other cells, except for 
pathological conditions. Diagnostic methods based on 
biopotentials (EMG, ECG, EEG, etc.) have been used in the 
health field for about a century since the signals from the 
tissues give valuable information about the health and function 
of the physiological systems. 

Biopotentials are the electrical signals that result from the 
biochemical reactions that occur in our bodies. Potassium (K), 
Sodium (Na) and Chloride (CI) ionic charges of the elements 
are polarized by the cell membrane, resulting in an electrical 
potential difference around the cell membrane. The electric 
charge brought by the different ion concentrations has different 
values in static and dynamic states. The amount of electric 
charge is controlled by the active and passive transport 
mechanisms carried out around the cell membrane. 

Electrocardiograms are signals that can be collected with 
the aid of surface electrodes placed on the chest, arms and legs. 
The ECG signals contain considerable information about 
components of the heart structure (heart valves, electrical nodes 
etc.) and the general state of the heart. As a result of analysis of 
these signals taken from the heart in time and frequency 
domain, critical information is obtained for diagnosis and 
treatment of diseases [1]. 

A normal ECG image of P wave, QRS complex, and T 
wave is shown in Figure 1. P wave occurs according to the 
flow produced by depolarization of atrial fracture, QRS wave 
comes into the form due to depolarization before ventricular 
contraction, and T wave is produced during ventricular 
repolarization. 

II. VENTRICULAR ARRHYTHMIA

A. Cardiac Arrhythmia

It is the case that the electrical activity of the heart is
distorted or it is completely out of place. 

There are three basic mechanisms that provide the basis for 
the formation of cardiac arrhythmias. These are Abnormal 

Automaticity, Triggered Activity and Reentry. Where these 
mechanisms are active, arrhythmias may occur, such as 

Fig. 1. The morphology of a typical ECG signal1 
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ventricular fibrillation, ventricular extrasystole, ventricular 
tachycardia, and ventricular bradycardia. Ventricular 
arrhythmia syndromes are among the rare cardiac arrhythmia 
syndromes. It is a pathological condition that is a source of 
serious morbidity and mortality due to ventricular arrhythmias 
and sudden cardiac death. For example, Ventrcular Fibrillation 
It is an arrhythmic condition that results from interrupting the 
electrical conduction between myocardium and the SA or AV 
nodes responsible for regulating the electrical activity of the 
heart. Fibrillation conditions can develop in different 
compartments of the heart. Electrical irregularities in the heart 
ventricles are called ventricular fibrillation, shortly VF. It is 
one of the most likely to create a life threatening condition 
within the fibrillation state. In arrhythmic conditions such as 
ventricular fibrillation, the heart is involved in electrical 
currents independently of one another at many different points. 
These irregular and uncontrolled electrical currents are 
weakening or stopping the heartbeat as they do not create a 
stimulus that is too strong for heartbeat contraction [2][3]. 

B. ECG Databases 

In this study has benefited from databases on the 
physionet.org website which has a large collection of recorded 
physiological signals. PhysioNet is supported by the National 

Institute of General Medical Sciences (NIGMS) and the 
National Institute of Biomedical Imaging and Bioengineering 

(NIBIB). MIT-BIH Malignant Ventricular Arrhythmia (vfdb) 

and MIT-BIH Normal Sinus Rhythm (nsrdb) ECG databases 
were used for high-order spectral analysis [4]. Details of ECG 
signal records selected from the databases are shown in Table 
1. The time-amplitude graphics of the ECG records are shown 
in Figures 2 to 6, respectively. 

TABLE I.  SELECTED ECG RECORDS FROM PHYSIONET 
DATABASES 

Database ID Record  Number of 
Samples 

Sampling 
Frequency 

1nsrdb 16272 1 256 128 

vfdb 418 2 500 250 

vfdb 420 3 500 250 

vfdb 421 4 500 250 

vfdb 427 5 500 250 

vfdb 607 6 500 250 

 

Fig 2. ECG signal from record 2 

 

Fig 3. ECG signal from record 3 

 

Fig 4. ECG signal from record 4 

 

Fig 5. ECG signal from record 5 

 

Fig 6. ECG signal from record 6 

III. HIGHER ORDER SPECTRAL ANALYSIS ( HOSA) 

HOSA methods are used to process and characterize 
nongaussian, nonstationary or nonlinear biological signals. 
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When HOSA methods are operated, the third order of spectra 
and the spectral moments are generally used [5][6].  

A. Spectral Moments 

Spectral moments are components that enable various 
information belonging to the signal to be obtained directly 
from the Fourier spectrum. In particular, it provides an 
advantage in interpreting the overall appearance of the 
spectrum of a signal. It also reveals phase differences in the 
frequency components of the signal. 

B. Moments and Cumulants 

The power spectrum refers to the distribution of power 
components in the signal. The power spectrum can be 
expressed as the square of the average of the instantaneous 
values of the signal. In higher order spectral analysis methods, 
we try to find signal differences by using high-order 
components instead of signal power components in 
calculations. The moment expression for a signal is shown in 
Equation 1. 

