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MESSAGE OF WELCOME 

 

Following the experience gained in organizing the 1st, the 2nd and 3rd International Conference 

on Recent Advances in Electrical Systems in the last three years, it was decided to hold the 4th 

version of ICRAES from 23 to 25 December 2019 at the prestigious Medina Solaria & 

Thalasso 5-Star Hotel Yasmine Hammamet,  Hammamet; Tunisia. On behalf of the 

Organizing Committee and the Technical Committee, it is our great pleasure and honour to 

extend to you a cordial welcome to this conference and we hope that it will be an exciting 

event which will provide opportunities for every participant to exchange and share ideas and 

opinions. The purpose of the ICRAES’19, is to provide a common forum for presentation and 

discussion of new scientific and technical information worldwide on electrical systems. It is 

also a great occasion for making new friends and strengthening your technical expertise and 

establishing technical relationships among professionals and institutions. Organizers have 

structured an excellent technical program and have invited distinguished plenary speakers. 

The technical program involves three Invited Keynotes from USA, Turkey and Algeria. I 

thank all of volunteers for their very special contributions. After reviewing the papers 

received by international scientific committee, 44 papers have been accepted for presentation 

at the conference according to reviewers’ reports and published in this conference proceeding. 

The authors of these papers are from many countries of the world: Algeria, Tunisia, Lebanon, 

France, Saudi Arabia, Canada, Libya and Qatar. High quality papers will be reviewed for 

possible publication in one of four ISI/SCOPUS Indexed journals. High quality papers will be 

reviewed for possible publication in some indexed journals. Extended & enhanced versions of 

40 papers presented in the 1st, 2nd and 3rd version of ICRAES conference were included in the 

Journal of Electrical Systems. We would like to extend warm thanks to all authors who 

submitted papers, the reviewers, the speaker, and session chairs, who have contributed to the 

success of the technical program of ICRAES’19. I wish all of you happiness, continued good 

health and every success in your scientific activities.  

 

 

 

 

Chairman of the conference 

Prof. Dr. Tarek Bouktir 



Contents�

# authors, title Page 

 Ahmed RUBAAI, Keynote Title: HANDS-ON LABORATORIES: REAL-TIME 

EXPERIMENTATION FOR ENGINEERING EDUCATION 
1 

 Mohamed BOUDOUR, Keynote Title: STUDY METHODOLGY OF RE DEPLOYMENT 

IN LARGE INTERCONNECTEDPOWER SYSTEMS 
3 

 Tahir Cetin AKINCI, Keynote Title: NEW TECHNIQUES FOR THE ANALYSIS OF 

THE RENEWABLE ENERGY SOURCES DATA 
5 

5 

Aissou Massinissa, Ait Said Hakim and Ouatah Hanafi. Study of a two-stage 

electrostatic precipitator for the collection of solid particles recovered from the 

chimney of a cement plant. 

6 

9 
Radhia Jebahi, Nadia Chaker and Helmi Aloui. Electrothermal Modeling of an 

Embedded Inverter Intended for EV application 
12 

11 
Khalid Alqunun. Economic Power Dispatch Incorporating Wind Generation Based 

on Mixed Integer Programming 
18 

12 

Sami Laifa and Badreddine Boudjehem. Analytical Synthesis of Decentralized 

Fractional Order Controllers for MIMO Processes Based on Fractional Reference 

Model 

24 

18 

Kaddour Arzag, Zin-Eddine Azzouz and Boualem Ghemri. Analysis of the Under-

ground Azimuthal Magnetic Field Generated by Lightning Strikes to a Tower 

Instaled on a Mountain Using the 3D-FDTD Method: Effect of a Vertically Stratified 

Ground 

31 

19 
Marwa Ben Ali, Mariem Elloumi and Ghada Boukettaya. Modeling, Control, and 

Simulation of Parallel PHEV Powertrain System 
36 

20 
Dhraief Zakia, Oudhini Youssef and Neji Rafik. Telemetry system dedicated to a 

remote photovoltaic station via broadcast FM 
42 

22 
Abid Imen and Ahmed Ben Atitallah. An optimized sequential architecture of the 

AVMF filter 
48 

23 
Mondher Abidi, Amine Ben Rhouma and Jamel Belhadj. Water Energy Nexus: case 

study of pumping station powered by a grid connected photovoltaic generator 
53 

25 
Bourourou Fares, Tadjer Sid Ahmed and Idir Habi. Wind power quality improvement 

using APF based on PI & FLC controller 
59 

26 
Khalil Gassara, Bilel Gassara and Ahmed Fakhfakh. SHPD PLL’s performances vs 

ISPD PLL’s in LORA-WAN FSK Demodulator 
63 

27 
Linda Djouablia, Aziza Zerman and Mohamed Lashab. Radiation-Reconfigurable 

Multiband V-Slotted Triangular MPA Using PIN Diode Switch 
69 



28 
Dalenda Bouzidi, Fahmi Ghozzi and Ahmed Fakhfakh. Ant Colony Optimization 

ACO to Detect Multiple Sclerosis Lesions Using Magnetic Resonance Imaging 
73 

29 

Kamel Messaoudi, Hakim Doghmane, Hocine Bourouba, El-Bay Bourennane and 

Salah Toumi. Hardware/Software Implementation of Image Processing Systems 

Based on ARM Processor 

78 

32 
Omar Abusaeeda, Husayn Alhuwayji and Abdalkarim Erhab. Impulsive Noise 

Removal from Color Image Utilizing Interquartile Range Based Median Filter 
84 

33 
Salima Lekhchine, Tahar Bahi and Moufid Mohammedi. Power Management and 

Energy Storage of a Solar Conversion System Connected to Grid 
88 

34 

Hiba Al Youssef, Bilel Gassara, Kais Jammoussi, Abdel-Mehsen Ahmad, Zouhair El 

Bazzal, Ali Chamas Al Ghouwayel and Ahmed Fakhfakh. Smart Energy 

Management System based on WSN Acquisition Platform in Industrial Application 

93 

36 

Hakim Doghmane, Hocine Bourouba, Kamel Messaoudi, El Bey Bournene and 

Azzeddine Menasria. Contactless palmprint identification based on multi-scale 

texture descriptor 

99 

37 

Amrane Youcef, Elmaouhab Ali, Nour Elyakine Kouba, Mohamed Boudour, Ladjici 

Amine and Mohamed Lamari. A multi-objective optimization of hybrid FACTS 

/Wind power supply system for voltage profile improvement and active power loss 

minimization 

105 

38 

Nour El Yakine Kouba, Saliha Arezki, Slimane Sadoudi, Youssouf Amrane and 

Mohamed Boudour. Optimal Power Management and Control of Photovoltaic-H2-

Fuel Cell Hybrid Microgrid Considering Energy Storage System 

111 

39 

Chefai Dhifaoui and Hsan Hadj Abdallah. Extended Security Constrained Dynamic 

Economic Environmental Dispatch of Solar, Wind and Thermal Power System using 

MOALO optimizer 

117 

40 

Farhat Boukhili, Mohammed Ali Dami, Abderrahmen Zaafouri and Tahar 

Bahi. Permanent magnet synchronous generator Wind energy conversion system 

grid-connected 

138 

41 

Houcine Marouani, Amin Sallem, Mondher Chaoui, Mahamad Nabab Alam and 

Nouri Masmoudi. Optimization of the Power Transfer Efficiency with the Improved 

Particle Swarm in the Cochlear Implant 

142 

43 
Merabet Hichem, Bahi Tahar, Bedoud Khouloud and Drici Djalel. Integration of 

Fault-tolerant approach in voltage- PWM inverter fed AC motor drive systems 
148 

44 
Jalila Kaouthar Kammoun, Naourez Ben Hadj and Moez Ghariani. Induction Motor 

under Eccentricity Fault based-on Finite Element Analysis 
154 

45 
Jalila Kaouthar Kammoun, Moez Ghariani and Rafik Neji. Control of Induction 

Motor under Faults within the electric vehicle drive chain 
164 



46 
Nedia Aouani. Collective Pitch Control for a Variable Speed Wind Turbine on 

Turbulent Wind Profiles 
171 

47 

Mohamed Ali Zdiri, Badii Bouzidi and Hsan Hadj Abdallah. Reconfiguration 

strategy of SSTPI to FSTPI after the appearance of a single-IGBT OCF and a single-

phase OCF 

177 

48 
Nejib Khalfaoui and Taher Bahi. Map-Reduce based approach for Anomalies 

Isolation and Classification of Asynchronous Training by the SOM 
183 

49 

Kais Jammousi, Youssef Dhieb, Mohamed Yaich, Mounir Bouzguenda and Moez 

Ghariani. Multi-parameter Optimisation of Sliding Mode Controller for induction 

motor 

188 

50 

Hocine Bourouba, Hakim Doghmane, Kamel Messaoudi, Fethi Ammara, Amira 

Boulmaiz and Azzeddine Menasria. Improved representation descriptor for ear 

identification system 

194 

51 
Mouloud Challal. Design and Fabrication of a Compact UWB Filter with WLAN 

Stopband Rejection Characteristic 
202 

52 
Soltana Guesmi, Kais Jamoussi and Moez Ghariani. Electrical and Thermal model for 

improving PV module efficiency by using an air-cooling system 
206 

53 
Abdelkader Zitouni and Hamid Bentarzi. IoT Based System of Energy Compensation 

in Smart Power Grid 
213 

54 
Nawress Ben Fatma and Helmi Aloui. Management of an hybrid system intended for 

Electric vehicle 
218 

58 
Amina Bendaoudi, Mohamed Debab and Zoubir Mahdjoub. Improved design of a 

passive UHF RFID tag antenna and matching its impedance 
225 

59 
Khadija Ben Kilani, Mohamed Elleuch and Amira Ayayda. Flexibility Analysis of 

the Tunisian Power System for Renewable Integration Planning 
230 

60 
Imen Karray, Khadija Ben Kilani, Mohamed Elleuch and Tuan Tran Quoc. Progress 

on HVDC Interconnections and Case Study 
236 

61 
M. HAMEURLAINE, A. MOUSSAOUI and B .SAFA. Deep Learning for Medical Image 

Analysis 
242 

62 
Ayadi Anis, Sfaihi Boutheina and Benrejeb Mohamed. On the Use of Augmented 

Model to Discrete-Time System Stability Study 
249 

64 

Mahjoub Sameh, Ayadi Marwa and Derbel Nabil. Smart Energy Management 

Control for a Hybrid Renewable Energy System Using Dual Input-Single Output 

DC−DC Converter 

254 



65 

Khaoula Yeferni, Fatma Doub, Sana Ktata, Salem Rahmani and Kamal Al-

Haddad. An eZdsp-Based Implementation of a Series Resonant Inverter for Medical 

X-ray Generators 

260 

66 
Samia Sahloul, Chokri Rekik and Donia Ben Halima Abid. Optimized fuzzy logic 

controller for mobile robot navigation in unknown environments 
266 

67 
Mouhoub Birane. Power Optimization Strategy and evaluation of shading effect 

using Different Configurations of Converters in Photovoltaic Systems. 
273 

�



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019�

�

ISBN: 978-9938- 9937-2-1                                                       Editors: Tarek BOUKTIR & Rafik NEJI�

Keynote Speaker  1 

Prof. Ahmed RUBAAI, Fellow IEEE 

Professor and Chairperson 

Electrical Engineering and Computer Science 

Howard University, Washington, DC, USA 

 

Keynote Title: HANDS-ON LABORATORIES: REAL-TIME EXPERIMENTATION FOR 

ENGINEERING EDUCATION 

ABSTRACT 

Throughout schools and universities within the United States and all over the world, there has been growing 

interest in the use of practical control concepts in and beyond the classroom. This has been accomplished to a 

large extent using laboratory developments, with incorporation of technology tools that enable students to 

work on different real-world control configurations. This adjustment to incorporate the more practical format 

into the classroom has taken different forms throughout the academic world. Laboratory experiments using 

real-time systems are necessary in control engineering education. Experiments help the students understand 

the theoretical concepts and provide important motivation. It is therefore essential for the students to have a 

thorough understanding of hands-on experimentation and real-time systems. Three fundamental educational 

objectives are: 1. To apply state-of-the-art knowledge to help students understand what they have learned. 2. 