                                  (1) 
 

The second moment of the signal (r = 2) shows the power 
components, while the third moment shows dissociations and 
distortions. 

The third moment of the signal at symmetric signals with 
Gaussian distribution. (See Eq.2) 

                                      (2) 
HOSA methods use cumulant definitions instead of 

separate moment expressions. Cumulants can be expressed as a 
moment sequence without low order moments. Cumulants 
were found to be more effective than individual moments in the 
analysis of stochastic signals [7].  

C. Bispectral Analysis 

Bispectrum, suppresses the gaussian probability distribution 
activity and reveals the signs originating from the nonlinear 
process. In the bispectrum, there are six symmetrical regions 
and a symmetrical spectrum in each region. So in the 
bispectrum, a total of 12 spectra are formed, which is similar to 
that of one. The regions where symmetric spectra are formed 
are given in Figure 7. 

 

Fig 7. Bispectrum symmetry and overlap regions. 

These regions are bounded by certain values in the 
frequency axes f1 and f2. The gray and white areas shown are 
mutually symmetrical with respect to the frequencies f1 and f2. 
Scanned areas do not have any sign information under normal 
conditions. If the sampling frequency is low, if there is aliasing 
in the spectrum, the component in this region is found. When a 
region in the bispectrum is the symmetry of the spectrum in 
another region, it will suffice to examine one of them. 
Therefore, as a general approach, the region is examined to 
find that it is positive on both frequencies. 

Bispectrum is a third order cumulative spectrum. The 
mathematical expression of the bispectrum is given in Equation 
3.  

(3) 
 

Unlike the power spectrum, the bispectrum provides phase 
information of the sign as an important feature except that it 
provides information for non-linear or non-Gaussian 
distributed data. The peak in the bispectrum shows the 
frequency components in the signal and the phase coherence. 
The peaks with the same frequency show the frequency 
components in the signal, while the peaks with different 
frequencies indicate a phase overlap in these frequencies [8][9]. 

D. Wigner-Ville Distribution  

The Wigner-Ville Distribution method is a spectral analysis 
method that can produce highly accurate results in time-
frequency analysis. It is a fundamental method in the analysis 
of nonstationary signals that can’t be analyzed completely with 
Fourier Transform. The Wigner-Ville distribution of a signal or 
a function is shown in Equation 4. 

 

        (4) 
 

Wigner-Ville distribution has several important features 
and structures for time - frequency analyzes [10]. Some of 
these features are; 

• WVD reveals a high-resolution representation in 
time and in frequency for some kind of 
nonstationary signals. 

• WVD has the exceptional feature of satisfying the 
time and frequency marginals in terms of the 
instantaneous power in time and energy spectrum 
in frequency. 

• The first conditional moment of frequency at a 
given time is the derivative of the phase of the 
signal at related time. The derivative of the phase 
divided by 2  gives the momentary frequency 
which is directly related to the signal [11]. 
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E. MATLAB HOSA Toolbox 

HOSA Toolbox is a software bundle developed to facilitate 
higher order spectral analysis processes. The software library 
contains files that run different types of spectral analysis 
methods such as Bicoherence or Bispectrum. HOSA toolbox is 
not a default member of MATLAB software environment. In 
order to perform the analysis toolbox application must be 
installed by users [12].  

IV. RESULTS 

Bispectrum and Wigner-Ville Distribution graphs of the 
ECG records selected from the database were obtained using 
the wig2 and bispecd functions in the MATLAB HOSA 
Toolbox. It is foreseen that the obtained analysis outputs can be 
used in the optimization of pattern recognition systems used for 
the recognition of cardiological diseases and in the training of 
artificial neural networks used in these systems. The spectral 
analyze graphics are shown in Figures 8 to 13, respectively. 

 

Fig 8. Bispectrum and Wigner-Ville Distribution of record 1 

 

Fig 9. Bispectrum and Wigner-Ville Distribution of record 2 

 

Fig 10. Bispectrum and Wigner-Ville Distribution of record 3 

 

Fig 11. Bispectrum and Wigner-Ville Distribution of record 4 

 

Fig 12. Bispectrum and Wigner-Ville Distribution of record 5 

 

Fig 13. Bispectrum and Wigner-Ville Distribution of record 6 
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Abstract— In this paper, several internal model controller 
designs are proposed and compared for multivariable linear 
systems. The exact numerical inverse of the MIMO model is 
usually unrealizable. Therefore different approaches to invert 
dynamical systems are presented and discussed. They are based 
mainly on placing the model to be inverted into a feedback loop 
and using a particular controller gain matrix.  Detailed 
simulations on a MIMO system illustrates the proposed 
controller designs efficiency and availability. 

Keywords—internal model controller, multivariable linear 
systems, gain matrix 

I. INTRODUCTION 

    The Internal Model Control (IMC) [5] has enjoyed much 
popularity since its appearance in the 70s. It has found many 
successful applications in several industrial fields, due to its 
simple yet effective procedure and its robustness towards 
uncertainties and external disturbances [1].  
    The IMC is usually interesting where systems to be 
controlled are dynamic [3], complex [13], open-loop stable, 
single-input-single-output (SISO) [11, 15] or multiple-input-
multiple-output (MIMO) [7, 8]. Its structure includes an 
internal model, which is an explicit process model to be 
controlled, a controller chosen as the model inverse and, if 
necessary, robustness filter. The IMC structure allows model 
errors to be handled explicitly and robustness to be designed 
which made it an attractive control strategy. 
    The model inversion plays a crucial role in the IMC 
structure. Unfortunately, model inversion for physical systems 
gives a structure generally unrealizable. To circumvent this 
problem, several techniques, aiming to find the best inverse 
model approximation to the internal model controller, have 

been developed in the literature such as those presented in [4, 
5, 6].  
    In the present paper, we focus on the internal model control 
for continuous-time multivariable linear systems. Several 
controller designs based on the use of a specific inverse model 
[2, 7, 10] will be presented and compared through simulation 
results on a multivariable system.  The key idea of the first 
proposed structure is based on placing the model to be 
inverted into a feedback loop and using a reasonably high 
controller gain to realize the IMC controller. This specific 
inversion method has some limitations especially when the 
gain matrix coefficients can’t be chosen sufficiently high (non 
minimum phase, time-delay system). Therefore, improved 
IMC designs are then proposed and discussed aiming to solve 
accuracy and high control actions while preserving system 
performance. A novel IMC controller structure is as well 
presented. Its effectiveness compared to other designs, and 
robustness towards external disturbances and model 
imperfections are shown through numerical simulations on a 
two input-two output system.  
    The remainder of this paper is organized as follows. In the 
second section, the internal model control strategy is briefly 
presented. The next section is dedicated to the internal model 
controller designs. In the forth section, simulation results, on a 
multivariable system, are provided and discussed. Finally, 
concluding remarks are drawn in the last section. 

II. MULTIVARIABLE INTERNAL MODEL CONTROL

    The internal model control structure has been proposed for 
multivariable linear systems in [5, 14]. It is composed of an 
open-loop stable multivariable nonlinear process model, and a 
feed-forward controller as shown in Figure 1. The controller is 
obtained as the inverse of the plant model. 
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	  and  are respectively the process and the 
multivariable model transfer matrices of dimension ,  

  is the controller chosen as the model inverse of 
dimension ,   is disturbance vector,  and 

are respectively the control and the output vectors, 
 is model output,		  is the reference vector and 	is 

the feedback error reflecting process-model mismatch. 
In this paper, we propose a fully actuated system. So, . 
The closed loop IMC mapping is given by : 

  

(1) 
where :  is the identity matrix. 
    The controlled system stability depends on both model and 
regulator. The system is stable if and only if all elements of 
the transfer matrix on the right hand of (1) are stable in open 
loop. 
    The model inversion is the main problem of the IMC 
strategy, since the direct model inversion, for the majority of 
the physical systems (systems characterized by strictly proper 
transfer function, non-minimum phase systems, or systems 
with time delays), gives a structure generally unrealizable. In 
this context, several internal model controller designs will be 
presented in the next section, based on a specific 
approximation of the inverse model. 

III. PROPOSED INTERNAL MODEL DESIGNS 
A. Basic internal model controller 

    The basic structure proposed for the IMC controller in the 
case of square systems is depicted in Figure 2. The model to 
be inverted is placed on the bottom part of a feedback loop as 
shown in Figure 2. In the forward path, a high gain matrix is 
placed [17].  

 
 
 

 
 

 
 
 

The IMC controller transfer matrix can be expressed by the 
following expression: 

1
1 1( ) ( ( )) (2)nC s I K M s K−= +                   

Consider the case of diagonal inversion matrix  : 
, where, . For  chosen sufficiently high, the identity 

matrix can be neglected: 1 ( ) nK M s I>> . The IMC controller 
reproduces almost the explicit model inverse can lead to 
perfect control [5]. 

1lim ( ) ( ) (3)
a

C s M s−
→∞

=
 

    The stability of the structure proposed for the internal 
model depends on the stability of the process control,  the 
model and the controller C(s). 
    The transfer fucntion of the controller C(s) can be obtained 
as follows : 

( ) ( )( )
( )( )

1 1

1

I
det I

com n

n

t K M s K
C s

K M s

+
=

+
                       (4) 

 where N (s) and D (s) represent respectively the numerator 
and denominator of  C(s). 
      To ensure the stability of the controller, N(s) have to be a 
polynomial of Hurwitz. This means that the roots  
of N(s) must be strictly negative real parts. These roots can be 
located either using geometric methods such as root locus or 
algebraic methods such as of Routh criterion [16].  
    When choosing  sufficiently high, the IMC controller 
approaches almost the model inverse. However, significant 
high control action may occur specially in the startup time 
which can cause problems in practice (equipment limitations 
and safety considerations). 

1
0 0

lim ( ) lim ( ) (5)
t t

u t K r t
+ +→ →

=  

    In order to limit control action peaks, a full inversion 
matrix	  can be proposed, such as:  the ijk  are chosen high 

and  
1

, pour tout i=1...n
n

ij

j

k
=
¦ , is small. 