To train a new cadre of graduates who value experimentation as an essential and natural part of solving 

engineering problems. 3. To develop good experimental skills. Hence, the undergraduate engineering 

education becomes more attractive and meaningful to the students. A key aspect of the laboratory development 

is the close integration of engineering tools that include both software (MATLAB Simulink/MATLAB Real-

Time Workshop (RTW)) and an off-the-shelf hardware (dSPACE DSP board). In the hardware portion of the 

laboratory experiments, MATLAB Simulink paradigms are created using the dSPACE ControlDesk toolbars. 

The paradigms are built in real-time using the MATLAB RTW that automatically generates optimized C-code 

for real-time applications. The laboratory environment presented in this plenary session has many educational 

advantages as compared to multi-environment settings. The main features of this environment are: 1) controller 

code can be generated automatically for hardware implementation; 2) different languages can be used to 

describe different parts of the system. Simulink block diagrams can be used to define the control structure, 

tune the controller parameters and reference signals online, while the experiments are in progress without 

having to rebuild and download a new Simulink paradigm to the dSPACE DSP board; and 3) ease of operation 

especially by means of a simple graphical user interface. This presentation highlights the implementation of 

the laboratory exercises, students' sense of accomplishments, challenges and lesson learned in teaching team-

taught experimentation and laboratory-oriented studies. 

 

 

SHORT CV 

 

AHMED RUBAAI received the M.S.E.E degree from Case Western Reserve 

University, Cleveland, OH, and the Dr. Eng. degree from Cleveland State 

University, Cleveland, OH, in 1983 and 1988, respectively. In 1988, he joined 

Howard University, Washington, DC, as a faculty member, where he is 

presently a Professor and Chairperson of the Electrical Engineering and 

Computer Science Department. Dr. Rubaai has been named an IEEE Fellow 

in 2015. As an Educator, Dr. Rubaai has been an acknowledged educator and 

leader of curriculum development at Howard University for more than two 

decades. He is the Founder and Lead Developer of Motion Control and Drives 

Laboratory (http://www.controllab.howard.edu) that provides engineering 

students with valuable hands-on and "real-world" experiences." In 

recognition of his scholarly work and dedication to the improvement of engineering education, his work is 
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recognized by the larger community of engineering educators, as verified by his receipt of the 2011 ASEE 

Robert G. Quinn Award and the Distinguished Educator Award of the Middle-Atlantic Section of the American 

Society for Engineering Education. This recognition is a clear demonstration and confirmation of his peers' 

high regard for his contributions to engineering education. As a researcher, Dr. Rubaai has made significant 

contributions to the development and control of electric motor drives for industrial system applications in a 

variety of roles including: scientist, research engineer, university professor, and as IEEE volunteer and leader. 

Most of these contributions are heavily oriented towards industrial applications that IEEE serves. Of 

importance is his development of control technologies by way of intelligence; laying the technological 

foundations for the production versions of high-performance drives used in an expansive array of industrial, 

commercial, and transportation applications today. His work covers a broad range of manufacturing and 

product applications and exemplifies his ability to bridge between academic research and the application to 

industrial applications. The bridges that Dr. Rubaai has built between industry and academia represent a 

uniquely valuable contribution that can be matched by very few others in the academic world today. 
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Keynote Speaker  2 

Prof. Mohamed BOUDOUR, Senior member  IEEE 

Professor  & ����������	
��
����� 

University of Sciences and Technology Houari Boumediene of Algiers (USTHB) 

 Algeria 

 

 

Keynote Title: STUDY METHODOLGY OF RE DEPLOYMENT IN LARGE INTERCONNECTED 

POWER SYSTEMS 

ABSTRACT 

The electricity grid is the repository of new or existing energy challenges:  

� Securing increasingly important trade over longer distances, 

� Integrating renewable energy on scales never seen before,  

� Reliability of supply,  

� Emergence of new unconventional loads (plug-in hybrid vehicle, smart cities…)  

It is therefore necessary to increase the capacity of exchanges and over long distances, to confine increase 

interoperability and cooperation between the various non-synchronous networks and finally propose new 

control patterns.  

The presentation aims to give a view of the evolution of the future network, the different possible architectures 

and the technological challenges to be met. It will try to answer how to assess the feasibility of RE Deployment 

plan. A methodology of RE deployment is then proposed and a case study of the Algerian network is carried 

out. We will see that the assessment of the max feasible penetration shall be carefully examined in advance 

taking into account a full spectrum of analyses and that non programmable RE generation shows different 

impacts on power systems depending on their specific characteristics (isolated vs. Interconnected, mix of 

conventional generation, geographical distribution of RE). Thus, analyses tailored to each specific system are 

required. . 

There will also be a question of opportunities to structure a network of researchers ... bringing together 

academics and industrials on topics such as the mesh of the future network, associated storage devices, new 

components and structures… 
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Keynote Speaker  3 

Prof. Tahir Cetin AKINCI 

  
Electrical Engineering Department 

Istanbul Technical University (ITU), Istanbul, Turkey 

 

 

Keynote Title: 
 NEW TECHNIQUES FOR THE ANALYSIS OF THE RENEWABLE ENERGY 

SOURCES DATA 

 

ABSTRACT 
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Abstract-- This paper aims to analyze the behavior of DC

corona discharges in wire-to-plane electrostatic precipitators

as a function of solid particle size. Several design parameters

take into account in particular the number of active

electrodes and the polarity of the applied voltage. In

particular, current-voltage curves are analyzed.

Experimental results show that the discharge current is

strongly affected by particle size. Changing the number of

wires affects the corona onset conditions and ion mobility.

This document describes a new method of measuring the

apparent mobility from the geometric factor K.

A model in the laboratory was used for the measurement of

the discharge current and to plot the current-voltage

characteristic as a function of the number of active

electrodes in absence and in the presence of different size of

the particles.

Index Terms-- Particle Charging, Current-voltage

characteristics, Onset voltage, Corona discharge.

1. INTRODUCTION

Electrostatic precipitation is one of the most widely
applied technology for the removal of hazardous particles
originating from industrial plants. Industrial electrostatic
precipitator (ESP) exhibits complex interaction
mechanisms between the electric field, the fluid flow, and
the particulate flow [1,2]. The collection efficiency of
particles related to electrostatics, fluid velocity, charging
mechanism, and particle dynamics, have been extensively
researched [3-6].

However, the collection efficiency of sub-micron
particles can be as low as 70-80% because of low
charging rate and migration velocity. The sub-micron
particles contain toxic trace elements and other pollutants,
which are often suspended in the atmosphere and can
easily penetrate the human respiratory system [7].

In an ESP, particles are charged by the corona
discharge and are driven to the collecting plates by the
Coulomb force. The particle trajectories in ESPs are
influenced by the interaction between flow field, electric
field, space charge, electrode geometry, and particle
properties [3].

The collection efficiency of the wire-to-plate
electrostatic precipitators depends on numerous variables
like the global drift velocity of charged particles to be
removed and their dimensions, the magnitude and the

polarity of applied voltage and the active electrodes
radius.

In this work, our attention was focused on the effect of
particle size dimensions on the characteristics of the
corona discharge with a purely experimental approach.
The dust used is recovered in the chimney of a cement
plant is sieved to have different particle sizes 80,250 and

2. EXPERIMENTAL APPARATUS AND METHODS

The experimental method developed in this paper aims
at obtaining new measurements of current-voltage
characteristics for positive and negative DC corona
discharges in wire-to-plane ESPs according to the number
of wires, the polarity of the voltage applied and particle
size.

A. Electrode system

The schematic representation of the wires-to-plates
ESP used in this investigation is shown in Figure 1: first
the polluting particles pass through the ionization stage
where they are electrically charged by corona discharge
and then are collected in the collection stage by an intense
electrostatic field generated between parallel plate
electrodes (300x200 mm).

-

Grounded ElectrodesHV Electrodes

a) Ionization Stage

DC

15mm

15mm

20mm

Rm
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(b) collection stage.

The ionization stage comprises 2 units, each consisting
of twelve vertical wires (nickel, diameter 0.1 mm),
energized from a negative high voltage supply (ISEG, 60
kV, 9 mA), and equally distant from vertical plate
electrodes (300x20 mm) connected to the ground. The
inter-electrode gap of the ionization stage is d = 3 cm and
for the collection stage D = 2 cm.

Dust particles of average granulometric size 80, 250
and 500 µm were used as pollutant material. The dust was
prepared using vibrating sieves and the particles of
average diameter 80, 250 and 500µm. Therefore, the
overall average diameter was uniform.

All tests were carried out under stable environmental
conditions: 18-22°C, 40-60 RH% and 750-1022 mmHg.

B. Electrical measurements

particles, is provided with a ventilator where the velocity
is controlled. This ventilator is online to an AC low
voltage source and the velocity is measured by means of
an anemometer. The system is calibrated in absence of the
discharge in measuring the velocity with varying the
supplied source voltage and the characteristic velocity-
supplied source voltage is thus used for the velocity
control when the corona discharge occurs in the ESP. The
ventilator allows following continuously the air across the

The positive or negative direct voltage (DC), supplied
by a 0 to ±60 kV source, is applied to the corona wires
and the plates electrodes (300x20 mm) are connected to
the earth through a resistance Rm. The corona current is
measured via the potential drop across the resistance
Rm

The applied voltage V is raised gradually from the
value V1 to the value V2 such as V1 < V0 < V2, where V0 is
the corona inception voltage and where V2 is largely lower
than the breakdown voltage VB.

The corona inception voltage V0 represents the starting
point of corona discharge; at which a corona discharge
happens when the applied voltage exceeds a threshold.

The inception voltage V0

the intersection of the plotted curve with the voltage axis,
and the breakdown voltage VB

the applied voltage leading to an electric arc.
The present work is concerned with the measurements

of the current-voltage characteristics for both positive and
negative corona discharges in a large range of the applied
voltage, the number of discharging wires and of different
size of dust particles 80, 250 and 500 µm.

3. RESULTS AND DISCUSSION

The present work is concerned with the measurements
of current voltage characteristics at the plate’s surface.
The measurements are carried out for various parameters
such as:

the ionization voltage Vi (kV);
the collection voltage Vc (kV);
Size of dust particules ;
Number of wires discharge.

A. Current - voltage characteristics

The corona discharge is typically characterized by the
current-voltage relationship. The current increases from
the inception corona voltage up to the breakdown voltage.
Townsend has introduced a law that bears his name,
between the current and the voltage for corona discharge
in a coaxial wire-cylinder [8]. Later, it was found that this
law could also be applied to the wire-to-plane geometry
[9]. The corona I - V characteristics obey Townsend's
quadratic law over a wide range of applied voltages.
According to this law, the corona current varies with
applied voltage in the following way:

= )(A/m), (1)

Where I is the corona discharge current, V the supplied
voltage, V0 the corona inception voltage and K a
dimensional constant depending on the inter-electrode
distance, the wire electrode radius, the charge carrier
mobility in the drift region , the air humidity and other
geometrical factors. Another important feature with the eq
(1) is that corona inception voltage is reflected in them.
The corona inception voltage V0 is determined by
extrapolating the fitting straight lines to the voltage axis.
And the extrapolated voltage physically should always
locate on the right side of the ordinate and has the same
polarity as the corona. From equation (1), we can write:

/ = ) (2)

In this case, it is possible to explore the relationship
between the corona current I and the voltage-difference
V – V0. H.Aitsaid et all [10] and M.Aissou et all [11]
demonstrated that factor K for positive and negative
corona can easily be determined experimentally from

voltage-di erence, it is found that : K- / K+ = µ- / µ+

1.085. Where: µ- : is the negative ion mobility (m2 /V.s),
and µ+: is the positive ion mobility (m2 /V.s),

Grounded ElectrodesHV Electrodes

15mm

15mm

200m

m

b) Collection Stage

DC

+
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B. Effect of polarity and wires number on corona

discharge

The experimental data for various number
discharging wires are summarized in Figures
positive and negative corona discharges respectively, in
the form I=f(V). They all follow the quadratic Townsend’s
law, independent of the number of discharging
the polarity of the discharge.