For example, for a square system of dimension 2 and for unit 
step references, we can choose 	such as : 
 

                       		                            (6) 
where : ,  are chosen sufficiently high (

). 
Unfortunately, this choice of  leads to a significant 

difference between the controller and the model inverse, 
which may degrade system performances. 

 
B. Generalized internal model controller 

The error between the real and the desired output is 
asymptotically zero for perfect inverse. Or for some classes of 
systems (with time delay, non minimum phase…), the 
inversion matrix can’t be chosen sufficiently high (instable 
controller). The IMC controller doesn’t really fit the model 
inverse and a relatively important error will remain. To 
circumvent this problem, the basic IMC can be modified by the 
insertion of a gain matrix , as shown  in Figure 3, in order to 

+ 	 	-

-

	 	 	

	

	

	

+ 

 
 
 

+

+	

 Fig.1.  The MIMO internal model control structure 

+ 	-
		

	

Fig.  2.  Basic internal model controller structure 
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compensate the static error between the IMC controller and the 
real model inverse (  

 
 
 
 
 

 

The gain matrix  is described by the following 
equation: 

                (7)           
where,  is the static gain matrix. 

C. Anti-windup design for internal model controller 

    This proposed IMC controller structure is illustrated by the 
Figure 4 [7, 16]. It is proposed in order to reduce the 
undesirable effects of the windup and to limit the high control 
action peaks noticed for the first structure. 

    We note that the proposed generalized internal model 
structure is modified: the gain matrix  is placed before the 
inversion loop, and the non-linear saturation bloc is inserted in 
cascade with the inversion matrix . This controller design is 
able to limit process control actions into allowable values. 
However, the use of the non-linear saturation form and the 
presence of an anti windup compensation is not sufficient to 
eliminate the degradation of the closed loop performance [9]. 

D. Modified internal model controller design 

    A simple yet effective new IMC controller design (cf. 
Figure 5) is proposed in this section. It offers a tradeoff 
between holding the benefits of high gain matrix and limiting  
control actions.  

Fig. 5. Modified  internal model controller design 

	 and  are respectively the inversion 
matrices of the open-loop stable square transfer matrices 

	and  of dimension n, chosen to ensure controller 
stability. 
Inversion matrices are chosen diagonal such as : 

, , 			                       (8)                   
where : , ,  and . 

	 	 is the gain matrix considered to compensate the 
system static error. It is then represented by the following 
equation: 

	
  

(9)                
where :  and are respectively the static gain 
matrices of  and . 
	 and   are chosen as follows : 

																																	 	10) 
For simplicity purposes, a linear combination of the 

plant can be considered to choose the elementary models 
 and . 

So,  D 		and E 	where 1 1 1
α β

+ = . 

For this new structure, the controller 	is expressed by the 
following equation: 
 

	    
(11) 

For  and  chosen sufficiently high : 
		                      (12)                   

                   (13)                   
 

Then, the controller 	can be approximated by: 
 

 
                                                     (14)  

         
    This simple and easily implemented IMC controller design 
is able to yield the best approximation of the inverse model 
(when , ,  chosen sufficiently high) and to 
significantly reduce control action peaks (at the start-up time, 

. 
The controller stability depends on the  and , ,   
choices. 

IV. NUMERICAL EXAMPLE 
    To support our development, we will compare the following 
four approaches, namely the basic, the generalized, the anti 
windup and the modified IMC controller design. Simulation 
results are performed on a two input-two output stable linear 
system ( ), taken from [12], and described by the 
following transfer matrix: 

		 											         (15) 
The case of perfect modeling  is considered and a set 
change of  is applied. 

+ 	

	

-
	 	 	

Fig. 3.  Generalized IMC controller structure for square systems 

Fig.4 . Anti-windup design for internal model controller 

+ 	

	

-
	

 	

+ + 	

	

-
	

+ 	-

-
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A. Simulation results for basic and generalized internal 
model controller structures 

Three control situations are considered:  
− inversion matrix is chosen diagonal :  

for the basic structure; 
−  for the generalized structure; 
−  for the generalized structure. 

    Figures 6 and 7 show the overall results for the different 
proposed control situations. Figure 6 represents respectively 
control actions and 	  System outputs and 

 are displayed respectively in Figure 7. Increasing a 
( ) gives best system performance. However, 
control action peaks are more significant.  The generalized 
structure deals with accuracy issues noticed especially when 
choosing a low value for . The last case (full matrix ) 
illustrates performance degradation despite the diminished 
control actions, due to the undesirable effects of the  
nonzero elements (except the diagonal coefficients) which 
increase errors between the real inverse model and its 
approximation (the IMC controller). 

 
 
 

 
 

 
 

B. Simulation results for the anti-windup design for 
internal model controller 

    This structure is proposed in order to limit control action 
peaks by maintaining control signals into allowable values. 
Both inputs are firstly constrained between the saturation 
limits ±1 and then between ±5. 
    System outputs and control actions are displayed 
respectively in Figure 8 and Figure 9. The process responses 
show that the anti windup scheme competes favorably with 
the first proposed structure (for a low value of ). However, 
the fact that the saturation effectively chops off the control 
actions, can lead to performance deterioration (sometimes 
instability) [9, 16], especially for significant limitations. In 
fact, the results obtained for the saturation limits of ±5 are  in 
improved performance  as compared with  those obtained for 
±1. 