Fig. 2. Measured current-voltage characteristics for various
number of discharging wires without dust: nega

Fig. 3. Measured current-voltage characteristics for various
number of discharging wires without dust: positive corona.

Fig. 4. Measured current-voltage characteristics for negative and
positive corona.
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Effect of polarity and wires number on corona

imental data for various number of
wires are summarized in Figures 2 and 3, for

and negative corona discharges respectively, in
. They all follow the quadratic Townsend’s

discharging wires and

voltage characteristics for various
negative corona.

voltage characteristics for various
: positive corona.

voltage characteristics for negative and

The number of discharging wires a
voltage characteristics for values of the applied voltage
> 7.8 kV for both positive and negative corona discharges.
At a given applied voltage V, the corona current
signi
shown in Figures 2 and 3.

The effect of the polarity it’s shown in
fact, the negative values of current are higher than the
positive ones for the same applied
the existence of a difference between the
inception voltage and the negative one; also the
of the negative ions is higher than that of the positive

The values of the inception voltage V
the measurement are shown in Figure
and negative corona discharge. V
number discharging wires, remained constant
and equal to 8 kV for the positive corona
the negative corona.

Fig. 5. Measured inception corona voltage
discharging wires.

The number of discharging wires a
currentvoltage characteristics for values of the applied
voltage V > 8 kV for both positive and negative corona
discharges. At a given applied voltage V, the corona
current increased signi
discharging wires as shown in Figures

Fig. 6. Measured negative corona current versus the number
discharging wires for various applied voltage.
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The number of discharging wires a ected the current-
characteristics for values of the applied voltage V

kV for both positive and negative corona discharges.
voltage V, the corona current increased

discharging wires as

it’s shown in Figure 4. In
current are higher than the

same applied voltage. This is due to
the existence of a difference between the positive
inception voltage and the negative one; also the mobility
of the negative ions is higher than that of the positive ions.

The values of the inception voltage V0 deduced from
the measurement are shown in Figure 5 for both positive
and negative corona discharge. V0, with respect to the
number discharging wires, remained constant for n > 6,
and equal to 8 kV for the positive corona and 7.8 kV for

Measured inception corona voltage versus the number of

The number of discharging wires a ected the
characteristics for values of the applied
kV for both positive and negative corona

At a given applied voltage V, the corona

discharging wires as shown in Figures 6 and 7.

Measured negative corona current versus the number of
discharging wires for various applied voltage.
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Fig. 7. Measured positive corona current versus the number
discharging wires for various applied voltage.

This can be explained by the increase of the number of
ionized regions around each wire. Indeed, the corona
current arose from the transition of the produced charges
between the discharging wires and the pla

C. Effect of the presence of dust (size particle)

The presence of dust affects the current
characteristic of the negative corona discharge, in
At a given applied voltage when the particle si
dust increases, the corona current decreases significantly.

Fig. 8.Measured current-voltage characteristics in the presence of dust
negative corona.

D. The geometric factor K versus the number of

discharging wires

It is possible to explore the relationship between the
corona current I and the voltage-di erence V
the factor K can easily be determined experimentally from
curve
voltage-di erence ; in equation (2).
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tive corona current versus the number of
discharging wires for various applied voltage.

be explained by the increase of the number of
regions around each wire. Indeed, the corona

the produced charges
the discharging wires and the plates.

dust (size particle)

affects the current - voltage
tive corona discharge, in figure 8.

particle size of the
creases significantly.

in the presence of dust:

The geometric factor K versus the number of

It is possible to explore the relationship between the
erence V - V0. Then

the factor K can easily be determined experimentally from

Fig. 9. The dependence of the negative current
with the di erence-voltage V-V0
discharging wires.

Fig. 10. The dependence of the posi
I/V with the di erence-voltage V
discharging wires.

Through a least-squares
dependence of I/V versus V
Figures 9 and 10 for the positive and the negative corona
discharges respectively. The geometric factor K, which
depends on the charge carrier’s mobility µ and the number
of discharging wires, represented the slope of the curves.
The values of K with their approximation error are shown
in Table 1 for various values of the
wires, and for both positive and negative polarities.
note that the factor K increased with the number of
discharging wires.

Table
Results of factor geometric K for various number of discharging
wires.
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The dependence of the negative current-voltage ratio I/V
V0 for various number of

positive current-voltage rations
V-V0 for various number of

squares
of I/V versus V-V0 is clearly shown in

for the positive and the negative corona
The geometric factor K, which

the charge carrier’s mobility µ and the number
wires, represented the slope of the curves.

of K with their approximation error are shown
for various values of the number of discharging

positive and negative polarities. We
the factor K increased with the number of

I
for various number of discharging
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E. Particle Migration

proportional force to the electric charge, which is in our
case the Coulomb force. The presence of this force will
lead to a movement of the particles toward the collector
plates. This process is called particles migration.

By using the results on the electrical particles charge

estimated.

Fig. 11 Variation of particles charge with diameter for different values of

Fig. 12Variation of migration velocity with the size of particles.

4. CONCLUSION

In this paper, the effect of the presence of the dust and
the number of discharging wires has been investigated
experimentally. In the first step, the measurements were
made in ambient air free of particles in which the number
of discharge wires can vary from 1 to 6, and in the second
step we injected the dust for different sizes of particles
80, 250 and 500 µm.

The following conclusions are drawn.

1. The presence of the solid particles affects the
current-voltage characteristic for both positive
and negative corona discharge. At a given
applied voltage when the size of the particles
increases, the corona current decreases
significantly.

2. The measured I-V characteristics of the negative
corona discharge are always higher than those
measured from the positive ones. The current
values of the negative corona discharge are
higher than the positive ones for the same applied
voltage and the same number of discharging
wires.

3. For the current dependence upon voltage, the
classical formula I = KV (V- V0) is used to
analyse the measured characteristics I = f (V),
and the results are satisfactory. The number of
discharging wires a
characteristics, and the parameters K and V0 were
determined as a function of the number of
discharging wires.
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Abstract--The efficiency of the association traction motor-

inverter is one of the keys of the driving quality of an electric 

vehicle. During a driving cycle, losses in IGBTs and diodes 

could lead to the failure of the inverter and consequently the 

degradation of vehicle’s performances. In order to prevent 

the occurrence of these problems, the present work deals with 

the development of an improved electrothermal model of a 

three phases – six switches inverter (TPSSI) used for an 

electric leisure vehicle. The proposed model provides 

accurate information about the instantaneous values of power 

losses of the inverter's components during a drive cycle. Such 

a model is validated using 3D finite elements calculations. It 

has been found that the analysis of thermal behavior of 

traction inverter under different speed references shows a 

satisfactory proximity between the 1D and 3D FE thermal 

model. 

Index Terms--Electrothermal Modeling, Traction 

Inverter, Electric Vehicle, Lumped Parameter, Finite 

Elements. 

1. NOMENCLATURE 

Cthi: Thermal capacitance 
Eon: Turn-on energy loss 
Eoff: Turn-off energy loss 
Err: Recovery energy of diode  
Esw: Switching loss energy  
fsw: Switching frequency 
Pcond: Conduction losses 
Psw: Switching losses 
Vce: Collector-emitter voltage 
ic: Collecter current 
if: Forward current 
Rthi: Thermal resistance 
rf: Dynamic diode resistance 
Ta: Ambiant temperature 
Tj: Junction temperature 
Vf: Forward voltage 
Zth: Thermal impedance 
 

2. INTRODUCTION 

Our researches aim to improve the performances of an 
electric vehicle intended for leisure activities in touristic 
areas, where the use of this type of vehicle is highly 
encouraged since they do not present gas emission. The 
driving quality of such vehicles is directly related to the 
behavior of the electric components of its powertrain. 

Indeed, the continuous fails of the inverter causes driving 
derangement, degradation of vehicle’s performance and 

life time drop. One of the most important damage that can 
infect the inverter is the overheating.  In order to prevent 
the occurrence of these problems, it is necessary to 
maximize the thermal efficiency of the inverter. Moreover, 
an accurate information about the device thermal state is 
necessary to an appropriate control with minimized losses.  

 The thermal modeling and power losses estimation of 
traction inverters were presented in several works. In [1], 
an electrothermal simulation model to estimate the power 
devices junction temperatures of traction inverter in hybrid 
electric vehicle is presented. Furthermore, in [2] authors 
present a power losses calculation methodology, to 
evaluate inverter efficiency in electric vehicles, based on 
the IGBT manufacturer datasheet. Moreover, [3] presented 
a parabola interpolation method to calculate the losses of 
an inverter for two seat electric aircraft application. 

In the present work, we propose an improved 
electrothermal model giving a real-time information about 
the thermal state and the dissipation energy of a traction 
inverter in leisure electric vehicle under different speed 
references. This model is based on coupling the electric 
losses model of inverter and its thermal model, so that the 
power losses and junction temperature are directly related 
each to other.  

 The complete simulation model of the drive system 
includes three subs system: electric vehicle model, traction 
motor model and the electrothermal model of inverter. 
However, our interest in this paper is focused on the 
development of the electrothermal model of traction 
inverter. 

 We start with problem presentation. Then, the second 
part was focus on the development of the electrothermal 
model. Finally, we used the proposed model to study the 
thermal behavior of the considered inverter under different 
drive cycles.  

3. PROBLEM PRESENTATION 

In order to change vehicle's speed during a drive 
mission, it is more appropriate to act on the rotation 
frequency of the electric traction motor. Since it is a 
concentrated flux PMSM in our case, the system must be 
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equipped with a three-phase inverter. Taking into account 
the specification of the traction motor [4], we chose to use 
the Semikron three-phase bridge inverter SK150GD066T 
[5]. Moreover, for automotive application, it is suitable to 
use pulse width modulation technique for the control of 
the inverter. Fig.1 shows the basic structure of the studied 
inverter. 

 

Fig. 1.  The basic structure of the studied inverter 

During a driving cycle, the IGBTs and diodes 
generated power losses. These losses are transformed into 
heat and causes a junction temperature rise. In order to 
prevent the overheating of traction inverter during all 
driving condition, we proposed in this paper an improved 
electrothermal simulation model permitting the 
instantaneous monitoring of the happening power devices 
junction temperatures of inverter. Fig.2 shows the 
complete simulation model of the drive system adopted in 
leisure electric vehicle. This model consists of three 
principle sub-systems: An electric vehicle model whose 
role is to define the electromechanical torque and the 
speed which the traction motor have to deliver during a 
drive cycle.  An electromagnetic model of the motor based 
on finite element calculation, to define current and voltage 
necessary for the development of required torque. And the 
proposed electrothermal model that characterized by its 
ability to provide approximate values to reality of inverter 
losses and temperatures changes for all driving conditions. 

 

Fig. 2.  Complete simulation model of the drive system  

4. ELECTROTHERMAL MODELING OF TRACTION 

INVERTER 

A. Inverter Losses Calculation 

There are three categories of power losses in an IGBT 
or diode. The first one is the conduction loss, which 
consists of the energy which is dissipated as heat when the 
device is activated and conducting current. The second 
category is the switching losses, it consists of the energy 
lost when the device switching from one state to another. 
The last category is the leakage losses which regard the 
losses when the device is fully off, these losses are 
neglected compared to conduction and switching losses [6-
9]. Fig.3 shows the switching waveform of an IGBT used 
for power losses calculation. 

Several methods have been developed, in order to 
determine the losses in a power device [10-14]. In this 
paper we proposed an improved inverter losses model to 
calculate the instantaneous values of conduction and 
switching losses, dissipated in inverter component during a 
drive cycle, taking into account the instantaneous value of 
junction temperature, switching frequency and the current 
flowing through the diode or IGBT. 

 

Fig. 3.  Switching waveform of an IGBT 

The instantaneous value of an IGBT conduction losses 
values can be calculated by the following equations [10-
11] 

        (1) 

   (2) 

The values of uce0 and rc are determined from the 
datasheet diagram illustrated by the Fig.4. In order to 
describe the temperature effects on the IGBT conduction 
losses, uce0 and rc are assumed to be a linear function of 
the IGBT junction temperature. Their expressions are 
given respectively in (3) and (4), where a1 and b1 are the 
sensitivity coefficients of the temperature.  

 (3) 

   (4) 
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Fig. 4.  Output characteristic. 

Using the same approximation, the instantaneous value 
of the diode conduction losses can be calculated by the 
equations (5) and (6).  

        (5) 

   (6) 

According to the datasheet diagram illustrated by Fig.5, 
Vf0 and rf can be expressed as follows:  

 (7) 

  (8) 

 

Fig. 5.  Diode forward characteristic 

The instantaneous values of an IGBT or diode 
switching losses can be calculated by the following 
equation (9).  

           (9) 

The dissipation energy of IGBT is equal to the sum of 
turn-on and turn-off energy losses, equation (10). Whereas 
in case of diode, the energy dissipation consists mostly of 
the reverse-recovery energy, equation (11).  

Esw-IGBT (t,Tj) = Eon (t,Tj)  + Eoff (t,Tj)       (10) 

Esw-diode = Err (t,Tj)              (11) 

According to the given values in datasheet, the energy 
dissipation can be approximated as a linear function of 
junction temperature, equation (1), where c1 is the 
sensitivity coefficients of the temperature.  

 

 (12) 

B. Junction Temperature Estimation 

Our interest in this part is focused on the junction 
temperatures of diodes and IGBTs which must not exceed 
the safe limit defined by the datasheet (Tjmax=150°C) in 
order to prevent the damage of inverter.  

In order to have approximate results with very 
satisfying accuracy and closed proximity to the reality, we 
are considered two techniques of thermal modeling. The 
first is based on lumped parameter while the second one is 
based on finite element calculation. As shows in Figure.2, 
the instantaneous value of IGBT and diode losses obtained 
by the inverter losses model is injected simultaneously into 
a the 1D and FE thermal models permitting the 
instantaneous monitoring of the happening temperature’s 

changes in different IGBT modules chip. Before their 
injection into the inverter losses model, the instantaneous 
values of junction temperatures generated by the 1D 
thermal model are compared to finite element’s ones, if the 
error exceeds 5% three times in a row, we receive the 
message « there is an error in your thermal model ». 

B.1. 1D Thermal Model 

The 1D thermal model is an approximate model which 
represents the thermal problems using an electric-thermal 
analogy. Thanks to its rapidity and ability to provide 
accurate results, this technique is being increasingly used 
in the thermal analysis of power electronic device [12-14]. 
It is based on lumped parameter allowing us to have a real-
time information about the thermal state of the diodes and 
IGBTs composing the studied inverter within all driving 
conditions.  

Fig.7 shows the 1D thermal model used to predict 
IGBT/diode temperature’s changes. In this model, each 

component’s layer is represented by a thermal resistances 

Rj and thermal capacitances Cj. In our case, since the heat 
sources have not fixed values, the electric model provides 
instantaneous values of losses corresponding to the 
instantaneous value of junction temperature, the switching 
frequency and the current flowing through the diode or 
IGBT. 

Taking into account the spreading of heat flow, Fig.8, 
thermal resistances Rthi and thermal capacitances Cthi can 
be expressed by the following equations [15-16]:  

    (13) 

    (14) 

 (15) 

       (16)  

                  (17) 
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Fig. 7.  1D Thermal Model 

 

Fig. 8.  Effects of selecting different switching under dynamic 
condition 

B.2. Finite Element Validation 

Finite element modeling is a numerical method used for 
the analysis of various engineering problems. Thanks to 
the accuracy of the results provided by this method, it is 
being increasingly employed in order to carry out thermal 
behavior of power device [17-18]. 

In the case of inverter, the power module (IGBT + 
diode) does not present obvious symmetries. For this 
reason, we considered a 3D finite element thermal model, 
Fig.9, permitting to carry out the temperature distribution 
along system operation and gives the evolution of the 
temperature at each point of power module.  

We start the modeling by the analysis of the IGBT 
response at a heat flow step applied to it, where the 
temperature rise of every layer is logged versus time and 
its thermal impedance is calculated by the equation (18):  

               (18) 

Fig.10 shows the evolutions of the temperatures in the 
different IGBT layers obtained by the FE thermal model, 
for conduction losses about 23W, switching losses about 
1W and an ambient temperature equal to 40 °C. According 
to the obtained results we can find that the finite element 
calculations led to a value of thermal impedance per IGBT 
about 0.57 K/W. while the value given in datasheet is 

equal to 0.55K/W. The comparison of the two values 
shows that the error between us is about 3.6%, which 
guarantees the accuracy and the efficiency of the FE 
thermal model. Consequently, the finite element 
calculation is performed in order to validate the results 
provided by the 1D thermal model.  

 

Fig. 9.  Meshed 3D finite element thermal model 

 

Fig. 10.  Evolutions of temperatures in different IGBT layers 
obtained by FE model  

4. TEMPERATURE AND POWER LOSSES ESTIMATION 

UNDER DIFFERENT SPEED REFERENCES   

In order to study the thermal behavior of the traction 
inverter under different speed references, two drive cycle 
were adopted, Fig.11. The first one is an elementary part 
of a drive cycle predefined by the French institute of 
science and technology for transport, spatial planning, 
development and networks (IFSTTAR). However, we are 
looking through the second cycle to test the ability of the 
vehicle to go from a stop to the maximum speed 80Km/h 
during the first 30 seconds of start-up.  

Fig.11 shows the evolutions of the current in a stator 
phase and the electromagnetic torque developed during 
each drive cycle. According to this figure we can note that 
the set of parameters change following the variation of 
speed without exceeding the limits required by the 
specifications (Ilim=150A and Clim=65N.m). 

Fig.12 and Fig13 show the evolutions of the junction 
temperatures and the power losses dissipated respectively 
during the first and second drive cycle in an IGBT and the 
associated diode.   
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Fig. 11.  Drive cycles  

Referring to the junction temperature evolutions 
obtained by 1D thermal model and finite element 
calculation, Fig.12 and Fig.13, we can notice a good 
agreement between the two models. In fact, the obtained 
results presented a satisfactory proximity of the values of 
junction temperature obtained by the 1D and EF models 
with an error an error ranging between 0.04% and 3%. 
Moreover, we can be seen that the two drive missions 
don’t present a risk for the vehicle. In fact, the junction 
temperatures of the diode and IGBT have not exceeded 
the limit values (Tjmax =175 °C). Furthermore, it can be 

noted that the vehicle will be able to pass from the stop to 
the maximum speed (80 km/h) during the first 30 seconds 
of starting, Fig.13, then continues the circulation with its 
maximum speed more than an hour, without the risk of 
overheating inverter. 

The evolutions of IGBT and diode losses, illustrated by 
Fig.12 and Fig.13 show that: 

· The switching and conduction losses are heavily 
dependent of the current flowing through the diode and 
IGBT. In fact, during start-up, losses are very high 
than steady state because the current needed to produce 
the required torque by vehicle specification at start-up 
is the highest.  Which explains the rapid rise in 
junction temperatures during start-up.  

· In case of diode the conduction and switching losses 
are almost similar. However, the IGBT conduction 
losses is very high than the IGBT switching losses. 

· The effect of junction temperature rise on inverter 
losses is invisible, because the difference not exceed 
some Milliwatts. This is due to the fact that the 
characteristics of our inverter are weakly affected by 
the temperature variation.  

 

Fig. 12.  Thermal behavior under first drive cycle  

 

Fig. 13.  Thermal behavior under second drive cycle 
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3. CONCLUSION  

An improved electrothermal model of a traction inverter 
in an electric leisure vehicle is presented in this paper. 
Such model includes two subs-systems, an inverter losses 
model that predicts the instantaneous values of conduction 
and switching losses dissipated in each inverter 
components during vehicle traffic, and a thermal model 
permitting the instantaneous monitoring of the happening 
temperature’s changes. The load profiles of the traction 

inverter are obtained from the traction motor and vehicle 
models. The effects of temperature change on power 
losses dissipation during a drive cycle are obtained with 
the feedback of the junction temperatures into the inverter 
losses model. In order to have approximate results with 
very satisfying accuracy and closed proximity to the 
reality, we are considered two thermal model: a 1D 
thermal model based on lumped parameter and a 3D finite 
element thermal model. 

The electrothermal simulation under different speed 
reference shows a satisfactory proximity between the 
temperature provided by the 1D thermal model and finite 
element calculation ones with an error that did not exceed 
3%, which shows the accuracy of the elaborated thermal 
model. Besides, the obtained results demonstrate the 
successful choice of the IGBT power module where the 
junction temperature did not exceed the safe limit, even 
when driving the vehicle at its full speed. 

Information provided by the simulation model about 
junction temperature and power losses could be used to 
perform advanced and complete control schemes taking 
into account the effects of junction temperatures variation 
on the characteristics of the traction inverter and the 
prevention of components damages. 
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Abstract--Power generation from wind has increased 

considerably in these two decades because of its low investment 

cost and it is environmentally friendly. However, wind power is a 

random variable which makes the power dispatch problem 

including wind farms more complicated. In this paper, a mixed-

integer linear programming-based method is proposed for solving 

the economic dispatch problem including wind energy sources. 

The total operation cost comprising the generation cost, the start-

up cost and the shut-down cost is considered as the objective 

function to be minimized. Several operating constraints, such as, 

energy balance constraint and generation limits are considered in 

the problem formulation. To verify the effectiveness of the 

proposed method the ten-unit system is used. 

Index Terms-- Unit commitment, Economic dispatch, Wind 

power, Mixed integer linear programming. 

1. NOMENCLATURE 

 

Indices  

 

! Index for unit. 

" Index for bus. 

# Index for time. 

$ Index of segment. !
 
Parameters  

 

%&'( Cost no-load of unit !. 
%)*$(+ Cost segment of unit ! at segment $. 

,-./ Wind power on bus " at time #. 
,0./ System demand on bus " at time #. 
,12345 Maximum power flow of line '. 
,)*$(+345 Maximum power segment of unit !  

at segment $. 

,(3(6  Minimum power generation of unit 

!. 
,(345 Maximum power generation of unit 

!. 
78( Ramping up of unit !. 
70( Ramping down of unit !. 
9:;( Shut down cost of unit !. 
9<;( Start up cost of unit !.   

 
 
 

Variables  

 

%$*&(/ Total generation cost of unit ! at 

time #. 
%98(/ Start-up cost of unit ! at time #. 
%90(/ Shut-down cost of unit ! at time # 
,)*$(+/ Total segments generation of unit ! 

of segment $ at time #. 
,12/ Power flow of line ' at time #.  
,$./ Power supply matrix (bus " at time 

#). 
,(/  Power supply of unit ! at time #. 

 
 
Binary variables  

 

8(/  Commitment state of unit ! at time 

#. 
=(/ Start-up indicator of unit ! at time #. 
>(/  Shut-down indicator of unit ! at time 

#. 
 