 
 

 

 
 

C. Simulation results for the modified internal model 
controller design 

     Three simulation scenarios are presented and discussed. 
Nominal case (control scheme is implemented without 
considering any external disturbance) is considered for the 
first scenario. Robustness towards imperfect modeling and 
external disturbances are presented respectively in the 
second and the last scenario.  
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Fig. 8.  Process inputs (u) ;  − 	 , - -   

Fig. 9.  Process outputs (y) ;  − 	 , - -  
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Scenario1: Nominal case 
Three control situations are considered for this scenario: 
 

1. ,  ,  and 
; 

2. ,  ,  and 
; 

3. ,  ,  and 
. 

 
    These choices for  	  and 	  ,  ensure the IMC 
structure stability. Figure 10 and 11 display simulation results 
for this scenario. They represent respectively system outputs 
and control actions. We notice that system outputs are able to 
reach perfectly the references at the steady state, despite the 
reduced control actions. A better inverse model approximation 
is achieved when increasing and	 . This fact explains the 
better simulation results obtained for the first control situation 
as compared with the second one. 
    This new design shows consistent and satisfactory 
performance depending on the inverse matrices and models 
choices. 

 
 
 

 

Scenario2: Controller robustness towards imperfect modeling 
     The test of the controller robustness allows us to check 
whether the applied control is capable of compensating 
imperfect modeling effects, which may be due to the neglected 
dynamics, system parameter acknowledgment or variation. 
    Let’s consider a model transfer matrix  (16), distinct 
from process transfer matrix  (15). 
 

		                      (16) 
 
    Let’s consider these choices for the inversion matrices and 
models: ,  ,  and 

. 
   The robustness of the proposed design, towards imperfect 
modeling, is illustrated by Figure 12 and Figure 13, which 
display respectively control actions and system outputs.  We 
notice clearly the ability of the IMC controller to ensure good 
system performance despite imperfect modeling. 

 

 

Scenario3: Controller robustness towards external 
disturbances 
    For this scenario, a persistent disturbance set change of 

 is applied constantly to the multivariable system 
at t = 30s.  
    System outputs and control actions are displayed 
respectively in Figure 14 and Figure15.  The disturbance 
effects can be observed as peaks on the curves that appear at 
their application instants, and which disappear quickly. This 

0 50 100 150
0

0.5

1

1.5

2

2.5

3

3.5

4

Time[s]

P
ro

ce
ss

 in
pu

ts

0 50 100 150

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Time[s]

P
ro

ce
ss

 o
ut

pu
ts

0 50 100 150
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Time[s]

P
ro

ce
ss

 in
pu

ts

0 50 100 150

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

P
ro

ce
ss

 o
ut

pu
ts
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Fig. 12.  Process inputs (u) : case of imperfect modeling 

Fig. 13. Process outputs (y) : case of imperfect modeling
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fact confirms the proposed controller robustness and its ability 
to compensate external disturbances. 

 
 

 

 
V. CONCLUSION 

    In this paper, several controller designs were presented and 
discussed. The modified internal model controller design 
shows its efficiency when compared to other proposed 
structures. Indeed, it was found that this simple controller 
design meets the desired objectives: reduced control actions, 
powerful regulation, system stability and disturbance 
compensation.  
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Abstract—In this paper, the electrical layout problem for 
onshore wind farms is solved with an automated strategy. Initially, 
the proposed strategy creates imaginary lines to separate wind 
turbines radially around the substation while considering the 
current flow limitations of available electrical cables. Next, it finds 
the shortest connection of wind turbines in each cluster through 
the substation. And in the last step, the cable selection process is 
performed using the previously found shortest paths. The 
objective function for cabling includes the total cost of cables, 
earthworks, and the net present value (NPV) of the energy loss on 
the cables. For optimization purposes, linear programming is 
used. The optimized results are compared with the selection of 
cheapest cables using the same paths. 

Keywords—linear programming; electrical layout optimization; 
onshore wind farms. 

I. INTRODUCTION 

Turkey’s aim of achieving 20000 MW of installed capacity 
for wind energy power plants by the end of 2023 has encouraged 
investors to build more wind farms with greater capacities. 
Nowadays, large scale wind farms are built with dozens to 
hundreds of wind turbines. As the number of wind turbines 
increases within a wind farm, the number of possible feasible 
connections increases significantly. Therefore, this growing 
trend addresses to an important topic in the planning stage of 
onshore wind farms: design of electrical layout which has an 
average share of 8% for onshore and 18% for offshore power 
plant projects [1].  