  

2. INTRODUCTION 

Nowadays the power providers are encountering high pressure 
to reduce the dependency on the conventional energy sources, 
and to satisfy the environmental concerns for clean energy. 
Therefore, the power providers are currently shifting their 
centralized energy services toward the new technology of the 
distributed generation DG. These energy resources are usually 
located at the demand-side in a distribution network to provide 
the required energy to the end-user customers with minimum 
power losses. The DG contains renewable energy resources 
such as wind and solar power as well as dispatchable units and 
storage devices. The DG adds considerable benefits to the 
existing distribution networks such as improving power 
quality, reducing the hourly operation cost, deferring 
investment costs, decreasing carbon dioxide and satisfying 
reliability targets. 
The high integration of wind power in distribution networks has 
necessitated a prompt and efficient modification on its 
operation strategy. The sudden increase in the wind generation 
might challenge the operator of the distribution network to 
satisfy the transmission lines limitations. In addition, the high 
volatility of the wind generation might also increase the 
difficulty to manage the economic power dispatch of the 
generation units and ensure the network constraints.  
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The diversity of generation units in power system and their 
variable operation cost require an efficient method to deliver 
the required energy with the minimum operation cost. This 
variability in operation cost mainly depends on the specific 
characteristics and the prime mover of these units. Therefore, 
economic dispatch technique becomes an essential part in 
planning, operating and controlling the generation units [1-3]. 
The economic dispatch has been achieved through various 
tradition methods such as Largangian relaxation method [4], 
priority list method [5] and quadratic programming [6]. 
However, due to long computational time and complicated 
constraints, some new techniques for solving the economic 
dispatch have been developed and used in modern power 
systems. For example, evolutionary programming [7], particle 
swarm optimization [8], mixed-integer linear programming [9], 
and genetic algorithm [10]. The wind power generation can be 
easily modelled and investigated using these optimization 
techniques. For example, the authors in [11] presented an 
economic power dispatch method that incorporates thermal 
generating units and wind turbine. The optimization problem 
has been solved while taking into consideration some inequality 
constraints due to the high fluctuation of the wind speed. 
However, the inequality constraints would challenge the 
feasibility and accuracy of the optimal solution. Therefore, 
penalty function has been included in the optimization problem 
to evaluate all the defined boundaries including the inequality 
constraints.  Wind power generation has been investigated and 
optimized in [12] using economic dispatch and load 
management techniques. The objective of the study was to 
satisfy system reliability when considering the injection of 
wind farms. In addition, the study aimed to explore the 
relationship between the load management when the wind 
power is available and the cost of the reserves.   
A dynamic optimization method for searching the economic 
dispatch and the optimal wind power has been discussed in 
[13]. The study illustrated the effectiveness of using 
distribution functions to formulate the variation of the wind 
generation. The proposed optimization problem was restricted 
with the ramping capability of the thermal generation and the 
forecasting error of the uncertain wind power. Therefore, the 
system operator would effectively encounter any sudden 
change in the wind generation. The study suggested that the 
system operator would be able to procure the optimal 
production cost and the commitment of the dispatchable units 
while taking into consideration the forecasting errors of the 
wind power.  
Smart distribution networks would integrate wind units with 
other dispatchable units such as storage devices and combined 
heat and power. For example, the study in [14] presented an 
optimization problem of wind power and a combined and heat 
power to accomplish the economic operation cost using genetic 
algorithm.  
Moreover, the dynamic economic dispatch technique to model 
wind power has been also investigated in [15]. The objective 
was to reduce the operation cost by implementing wind power 
and subjected to demand response and emission constraints. 
The results of the study proved that the increase of the wind 

penetration into a distribution network could effectively reduce 
the cost related to demand response and emissions.   
This paper provides an optimization technique using mixed-
integer linear programming to schedule thermal generating 
units incorporated with wind power generation. The 
optimization techniques evaluate the production, start-up and 
shut-down costs whilst taking into consideration the 
dispatchable generating unit constraints and system balance to 
ensure the feasibility of the optimization problem. In addition, 
the feasibility of the wind power generation is effectively 
checked through the network evaluation, where the aim of the 
subproblem is to minimize the power mismatch and ensure the 
constraints of the power flow at all time. A ten-unit system has 
been used to illustrate the effectiveness and performance of the 
proposed optimization problem.   

 

3. TECHNICAL WORK PREPARATION 

A.! Objective Function 

The objective of the wind optimization problem is to minimize 
the total operation cost of the dispatchable units, which includes 

the generation cost %$*&(/ , the start-up cost %98(/ and the 

shut-down cost %90(/ as defined in (1). The generation cost is 
a non-linear function and can be converted into linear equation 

by using large number of power segments ,)*$(+/ and cost 

segments %)*$(+ as specified in (2). Moreover, the cost 

function has an initial cost called the no-load cost %&'(. The no-
load cost would provide an accurate calculation for the 
operation cost, and can be determined when the generation 

status 8(/  is changed from 0 to 1, i.e. the dispatchable unit is 
turned on.  
 

?!&@AAB%$*&(/ C %98(/ C %90(/D
EF

(GH

EI

/GH
 

 

(1) 

%$*&(/ J %&'( K 8(/ CA%)*$(+ K ,)*$(+/
EL

+GH
 

 

(2) 

 

B.! Energy Balance Constraint 

 
The energy balance of the system is ensured in (3). The 

generated wind power ,-./ on bus " at time # and the supply 

from the dispatchable units ,$./ have to meet the required 
demand ,0./. Therefore, the power flow ,12/ on line ' at time 

# is always the difference between the total supply and total 
demand. The power flow in the transmission lines is controlled 
and secured using the constraints (4) and (5). The power flow 
is limited to be less than the defined maximum capacity 
,12345and it is negative value when the power is flowing in the 

opposite direction.  
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A,12/
EM

2GH
J ,-./ C ,$./ N ,0./ 

 
(3) 

,12/ O ,12345 (4) 

N,12/ O ,12345 (5) 

 
 

C.! Dispatchable Units Constraints 

The generated power from the dispatchable units ,(/  is 
accounted as specified in (6). The total power segments 

,)*$(+/ through a variable time # would determine the required 

power supply of each dispatchable unit, where $ is an index for 
the segment number. The segment number of the cost function 
is totally dependent on the characteristics of each dispatchable 
unit. The power segment of each dispatchable unit is limited to 
be less than the maximum segment ,)*$(+345 as shown in (7). 

The generated power from the dispatchable unit ,(/  through a 
variable time is obtained with respect to the 
minimum/maximum capacity as illustrated in (8). It can be 

noticed that the binary variable 8(/  is included in the previous 
equation to determine the operation status of the dispatchable 
units.  
 

,(/ JA,)*$(+/
EL

+GH
 

 
(6) 

,)*$(+/ O ,)*$(+345 (7) 

,(3(68(/ O ,(/ O ,(3458(/  (8) 

 
 
 
Ramping up and down are limited using constraint (9) and (10), 
respectively. The advantage of using these constraints is to 

prevent unit ! from producing power grater than its ramp up 
limit between two consecutive hours. The ramping down 

constraint is to prevent unit ! from decreasing power less than 
its ramp down limit between two consecutive hours. 
 

,(/ N ,(B/PHD O 78( 
 

(9) 

,(B/PHD N ,(/ O 70( 
 

(10) 

The previous constraints of ramping up and down are 

formulated based on start-up and shut down indicators,@=(/@and 

>(/ , respectively. The indicators of start- up and shut down are 
binary variables and can be defined as (11) and (12).   

 

8(/ N 8(B/PHD J =(/ N >(/  (11) 

=(/ C >(/ O Q (12) 

 

the indicator =(/ is one when unit ! is started up and zero 

otherwise. However, the indicator >(/  is one when unit ! is 
shut down and zero otherwise.  

Shut down cost and start up cost are presented in (13) and 

(14), respectively. When unit ! is shut down, the indicator >(/  is 
one and the shut down cost is considered. Similarly, when the 

unit ! is started up, the indicator =(/ is one and the start up cost 
is considered.  
 

%90(/ J 9:;( K >(/ (13) 

%98(/ J 9<;( K =(/ (14) 

 

D.!Network Evaluation  

 
The solution obtained in the master problem is carefully 
checked in the network evaluation subproblem. The network 
evaluation is processed through (15) to (21). The objective of 
the subproblem is to minimize the power mismatch as specified 

in (15), where 9RQ/S and 9RT/S are non-negative slack 
variables. The DC power flow is calculated in (16), and it is 
totally dependent on the variation of the bus voltage angles. The 
minimization of the subproblem is subjected to the energy 
balance constraints defined in (17) and the power flow 
limitations shown in (18). If the procured UC solution violates 

the network flow limitations, the value of the subproblem U/  
will be more than a predefined tolerance value. Therefore, 
Benders cuts will be generated as shown in (21) and the 
iteration process will be repeated in the master problem. Note 

that the parameters V(/  and WX/ shown in (19) and (20) are 
lagrangian multipliers, which are responsible for controlling the 
feasibility of the benders cuts.  
 

 

 

 

 

?!&@U/ JAB9RQ/. C 9RT/.D
ES

.GH
 

 

(15) 

s.t 
 

 

,1M/ JAY6Z/ N Y3Z/
[6Z3

ES

SGH
 

 

(16) 

A ,(/ C
(\S]

A ,X/ C 9RQ/. N 9RT/.
X\S]

J A 0/̂ C
^\_]

A ,1M/
M\M`Z]

N A ,1M/
M\MaZ]

 

 

(17) 
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b,1M/b O ,1Mc45 
 

(18) 

,(/ J ,d(/      V(/  
 

(19) 

,X/ J ,dX/       WX/ 
 

(20) 

U/BeZ fD J U/gehZ fhi CAV(/B
E(

(GH
,(/ N ,d(/D

CA WX/B
EX

XGH
,X/ N ,dX/D 

 

(21) 

 
4. NUMERICAL SIMULATION 

A ten-unit system is used to demonstrate the performance and 
effectiveness of the proposed model, and it is depicted in Figure 
1. This system contains 10 generating units, 39 buses and 17 
loads. The MILP combines all the defined constrains and the 
available parameters to procure the minimum possible 
generation cost. The unit characteristics and the hourly demand 
are given in Table I and Table II, respectively. The forecasted 
wind power generation is obtained from [16]. First, the wind 
power is assumed unavailable and only the generating units are 
supplying the hourly demand. The hourly power supply of all 
the generating units in this system is illustrated in Figure 2.  
 

 

 
Fig. 1: Single-line diagram of the test system 

 
The generating units supplies only 700 MW at hour 1, however 
the total generation reaches the maximum demand of 1500 MW 
at hour 12. The total generation cost without considering the 
wing generation is $548,436 over the 24-hour period of time.  
However, when the wind power generation is considered, the 
power dispatch and the generation status have been 
dramatically changed. Three wind generating units with a 
maximum power supply of 300 MW, which presents 20% of 
the maximum load, is now included in the network.  
The power dispatch of the generating units and the dispatch of 
the aggregated wind units are given in Table III. The total 
supply of the generating units was 27,100 MWh without 
considering the wind power. In contrast, the total power 
dispatch is significantly reduced to 22,725 MWh as a result of 
the wind power supply. 
 
 

 
Fig. 2: Hourly power dispatch without wind generation 

 
The total supply of the wind power is 4374.6 MWh over the 24-
h period of time, which presents 16.1% of the base total 
generation. Moreover, the inclusion of the aggregated wind 
units has effectively decreased the hourly operation cost. Figure 
3 demonstrates how the hourly operation cost has been 
considerably reduced when the wind power is available. The 
total hourly operation cost becomes $449,359, which is 18% 
reduction when the wind generation is considered. 

 

 

 
TABLE I 

Unit data 

Unit ,(jkl ,(jmn o( "( ;( p(q (h) p(r (h) 9s( ($) 9t( ($) p(u (h) v9( (h) 

1 150 455 1000 16.19 0.00048 8 8 4500 9000 5 8 
2 150 455 917 17.26 0.00031 8 8 5000 10,000 5 8 
3 20 130 700 16.60 0.00200 5 5 550 1100 4 -5 
4 20 130 680 16.50 0.00211 5 5 560 1120 4 -5 
5 25 162 450 19.70 0.00398 6 6 900 1800 4 -6 
6 20 80 370 22.26 0.00712 3 3 170 340 2 -3 
7 25 85 480 27.74 0.00079 3 3 260 520 2 -3 
8 10 55 660 25.92 0.00413 1 1 30 60 0 -1 
9 10 55 665 27.27 0.00222 1 1 30 60 0 -1 

10 10 55 770 27.79 0.00173 1 1 30 60 0 -1 
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TABLE II 

Hourly demand for 24-hour (MW) 

Hour 1 2 3 4 5 6 7 8 9 10 11 12 
Load 700 750 850 950 1000 1100 1150 1200 1300 1400 1450 1500 
              

Hour 13 14 15 16 17 18 19 20 21 22 23 24 
Load 1400 1300 1200 1050 1000 1100 1200 1400 1300 1100 900 800 

 
 

TABLE III  

Power supply with wind generation (MW) 

Unit Time 1-12 hour 

1 418 389 455 455 455 455 455 455 455 455 455 455 

2 150 150 167 249 293 393 395 445 455 455 415 455 

3 
         

130 130 130 

4 
        

130 130 130 130 

5 
            

6 
        

26 38 20 54 

Wind 132 211 228 246 252 252 300 300 234 192 300 276 

Demand 700 750 850 950 1000 1100 1150 1200 1300 1400 1450 1500 

Unit Time 13-24 hour 

1 455 455 455 455 455 455 455 455 455 455 455 455 

2 433 345 381 369 403 455 455 455 455 322 
  

3 130 130 130 130 130 130 130 130 130 
   

4 130 130 
     

130 130 130 130 130 

5 
      

110 162 112 25 69 59 

6 
     

60 20 68 
    

Wind 252 240 234 96 12 0 30 0 18 168 246 156 

Demand 1400 1300 1200 1050 1000 1100 1200 1400 1300 1100 900 800 

 
 
 
 

 
Fig. 3: Hourly operation cost comparison (with and without wind) 
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5. CONCLUSION 

In this study, an attempt for the economic scheduling of 
power generation was suggested to meet the required power 
demand over a certain period of time. The establishment of 
the problem modelling took the uncertainties of the wind 
power output into consideration. The generation cost, start-
up cost and shut-down cost are combined in one objective 
function and then minimized. Several equality and 
inequality constraints were embedded in the problem 
formulation. MILP is used to express the cost function. The 
performance of the proposed approach has been tested on a 
10-unit system for a time horizon of 24 h. The obtained 
MILP problem was implemented using GAMS/Cplex 24.2. 
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Abstract--This paper, presents a new Analytical technique 

to design a decentralized fractional order controllers based 

on gain and phase margin specifications (GPM) using 

fractional order system as reference model for a 

multivariable processes (MIMO) of type TITO (two input 

and two output). The process is transformed into two 

independent SISO systems by introducing a decoupler, A 

method based on a suboptimal model reduction algorithm is 

then used to reduce each element of the decoupled (SISO) 

systems to first order plus dead time (FOPDT) models. The 

fractional transfer function is used as a reference model to 

design an independent fractional order controller. Fractional 

controller parameters  are determined to satisfy gain and 

phase margins. Simulation results show that the desired 

specifications are full filled. The decentralized fractional 

order controller is more robust and flexible in comparison 

with decentralized classical controller.  

An examples of application are presented to show the 

effectiveness of the proposed method in comparison with 

classical controllers.  

Index Terms-- Decentralized Fractional Order Controller, 

Decoupled System, MIMO Processes, FOPDT Model, 

Fractional Reference Model, GPMs. suboptimal model 

reduction, 

 

1. INTRODUCTION 

Multivariable systems have a higher degree of 

complexity than a single-variable system, making the 

application of single-variable systems control theory 

techniques difficult or impractical. The existence of a 

strong coupling between input and output variables 

requires automatics engineers to find other methods.  

There are two types of controller design for the 

multivariable systems, centralized control and 

decentralized control.  The design of centralized 

controllers is complicated  because there are many  control 

elements which interact with each other [1-2]. While 

decentralized controllers are diagonal controllers that 

contain individual controllers in the independent loop as 

diagonal elements so that they can be designed separately.         

 

In the literature several methods were studied for 

designing decentralized controllers,  Detuning methods 

[3], Sequential loop closing (SLC) methods [4]. 

Independent methods [5], Relay auto-tuning method [6]. 

Decoupler based method [7]. In the literature, several 

methods were proposed for the design and synthesis of the 

conventional decentralized PI / PID controller in the 

presence of a dynamic decoupler for TITO processes. 

Tavakoli et al. presented a decentralized Conventional PI 

(PID) controller  using the non–dimensional tuning 

method for TITO processes [8].  

Two types of decentralized conventional PID  

controller design have been presented for TITO systems 

[9] . The first type is based on FOPDT models and  the 

second type is based on SOPDT models.  The parameters 

of a decentralized Conventional PID controller are 

obtained by observing the movement of real or complex 

poles. Hajare and Patre [10-11] presented a Decentralized 

Conventional PID controllers based on characteristic ratio 

assignment (CRA) for TITO systems. Hajare and Patre  

presented a Decentralized Conventional PID controllers 

based on the reference dominant transfer function for 

TITO processes [12-13]. PID controller parameters are 

find by using Maclaurin series expansion.  

     Recently, fractional order calculus applied to many 

fields of engineering such as control of linear and 

nonlinear systems, electrical circuits, signal processing 

and communications, .. etc [14-15-16]. The fractional 

order Proportional-Integral-Derivative was first 

introduced by Podlubny [17] and it is consider as the 

generalization case of classical PID controllers. Fractional 

PID controller design is a challenging work, because it has 

two additional parameters, the integration and the 

derivative orders �������, respectively.  Tuning methods 

for fractional order controller may be expressed as  rule-

based methods, analytical methods and Numerical 

methods [18].  Boudjehem B et al. [19-20] proposed the   

analytical design method for fractional order controller 

using fractional reference model. The design method is 

based on gain and phase margin specifications. The 

concept of fractional calculus has been applied 

successfully for the control of  SISO  systems. This is 

encouraged researchers to think to introducing this 

concept at large multi-input and output systems 

(multivariable systems) [21-22]. 

 

    The main objective of this paper is to contribute to the 

design of control laws that involve fractional operators in 

order to impose the desired performances on multivariable 

systems.  The simple decoupler [8] was used to reduce 

interactions between variables and decoupled subsystems 

were formed. Suboptimal model reduction algorithm [23] 

is used reduce each decoupled subsystem (SISO) to the    

FOPDT models. The proposed fractional integral transfer 

function is used as a reference model for the design of 
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independent fractional order controller for each to models 

(FOPDT). Using direct synthesis [19] we obtain the 

fractional controller parameters for each FOPDT model  . 

 

  To demonstrate the effectiveness of the suggested 

method of decentralized fractional order controllers, it is 

applied to two typical TITO processes. Simulation results 

show that the fractional order controller is more robust 

and flexible in comparison with classical controller. 

   This paper is organized as follows:  In section 2, discuss 

decoupler design, In Section 3, a decoupled subsystem 

model is approximated into equivalent first order plus 

dead time (FOPDT) models. Section 4 illustrates the basic 

mathematical notions of fractional order systems. Section 

5 presents the method of analytical synthesis of 

decentralized fractional order controllers for MIMO 

systems and explanation the proposed design method. An 

example of application is presented in section 6. 

2.  THE DECOUPLER DESIGN FOR A TITO PROCESSES 

Consider the TITO (Two-Input-Two-Output) process is 

as follows: 

 ���	
 � ����	
������ ���	
���������	
������ ���	
�������                        (1)      

 

Decoupler is designed to eliminate and minimize the 

interaction between the variables of the given system ���
 
in eq. (9). Decoupler was suggested by Wang et al. [8] for 

TITO systems. 

The following Two cases are considered in the design of 

the decoupler matrix: 

Case 1: The off-diagonal elements of ���
 have no RHP 

poles and diagonal elements of ���
 have no right-half-

plane (RHP) zeros. The decoupler has the following 

transfer function matrix. 

 

 ���
 � � ����
 �����
����
�����
����
 ����
 �                            (2)                                                                     

 

where : 

 ����
 � � ���������������������� � ��� �!"#$!""
%������������ & ���         

                                                             ����
 � � ������������ � ��� �!#"$!##
%����������������� & ��� 

�����
 � '(����
(����
  $�!#"$!##
% 
                                                                                  (3)                                                                                               �����
 � $)"#�%
)""�%
  $�!"#$!""
% 
 

Case 2: If there are no right-half-plane (RHP)  poles  in 

diagonal and no right-half-plane (RHP) zeros in off- 

diagonal elements of G ( s ). The decoupler matrix is: 

 

���
 � ������
�*��
 �*��
�+��
 �����
�+��
�                             (4)   

                                                                               

where: 

 �*��
 � � ������������� � ��� �!""$!"#
%���������������������� & ��� 

�+��
 � � ���� � ��� �!##$!#"
%���� & ��� 

 �����
 � $)""�%
)"#�%
  $�!""$!"#
% 
                                                                                     (5)                                                �����
 � $)##�%
)#"�%
  $�!##$!#"
% 
 

The resulting of transfer function of ���
 , ���
 is a 

diagonal system -��
as presented in equation (6). 

 -��
 � ���
���
 � �./(01����
2 1����
3                (6)      

                                                                 

The diagonal element 1����
  and 1����
 calculated by 

using eq. (6) and are two SISO systems, they are 

controlled by decentralized fractional order 

controllers���45��
. where  . � �267 
 

3. MODEL REDUCTION 

Many higher order processes are better reduced as first 

order plus dead time (FOPDT) models [24-25]. The 

dynamics of the elements 155��
 of -8��
  are quite 

complex for design of fractional Ordre Controller, so  1����
  and 1����
are reduced into a FOPDT models 

(955:;<=>). In this paper, a suboptimal reduction algorithm 

proposed in [23] is presented which can be used to reduce 

the of the decoupled systems to first order plus dead time 

(FOPDT) model as below: 

 955:;<=>��
 � ?@@>@@%A�  $B@@%                                            (7) 

 CD�E�F . � �26G H55 � IEJK�		��L�G     M55 � ��N�O�PLQ� ;         

 R55 � PLQ��KJ�	P��P 
 

Suboptimal reduction algorithm: 

 

The error signal for model reduction is appears in fig. 1, 

and the original model can be given as follows 

 155��
 $!@@% � S#@@%�TU#
@@AVAS�TU#
@@%AST@@%T@@AW#@@%�TU#
@@AVAW�TU#
@@%AWT@@  $!@@%   (8)                                                    

where the reduced order model is presented by 955X@@ Y@@Z ��
 $>@@% � [#@@%\@@AVA[\@@%A[�\]#
@@^U_@@`%a@@Ab#@@%�aU#
@@AVAb�aU#
@@%Aba@@       (9) 
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Fig.1  Error for model reduction. 

 
Through Figure 1, both the original model and the reduced 

model are subject to the same  input signal c55�d
, and the  55�d
   indicates the error between the output of the 

original model and that of the reduced-order model. 

Laplace transform to indicate the error between the two 

models can be written 

 e55��
 � f155��
 $>@@% ' 955X@@ Y@@Z ��
 $!@@%g h55��
     (10) 

 

where h55��
 indicating the Laplace transform of the input 

signal c55�d
7 
the integral squared value  ijkl@@ of the signal m55�d
 �n55�d
 55�d
��can be equals the squared -�$opXqof the 

difference transfer function in the previous equation. They 

are evaluated as follows 

 rs� � t m55��d
�d � t n55��d
 55�uvuv �d
�d�                (11) 

 

where n�d
 is a weighting function.  if the function  m55��
 
is irrational because of the term delay the above method in 

this case cannot be used directly.  Padé approximation 

should be used for time delay to make m55��
rational.  The 

time delay term is replaced by its Padé approximation. 

The approximated error signal is rewritten as 

 ewxy��
 � f155��
z{#�R55 2 �
 ' 955X@@ Y@@Z ��
z{"��55 2 �
g h55��
  (12)                                                                                     

                                                                                              

where |�55 ����are the orders of the Pade approximations for 

the original model, |�55 is Pade  approximation  order  of  

the  reduced order model define a parameter vector }55 as 

 }55 � ~��55 2 7 7 7 2 �q55 2 ��55 7 7 7 2 ��XA�
@@ 2 R55��                      (13) 

 

An explicit write of the approximate error signal of the 

model is given as  855�d2 }55
   for a given original model 

and the input signal.  An objective function for  

suboptimal model reduction can be  presented  as follows. 

 �55 � �.��@@ 0t n55��d
 8�55�d2 }55
�duv 3                              (14) 

 

4. FRACTIONAL ORDER SYSTEMS 

   The mathematical definition of Fractional Derivatives 

and Fractional Integrals has been the subject of many 

different approaches [26]. The definition of Riemann-

Liouville in eq.(15) is one of the widely used definitions 

of fractional integration. �$bn�d
 � ���b
t �d ' �
b$�n��
�v ��                         (15) 

where : 

 ���
is Euler’s Gamma  function �is the order of the 

integration. 

 

     The Laplace transform plays a useful and important 

role in control theory such as in controller synthesis and 

system analysis. The Laplace transform of the fractional  

integral given by equation 15,  under zero initial 

conditions for order � is. 

 �$bn�d
 � �$b���
                                                    (16) 

 

where  ���
 is the normal Laplace transformation n�d
. 
 