Electrical layout optimization is a Non-deterministic 
Polynomial-time hardness (NP-Hard) problem [2]. Depending 
on the number of wind turbines and the substations included in 
a wind farm, there can be hundreds of thousands possible layout 
configurations. Recently, researchers preferred to use radial 
clustering and string configurations widely in their electrical 
layout studies for onshore wind farms. The use of radial 
clustering provides a limitation for maximum current carrying 
capacity and prevents from the need of parallel cabling. On the 
other hand, using string configuration provides the shortest path 
which passes all wind turbines and reaches to the substation. 
Using string configuration will result in a lower initial 
investment cost for earthworks which consists of trenching costs 
and roadworks. Because in the onshore wind farms, the 
electrical layout coincides with the roads inside the power plant 
in order to provide an ease of access to the layout in case of any 

cable failure. Decreasing the cost of earthworks by using string 
configuration will result in increased cable costs and electrical 
losses. The farthest wind turbine from the substation will follow 
up a long path until its current reach to the substation. In the 
string configuration it is also possible to exceed the maximum 
current capacity of electrical cables and therefore project 
planners need to use parallel cabling over the same predefined 
paths which will also increase the total cost of electrical cables 
used in the electrical layouts. 

Whatsoever the type of layout will be (string, radial 
clustering, or hybridized approaches), two kinds of electrical 
cables are available for the use in electrical layouts: underground 
or overhead. Underground cables provide lower electrical losses 
than the overhead cables. However, underground cables require 
compensation. Despite their advantages and disadvantages, type 
of electrical cables is selected based on its operational safety and 
sustainability. Since the overhead cables are more likely to be 
suffering from the weather conditions, underground cables are 
preferred in most of the modern onshore wind farms. Overhead 
cables are more likely to be preferred on the areas when 
trenching is not allowed (i.e. over a cultivated field). 

In this paper, the electrical layout optimization problem is 
solved in three steps. In the first step, a method for radial 
clustering is used to cluster wind turbines around the substation 
radially. Next, the shortest connection of wind turbines with the 
substation is found by using a minimum spanning tree 
formulation on each cluster. And in the final step, the optimal 
selection of the cables for each line is found considering the total 
costs and electrical losses over the paths found in the second 
step. In some of the previous studies, researchers preferred to 
use radial clustering method for electrical layout optimization 
problems. However, in none of these previous works an 
automated solution for radial clustering is given. As the number 
of wind turbines increases in a wind farm, it will be hard to 
manually cluster the wind turbines. To fill this gap in available 
research, a methodology for radial clustering is proposed which 
considers the equal distribution of wind turbines within each 
cluster. This is the contribution of the current paper. Also, we 
aim to raise the awareness of electrical layout optimization for 
wind farms in Turkey.   

II. METHODOLOGY

The proposed solution strategy consists of three simple 
steps. In the first step, radial clusters around the substation are 
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determined by using a metaheuristic approach. In the second 
step, minimum spanning trees (MST) are obtained for each 
clusters using a particle swarm optimizer and in the final step, 
optimum cables are assigned to each lines on MSTs. The 
proposed solution strategy is described in the Fig. 1 with an 
algorithm flowchart. 

A. Radial Clustering 
The proposed technique consists of two steps. In the first 

step wind turbines are radially clustered around the substation. 
Clustering wind turbines around a substation can be done 
manually if the number of wind turbines is low. However, 
greater wind farms are being constructed around the world and 
the number of wind turbines included in a wind farm can be 
high. In addition, automizing the optimization process of 
electrical layout problem requires a method to create radial 
groups around a substation. 

For this problem, the coordinates of the substation are 
chosen as the origin and the coordinates of the wind turbines 
are updated accordingly. Imaginary lines are assumed to be 
passing between the wind turbines and separate each of the 
radial clusters. The variables of this problem are selected as the 

angles between these lines and (0 1) vector in the clockwise 
direction. The problem is described in the following equation: 

𝑀𝑖𝑛.    𝑓(𝐶𝑙𝑢𝑠𝑡𝑒𝑟) =  𝑠𝑡𝑑([𝐶𝑙𝑢𝑠𝑡𝑒𝑟]) (1) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝐼𝑐𝑙𝑢𝑠𝑡𝑒𝑟,𝑟𝑎𝑡𝑒𝑑 < 𝐼𝑚𝑎𝑥 (2) 

Where Cluster is an array which holds the value of number of 
wind turbines in each radial cluster which is calculated by using 
imaginary lines and has a dimension of 1xN. N is a user defined 
parameter that represents the number of clusters, Imax represents 
the maximum current of the cable with the greatest cross-
section, and std() represents the standard deviation of the vector 
Cluster. By using the standard deviation function as the 
objective of radial clustering strategy, it is aimed to reduce the 
number of wind turbines that will shut down in case of any 
failure on the feeders.  

B. Minimum Spanning Tree 
A minimum spanning tree is a tree that covers all nodes with 

the minimum cost. Since it provides the minimum cost, there is 
no cycle formation within an MST configuration. The MST 
problem is a very old and well-studied problem in the literature. 
It provides the first step for many engineering problems such as 
transportation, distribution, network design, etc.  The minimum 
spanning tree problem is formulized in the following set of 
equations (3-8). 