     The fractional order system is described by the 

following fractional differential equation: 

 � �5�b@��d
 � � ���b� �d
q���o5��                               (17) 

  

where � is the derivative operation, (�5,��) are the orders 

of differintegration and (�5,�� ) are constant coefficients. 

Bode proposed an ideal  fractional order system of the 

open  loop transfer function , is an irrational function of 

the  type [27]: 

 

   M��
 � �s�% �W                                                             (18) 

 

where � is the fractional order and m� is the gain 

crossover frequency. 

     

    Both frequency and time analysis of this fractional 

order system were the object of many works [28]. 

 

5. THE PROPOSED DESIGN METHOD 

Two steps to achieve the proposed design method. The 

first objective is to define the controller transfer function 

in such way that the open loop transfer function except 

time delay, must take a form of fractional order integral. 

The second is to adjust the remaining controller 

parameters. The stability of the system is ensured by 

desired margins and phase margins. In this paper, we limit 

ourselves to first order systems. 

The FOPDT model obtained previously given by eq.7 is: 955��
 � ?@@>@@%A�  $B@@%                                                  (7) 

   Transfer function of the fractional order controller 

follows directly from the use of proposed transfer function 

as a reference fractional transfer function for the open 

loop system is defined by the fractional integrator with 

time delay. 

  The controller transfer function must has the form: 

 ��55��
 � H�55 �A>�@@%%�@@ � H�55 � �%�@@ � R�55��$b@@�             (19) 

where R�55 � R55 are the time constant for FOPDT models 955��
7 is given by eq.(7) and  H�55  is  the static gain.  

Eq .19 can be expressed as follows: 
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 ��55��
 � H�55 � �%�@@ � R55�[@@�                                     (20)      

which is a special case of ziW�[  [29].  

where, � and � are The orders of the integral and 

derivative respectively.  

 The open loop transfer function From eqs.(7) and (19) is   ��55��
955��
 � Y�@@%�@@  $B@@% � ?�@@?@@%�@@  $B@@%                    (21)                                                                                           

where:H�55H55 � ��55  
 

The synthesis purpose is to determine the remainder 

parameters H�55, and �55of the  fractional  order  controller 

 

satisfying the desired specifications in terms of the gain 

and phase margins (GPMs). 

The GPMs is given by the following definitions: 

 /c( ���550�m�5539550�m�553� � '�                              (22) 

�q55 � ����@@0�s�@@3�@@0�s�@@3�                                            (23) 

���550�m)5539550�m)553� � �                                          (24) �q55 � � � /c(���550�m)5539550�m)553�                       (25) 

 

where: �q55 �/����q55  are gain and phase margins 

respectively, also m)55 �/���m�55  are gain and phase 

crossover frequencies. 

 

  If the desired specifications are given in terms of the 

GPMs, the fractional controller parameters are deter-

mined as follows. The GPMs for the transfer function 

desired as a reference model for the open loop are. 

  ��55��m55
955��m55
  � ?�@@?@@s�@@                                       (26) 

¡55 � 'M55m55 ' �55 ¢�                                                   (27) 

By compensation, we obtain the gain and phase relations 

in Eqs. (28-29) and (30-31) respectively. 

 ?�@@?@@s£@@�@@ � �                                                                    (28) 

s�@@�@@?�@@?@@ � �q55                                                                (29) 

The phase: ¡q55 � � ' M55m)55 ' �55 ¢�                                         (30)  

 � � �55 ¢� � M55m�55                                                       (31) 

Also using Eqs. (30) and  (31), we obtain the gain and the 

phase crossover frequencies (m)55 2 m�55 of the open-loop 

system  in Eqs. (32) and (33) respectively. 

 

m)55 � ¢$¤T@@$b@@¥"B@@                                                       (32)     

m�55 � ¢$b@@¥"B@@                                                               (33) 

From eqs.(32) and (33) , we get a new nonlinear relation: �q55 � ¦s�@@s£@@§b@@ � ¦ ¢$b@@¥"¢$¤T@@$b@@¥"§b@@
                        (34)  

 CD�E�F� s�@@s£@@ � ¢$b@@¥"¢$¤T@@$b@@¥"                
                                                                                    

Using the classical numerical method we determine the 

fractional order /˛ for each desired GPMs 

values��q55 2 ¡q55
, This order is a solution to eq. (34), 

and the static  gain H�55  is given by: 

 H�55 � s�@@�@@?@@¨T@@ � s£@@�@@?@@                                                  (35) 

Once the value of � is obtained, the values of (m�55 ,m)55) 
are computed in Eqs. (32) and (33). 

 

  The structure of design of the   Decentralized Fractional 

Order Controllers (�©4� and�©4�) for decoupled loops, 

is shown in Fig.2 where  ���
 is the decoupler transfer 

function, ���
  is the model of the TITO process. 

 

 

Fig. 2 Closed-loop decentralized control structure for TITO 

system. 

 

6. SIMULATION  RESULTS  

we consider binary distillation column plant described by 

Vinate and Luyben [3] given by  by the transfer matrix  

 

����
 � ª««
¬ '676 $%� � � �7® $v7*%� � �'67¯ $�7°%±7²� � � ³7® $v7*´%±76� � � µ¶¶

·
 

 

Using eqs. (2) we get the transfer  function  matrix of 

decoupler as follows: 

 

����
 � ¸ � ¹7²±¹±¹7º³º�±76� � �
 $�7+´%±7²� � �  $v7»% ¼ 
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The resulting diagonal elements of -��
 � ���
���
 ��./(01����
2 1����
3 are: 

 1����
 � '676� � �  $% � ¹7¯³¹�±76� � �
�� � �
�±7²� � �
  $�7»´% 
and  1����
 � '�7º²³²�±7²� � �
  $�7°% � ³7®�±76� � �
  $�7v´% 
 1����
 � 1����
=0 

 

The dead time term of diagonal elements of -��
 ����
���
 � �./(01����
2 1����
3 can be approximated 

in  after different ways. In this paper, The dead time term 

of diagonal elements of -��
 � ���
���
 ��./(01����
2 1����
3 approximated by first-order Taylor 

series approximation,  can be  used to make -��
 rational.  

based converting all delays into pole form using Taylor 

approximation as given.  $!½% � ���¾� � �
 
where  �¾ is dead time of the system. 

 

From this we obtain the representation of the previous 

decoupled subsystems with delay approximation as follow 

 1����
 ¿ '676�� � �
�� � �
� ¹7¯³¹�±76� � �
�� � �
�±7²� � �
��7²� � �
 

 

 1����
 ¿ '�7º²³²�±7²� � �
��7¯� � �
 � ³7®�±76� � �
��7¹²� � �
 

 

 

The reduced FOPDT models of  1����
and 1����
 based 

on suboptimal reduction algorithm  are 9�:;<=>��
 � '�7®²® $v7À»%º7¹6� � �  

and 

 9�:;<=>��
 � 67º³² $v7ÀÁ%¯7±¹³� � �  

 

Figs. 3 and 4 show the step response and  Nyquist plots of 

the diagonal subsystems  of -��
 and their FOPDT 

approximate models.   

   For example if the desired specification the gain margin �q55=5 and phase margin¡q55=70°Using direct synthesis 

in section 5, we obtain the following fractional controller 

parameters: H�� � '¹7®³®¯, R�� � º7¹6and 

 �� � �7¹�±±³ designed from  9�:;<=>��
 model and H�� � ¹7��³, R�� � ¯7±¹³ and �� � �7¹�±±³ designed 

from 9�:;<=>��
 model. 

 
 

Fig. 3 Step responses of 155��
 and 955��
. 

 

Fig. 4 Nyquist plots of 155��
 and 955��
. 
Therefore, the resulting diagonal elements of transfer 

functions of the Fractional Order Controllers proposed for 

each case are: 
 ��<Xp�p%^¾$:;Â��


� Ã'¹7®³®¯º7¹6� � ���7v�ÁÁ ¹
¹ ¹7��³¯7±¹³� � ���7v�ÁÁ Ä 

 

Ã'¹7®³®�� ¦ ��v7v�Á � º7¹6�v7Á°v§ ¹
¹ ¹7���� ¦ ��v7v�ÁÁ � ¯7±¹³�v7Á°v§Ä 

 

 

Hajare  et al.’s ([29]) presented a decentralized PI 

controller based on Characteristic Ratio Assignment 

method (CRA-PI)  for  reduced FOPDT models from 

decoupled subsystems using frequency response fitting 

approach. [25] 

 

 

��ÂÅ¨$<j��
 � Ã'®7®±º6 ' ¹7±³®º� ¹
¹ 67º®º¯ � ¹7³±±�� Ä 

 

The Decentralized PI controller were reported using the 

BLT-PI method [6] in the literature and do not use any 

technique of decoupling. 
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��ÆB>$<j��
 � Ã'�7¹¹¹ ' ¹7�²¹� ¹
¹ �7±¹¹ � ¹7º®º� Ä 

   

TABLE 1: 

 Performances indexes time domain specifications 

 

 

  The estimated total simulation time period of 100 

seconds. In the unit step at time d � ¹ for first set-point �Ç�
 and unit step at time d � ²¹ for second set-point �Ç�
 are applied. The two outputs �� and �� are as shown 

respectively in Figures 5 and 6. 

 
Fig. 5 First output response (��). 

       

Table 2 presents the performances indexes (IAE, ISE, 

ITAE) and characteristics of the temporal response in 

terms of the   overshoot, the Settling time obtained of 

proposed-fractional order controller and compared them to 

the resulting performances CRA-PI [29] and BLT-PI [3] 

controllers. 

 

Tables 2 resume some results for the different values of 

gain margins and phase margins ��q55 2 ¡q55
 as the 

robustness constraints obtained by the fractional order 

controller that are designed from FOPTD. and We find 

The values of gain margins and phase margins obtained by 

the proposed method are very close to the specified ones 

and marked by *0� q55 2 ¡ q553.  

 

Fig. 6. Second output response (��). 

 

TABLE 2: 

Results of different gain and phase margin specifications 

 

 

From figures.5 and 6, and table1, shows that the fractional 

order controller designed by the proposed method permits  

for better performance in terms of exceeding to minimum 

overshoot and Settling time for diÈerent   performance 

index criteria (IAE, ISE, ITAE) in comparison with 

fractional order controller and decentralized classical PI 

controller. 

 

CONCLUSIONS 

    A new design method of fractional order controller for 

multivariable systems. The TITO process is transformed 

into two decoupled subsystem by introducing a decoupler, 

and reduces each decoupled subsystem to the FOPDT 

models. The fractional integral transfer function are used 

as a reference model to design a fractional order 

controller. Fractional order parameters are determined by 

analytical method to meet gain and phase margins 

specifications. The simulation results show the superior 

performance of the decentralized fractional order 

controller designed in comparison with  various other 

classical controllers. 
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Proposed Fractional Order Controller

BLT (C-PI)

CRA (C-PI)

 

Controller 
Proposed 

FOC 

 

CRA-PI 
 

BLT-PI Ç�$É#  Ç�$É"  Ç�$É#  Ç�$É"  Ç�$É#  Ç�$É"  
IAE 3.015 2.353 6.585 3.572 6.529 2.37 
ISE 2.205 1.606 5.587 2.387 3.37 1.82 

ITAE 9.702 114.9 55.66 142.7 110.4 80.75 
Overshoot 

% 
21.4 1.98 83.1 44.6 0.01 17.95 

Settling time 
(sec) 

5.6 4.08 18.3 13.5 13.2 4.75 

 /55  

 

 �q55
 

 

 �q55  

Input(u)– 

Output(y) 

Resultant Error (%) �q  �q  �q  �q  

1.019 5 70 Ç�Ê ��  5.000   70.015     0.017     0.022 Ç�Ê ��  5.000   70.015 0.007     0.022 

1.079 4 60 Ç�Ê ��  4.000 59.876 0.010 0.206 Ç�Ê ��  4.000 59.876 0.006 0.206 

1.134 4 55 Ç�Ê ��  4.000    55.002 0.010     0.005 Ç�Ê ��  4.0002    55.0030    0.006     0.005 

1.124 5 60 Ç�Ê ��  5.0005    60.0167    0.010     0.02 Ç�Ê ��  5.0003    60.0168    0.006     0.02 
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Abstract—In this paper we present an investigation of the 

vertically stratified soil effect on the propagation of the 

under-ground azimuthal magnetic field generated by 

lightning strikes to a tower located on a mountain. In this 

investigation the magnetic field is computed using the three 

dimensions finite difference time domain method (3D-

FDTD). Furthermore, the lightning current distribution 

along the lightning channel and along the tower is calculated 

using Baba and Rakov model. Two kinds of ground are 

considered, the first one is a finite conductivity homogonous 

ground and the second one is a vertical stratified ground 

composed of two layers having different values of 

conductivity. Azimuthal magnetic fields are calculated at 

three points located in the mountain and in the flat ground. 