𝑀𝑖𝑛.   𝑓(𝑥) =  ∑ 𝑤𝑒𝑥𝑒
𝑒∈𝐸

(3) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: ∑ 𝑥𝑒
𝑒∈𝐸

= 𝑛 − 1 (4) 

∑ 𝑥𝑒 ≤ |𝑆| − 1
𝑒∈𝐸(𝑆)

 (5) 

∀𝑆 ⊂ 𝑁 (6) 
𝑆 ≠ ∅ (7) 

𝑥𝑒 = {0,1} (8) 
In the MST formulation, xe is the binary decision variable 

and takes the value of 1 if the edge e is selected and 0 otherwise. 
we represents the weight of the edge e, n represents the total 
number of nodes and equal to |N|, and S represents a set of nodes 
in N. Every edge (e), is associated with a cost we (distance 
between nodes). The first group of constraints is true for all 
minimum spanning trees, a tree with n nodes must exactly have 
n-1 edges. The second group of constraints imply that the set of 
chosen edges contain no cycles.  

After MSTs are obtained for each radial group, the length of 
each line is stored in an array. Next, the optimum cabling 
configuration is found as a final step. 

C. Optimum Cabling Procedure 
Since the radial clustering method considers the maximum 

current capacity of the electrical cables, it is possible to connect 
all wind turbines in a radial cluster with a single line whose 
cable thickness varies with the rated current value of the wind 
turbines which can be calculated from the following equation. 

Start

Obtain N radial groups.

i=1

Determine the number of radial 
clusters (N)

Obtain MST for ith cluster and find the length of each line Li on MST

Calculate the annual average 
line currents (Ii,avg.)

Determine the optimum cables for each line and find the 
cost of layout for cluster i (cost(i))

i=i+1

i>N

No

Total Cost =  cost(i)

Yes

Terminate
 

Fig. 1: Flowchart of the proposed methodology. 
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𝐼𝑡𝑢𝑟𝑏𝑖𝑛𝑒,𝑟𝑎𝑡𝑒𝑑 =  
𝑃

3 × (𝑉 × 1
√3

) × 𝐿𝐹
(9) 

Where P is the rated power, V is the line voltage and LF is the 
lagging factor. After the rated current values for each wind 
turbine is determined, the total rated current passing over each 
line is calculated.  

The objective function for cabling process consists of two 
expenses: overnight costs and electrical losses. Overnight costs 
include the trenching cost and cable price, whereas the 
electrical losses include the net present value of electricity loss 
due to the internal resistance of the cables. This can be 
expressed by the following equation.   

min. 𝑓 = ∑(𝐿𝑖(𝑇𝐶 + 𝑈𝐶𝐶𝑙) +
𝑁𝐿

𝑖=1

 

∑ (
𝐸𝑃 ×  3 ×  8760 ×  𝑈𝑅 𝑥 × 𝐿𝑖  × (𝐼𝑖,𝑎𝑣𝑔)2

(1 + 𝑟𝑖𝑟)𝑡  ×  1000 )
𝑆𝐿

𝑡=1

(10) 

𝑠. 𝑡: 
𝐼𝑐𝑎𝑝𝑈 ≥ 𝐼𝑖,𝑟𝑎𝑡𝑒𝑑 (11) 

Where: 

𝐼𝑐𝑎𝑝 = [𝑖𝑐𝑎𝑝
1 , 𝑖𝑐𝑎𝑝

2 , 𝑖𝑐𝑎𝑝
3 , … ,  𝑖𝑐𝑎𝑝

𝐶 ]𝑇 (12) 

𝑅 = [𝑅1, 𝑅2, 𝑅3, … , 𝑅𝐶]𝑇 (13) 
𝑈 = [𝑢𝑖

1, 𝑢𝑖
2, 𝑢𝑖

3, … , 𝑢𝑖
𝐶], 𝑈𝐶 ∈ {0,1} (14) 

∑ 𝑢𝑛
𝐶

𝑛=1

= 1 (15) 

where NL is the total number of the lines, i represents the line 
number on the layout, Li is the length of ith line (m), TC is the 
cost of trenching ($/m), and CCl is the cost of the cables ($/m). 
SL is the expected system life of the power plant to calculate the 
net present value (NPV) of the power losses due to the internal 
resistance of electrical cables, EP is the energy price ($/kWh), R 
is a vector of the internal resistance of available cables (Ω/m), 
Icap is the vector of the current carrying capacity of available 
cables [Amps.], Ui is a vector of decision variables of the 
problem and represents the type of electrical cables used on line 
i, Ii,avg is annual average current passes through the line i, C 
represents the number of available cable type, and rir is the real 
interest rate. 

III. RESULTS & DISCUSSION 
 In this study, Ziyaret RES (75 MW) is used as a case study. 
It includes 30 identical wind turbines with 2.5 MW rated power. 
The 2D representation of the power plant is given in Fig. 2. With 
a lagging factor of 0.85 and a line voltage of 34500V, the rated 
current values of each identical wind turbines are calculated as 
49.22 Amps. 

In this work, it is assumed that aluminum conductor steel 
reinforced cables of only the sizes mentioned in [5] is available 
for the cabling purposes and the required data is given in Table 
I. For radial clustering, the value of Imax is found as 462 Amps. 
from Table I and the value of N is taken as 4. Using (1), the 
optimized clusters are found for each wind turbines as it is given 

in Table II and represented in Fig. 3. Instead of using standard 
deviation of the number of wind turbines on the objective of 
radial clustering, planners may tend to use the standard deviation  

 
Fig. 2: 2D representation of Ziyaret RES. 

 
Fig. 3: Representation of radial clusters around the substation. 
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of the annual energy generation within each cluster or the rated 
powers  

In the next step, the minimum spanning trees for all clusters 
are found. A Particle Swarm Optimizer (PSO) is preferred for 
finding the minimum spanning trees. The list of parameters for 
PSO algorithm is given in Table III. The total trenching length 
of 4 clusters is found as 11292.6m and the layout is represented 
in Fig. 4.  

In the final step, the optimum cables are assigned to each line 
considering the initial investment costs and NPV of the losses 
over the system lifetime. For this part, linear programming (LP) 
solver of MATLAB (intlinprog) is used to match the optimum 
cables to each line. The list of parameters which are used in 
equations (10-15) rather than the cable data is given in Table IV. 
For the sake of simplicity, the energy price is taken as constant 
over the system life.  

The total project cost with 4 radial clusters is found as 
1196427$. The total trenching cost is obtained as 564630$, the 
total investment cost for cables is obtained as 491087.2$, and 
the NPV of total electricity loss on the feeders is calculated as 
151314.8$. The detailed list of cable used on the electrical layout 
is given in Table V. 

As one can see from Table V, the optimizer did not use Type 
5 cable in any line of the layout. This is due to its high initial 
investment cost despite its lower internal resistance and none of 
the clusters include 9 wind turbines. The mostly preferred cable 
was found as Type 1. Type 1 cable is selected by the LP solver 
mostly at the earlier stages of each radial layouts. On the other 
hand, Type 4 cables are preferred at the end of each radial 
groups.  

For a fair comparison, the cheapest feasible power cables are 
selected as in the studies [3-5] for same radial groups and results 
are compared with the optimized ones in Table VI. From Table 
VI one can see that the optimized layout gives slightly better 
results than the cheapest electrical cables. This is due to the 

TABLE I 
Data of electrical cables used in this study [2]. 

Al Strand 
Conductor 

Size 

Continuous 
Ampacity 
(Amps) 

AC Resistance 
(Ω/m)  

Cost  
($/m) 

1/0 150 0.5482 28 
4/0 211 0.2741 35 

500 kcmil 332 0.1161 42 
750 kcmil 405 0.0774 85 

1000 kcmil 462 0.0577 125 
 

TABLE II 
The list of clusters and their associated wind turbines. 

Cluster No Associated Wind Turbines 
Cluster 1 T1, T4, T5, T6, T7, T14, T15 
Cluster 2 T16, T20, T25, T26, T27, T28, T29 
Cluster 3 T18, T19, T21, T22, T23, T24, T31, T30 
Cluster 4 T2, T3, T8, T9, T10, T11, T13, T17 

 
 TABLE III 

The list of PSO parameters. 
Parameter Value 
Population 100 
Iteration 500 

Personal Learning Coefficient 0.3 
Global Learning Coefficient 1 

Inertia Weight 0.5 
Inertia Weight Damping Ratio 1 

 
TABLE IV 

The list of parameters used in (10-14). 
Name of the Parameter Value 

SL 25 years 
EP (fixed) 0.05$/kWh 

NL 30 
rir 0.04 
C 5 

 

TABLE V 
The optimum cable distribution over the layout. 

Cable Length (m) Cost ($) 
Type 1   4311.77 120729.64 
Type 2 1302.83 45598.88 
Type 3 3250.87 136536.68 
Type 4 2427.12 206305.03 
Type 5 0 0 
Total 11292.59 509170.23 

 
TABLE VI 

Comparison of the results. 

Cost 
The Cheapest 

Cables [$] 
The Optimized 

Cables [$] 
Trenching 564630 564630 
Cabling 509170,23 491081,21 
Loss 151314,82 122627,73 
Total 1207026,03 1196427,44 

 

 
Fig. 4: The representation of radial clustering layout. 
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reduction in NPV of losses in return to a short increase in the 
initial investment costs. This difference would become 
significant if the number of clusters or the number of available 
cable types increase. 

IV. CONCLUSIONS 
     In this study, the electrical layout problem is solved in three 
steps. In the first step, an automated strategy for radial 
clustering of wind turbines around a substation is applied and 
radial clusters are determined considering the current flow 
limitations of the available electrical cables. In the second step, 
the minimum path between the wind turbines and the substation 
is found for each cluster and in the final step, optimum cabling 
is performed on the previously obtained paths. 
    Next, the results found with optimized cabling are compared 
by using the cheapest feasible cables on the same radial clusters. 
For the given dataset of cables and radial clusters, almost no 
difference between both selections are observed.  

     In the future research, the reliability of the electrical layouts 
will be examined.  
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