According the obtained results, it is shown that in the ground 

without change of conductivity the magnetic fields are not 

affected by the stratification. However, the influence of this 

stratification on the computed magnetic fields, in the case of 

a ground characterized by change of its conductivity, is very 

significant. 

Index Terms-- Mountain; tower; stratified ground; under-

ground lightning azimuthal magnetic field; 3D-FDTD 

method. 

1.  INTRODUCTION 

The under-ground azimuthal magnetic field computations 
are very important in electromagnetic compatibility 
studies concerning the lightning induced current on 
different buried systems.   

In these computations many numerical methods are used 
such as the finite-difference time-domain (FDTD) method 
[1], the moments method [2], the finite element method 
(FEM) [3]. 

Thus, several researchers such as Wait [4], Delfino et 

al.[5], Shooray et al. [6], Mimouni et al. [7] Paknahad et 

al. [8], Sheshyekani et al. [9], Arzag et al. [10-12] were 
interested to the ground stratification effect on 
electromagnetic fields generated by lightning strikes on a 
flat ground. 

Electromagnetic fields associated to lightning strikes 
to tall objects are also studied in different works such as 
[13-27]. In these later, two mathematical models have 
been used for the specification of the lightning current 
distribution. The first model is named the distributed-
source model [28] while the second model is called the 
lumped-source model [29]. Furthermore, electromagnetic 

fields due to a lightning strike to the top of a conic 
mountain located on a flat homogeneous ground have 
been also evaluated in the 2D-cylindrical coordinate 
system [30-31] using the FDTD method. The case of 
lightning strikes to a tower located on a mountain has 
being also analyzed [32-34]. 

In this paper, the 3D-FDTD method [1] and the 
uniaxial perfectly matched layers (UPML) boundary 
conditions, based on the Taflove formulation [10-12]-[35-
41], are used to calculate the azimuthal magnetic  
generated by lightning strikes to a tower placed on a 
trapezoidal mountain and in presence of a vertical 
stratified flat ground. The current distribution along the 
lightning channel and along the tower is modeled with the 
transmission-line (TL) model [42] extended to include a 
tall strike object [30].  

The paper is structured as follows: section II presents 
the methodology that used for the under-ground lightning 
magnetic fields calculation while section III is devoted to 
the presentation of the simulation results. Finally, 
conclusions are drawn on the relevance to the use of this 
computation approach. Computations are performed by a 
3D computation code that we developed on Matlab 
environment. 

2. Methodology 

The adopted geometry in this investigation is shown in 
Figure 1. The working volume is divided into two zones.  
The first one represents the air and the other is the soil 
layer.  In the latter, there is a trapezoidal-shape mountain 
having a height of 100 m, a top side of 100 m, a base side 
of 300 m, and an inclination angle of 45°, and also a flat 
ground having a thickness of 100 m and composed of two 
vertically layers.  

The left soil layer has a length of 550 m, and is 
characterized by an electrical conductivity �L and a 
relative permittivity �rL. The right layer has a length of 300 
m, and is also characterized by �R and �rrs. Table I shows 
the considered conductivity values of each layer, in which 
we present the conductivity values corresponding to the 
uniform ground (Case I), the vertical stratified ground 
(Case II). The relative permittivity, for each layer, is set to 
10 (�rL = �rR = 10) and the relative permeability, for each 
layer, is set to 1 (�r = 1). 
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Fig. 1  Geometry adopted for the lightning electric fields 
calculation.

A 100 m long strike tower is placed on the top of the 
trapezoidal mountain at a distance of 150 m from the 
lateral sides of working space. The vertical lightning 
channel has a length of 1100 m. Magnetic fields 
observation points are noted by A, B, and C (Fig. 1). 
Points A and B are located on the flat ground, and Point C 
is placed on the top of the mountain at a horizontal 
distance of 100 m from the tower in the direction of the x
axis. Points A and B are located at a depth of D = 2 m 
from the ground surface, and the depth of Point C is 5 m. 
The horizontal distances between the tower and Points A 
and B are, respectively, 400 m and 950 m. 

This system is accommodated in a working volume of 
1150 m × 300 m × 1400 m. Except for the layer between 
the flat ground surface and the depth of 15 m in the 
ground which is divided into rectangular parallelepiped 
cells of 5 m × 5 m × 0.5 m, the entire working space is 
divided uniformly into rectangular cubic cells of 5 m × 5 
m × 5 m. The uniaxial perfectly matched layer absorbing 
boundary condition [35] is applied to the six planes that 
surround the working volume in order to avoid reflection 
phenomena. The time step increment is set to 1 ns. 

TABLE I  
CONDUCTIVITY VALUES OF THE TWO-LAYER SOIL

Conductivities  Case I Case II 
�L (S/m) 0.001 0.001 

�R (S/m) 0.001 0.1 

The spatio-temporal distribution of the current along 
the lightning channel and along the tower is evaluated 
using the model presented by Baba and Rakov [29] to 
know the TL model [40] extended to include a tall strike 
object. The mathematicl description of this model is as 
follows: 
Along the strike tower: ����� ��

� 	 
 ���� �
��
��
� ���� ���� ��� ��� � 
 � 
 ��

� 
 ���
� �

����������� ��� ��� � 
 � � ��
� 
 ���

� � !
!!
"#

�$%
& ' �� ' �                                                                (1-a) 
Along the lightning channel: 

����� �� � 	 
 ����

(
��
��
� ��� ��� � 
 � 
 ��

� �
� � ���� ����)�*	 � ���+��� ��� � 
 � � ��

, 
 ���
� �

#

�$�  !
!!
"

�� - �                                                                       (1-b) 

Where n is an index of the successive reflections 
between the top and the bottom of the tower, c is the light 
speed (3  108 m/s), v the lightning current speed along 
the lightning channel (v = 1.5  108 m/s), Isc is the 
lightning short-circuit current. The current reflection 
coefficient at the bottom of the tower (���) and the 
current reflection coefficient at the top of the tower (���) 
are given by the following equation: 

��� � ./01).23
./01�.23                                                        (2) 

��� � ./01).45
./01�.45                                                       (3) 

Where Zch is the characteristic impedance of the 
lightning channel, Zg is the ground impedance and Ztow is 
the tower impedance. The reflection coefficients values 
are ��� � 	 and ��� � 
&(6 taken from reference [29]. 

The channel-base current used here has a peak of 12 
kA and a rise time of 0.7 µs. This waveform is represented 
with Heidler functions [43] as shown in Equation (4) and 
in Table II [37]: 

7�&� �� � 89:
;:

*� <::= +>:
��*� <::= +>: ?@A B)�

<:CD � 89C
;C

*� <C:= +>C
��*� <C:= +>C ?@A B)�

<CCD (4)

Where: 
i01, i02   :  are the current amplitudes, E��, E�F : are the front time constants,                                    EF�, EFF : are the decay time constants,   
n1, n2      : exponents 
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TABLE II   CONSTANTS USED IN THE REPRESENTATION OF THE 

CHANNEL-BASE CURRENT

i01 

(kA) 
E��

(µs) 
E�F

(µs) 
i02 

(kA) 
EF�

(µs) 
EFF

(µs) 
n1 n1

10.5 0.25 2.5 6.5 2.1 230 2 2 

3. RESULTS AND ANALYSIS

A. Lightning current distribution 

In Fig.2 we present the space-time distribution of the 
lightning current, at the top and at the bottom of the tower 
and at height of 250 m, 500m, and 750m from the top of 
the tower along the lightning channel. According these 
results, it is remarked that the obtained current waveform 
at the bottom of the tower has the largest amplitude 
because it represents the sum of the downward and the 
upward current waves, and also the waveforms are 
characterized by the appearance of multiple peaks caused 
by the interaction between the original waves and the 
reflected waves at ground. 

Fig. 2 Lightning current waveforms at different heights along the 
tower and the lightning channel. 

B. Under-ground azimuthal magnetic field 

The space-time variation of the azimuthal component 
of the lightning under-ground magnetic field is presented 
in this   section. The azimuthal component waveforms are 
calculated at three observation points (“A”, “B” and “C”) 
which are located at different horizontal distances as 
illustrated on Fig. 1. Furthermore, in the aim of the 
knowledge of the ground stratification influence on the 
electromagnetic fields waveforms, these latter are 
calculated at Points “A”, “B” and “C” for the case of a 
homogeneous and stratified ground. 

Fig. 3 shows the under-ground azimuthal magnetic 
field calculated at points A, B and C. Thus, in Fig. 3(a) we 
present a comparison between the obtained results at Point 
A for the two kinds of ground while Fig. 3(b-1) presents 
the magnetic field waveform computed at Point B 
calculated fora uniform ground. The obtained waveform, 
in the case of a stratified ground is illustrated by Fig. 3(b-
2). Furthermore, the results relative to the under-ground 
azimuthal magnetic field obtained at point C in the two 
cases are given in Fig. 3(c).  

Fig. 3 Under-ground azimuthal magnetic field waveforms   
(a): at Point A, for a homogeneous and a stratified ground ,  

(b-1): at Point B, for a homogeneous ground, 
(b-2): for a stratified ground, 
(c): at Point C, for a homogeneous and a stratified ground

Case 1(solid line, blue color): in presence of a homogeneous ground,  
Case 2(dashed line, red color): in presence of a stratified ground 

.

    The analysis of these results shows that, at Point A 
which is situated in a flat ground without change of the 
conductivity, does not affect the ground stratification (Fig. 
3(a)). Furthermore the obtained wave-shapes are 
characterized by the presence of oscillations resulting of 
reflections of the lightning channel between the top and 
the bottom of the tower and also due to the presence of the 
mountain. For the Point B placed in the right layer of the 
flat ground and having a change of the ground 

(b-1) 

(c) 

(a) 

(b-2) 
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conductivity, the influence of the presence of the stratified 
soil is significant (Fig. 3(b-1) and 3(b-2)), and the 
magnetic field amplitudes decrease in the case of a 
stratified ground in comparison with those of the 
homogeneous ground. The obtained results of the 
azimuthal magnetic field at Point C, situated at a depth of 
5 m in the top of the mountain, are presented in Fig. 3(c). 

According to these last results, no effect of the ground 
stratification on the magnetic field amplitudes and wave-
shapes is remarked at Point C, also the waveform obtained 
at this point is different than that of the Point A and B 
because in the top of the mountain (Point C) there is only 
the effect of the tower and in the flat ground (Point A and 
B) there is the effect of the tower and the mountain.      

3. CONCLUSION

In this paper, we presented a study consisting in the 
calculation of the under-ground azimuthal magnetic field 
associated with lightning strikes to a tower placed on a 
trapezoidal mountain and in the presence of a vertical 
stratified ground.  

The under-ground azimuthal magnetic field 
waveforms obtained in the case of the presence of the 
stratified ground and those computed in the case of a 
homogenous ground at different distances and directions 
from the tower have been compared.  

According to these obtained results, it was concluded 
that at the Point A, which is situated in the part of the flat 
ground without conductivity change, the magnetic field is 
not affected by the vertical stratification of the ground. At 
the Point C situated in the top of the mountain, without 
conductivity change, the magnetic field is also not 
affected by the presence of the stratified ground. The 
under-ground azimuthal magnetic field is significantly 
affected by the ground stratification at the Point B, this 
effect is caused by the conductivity change in this part of 
the flat ground. 
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Abstract— The world suffers today from the limitation of 

fossil energy and its causes of CO2 emission. This leads many 

researchers and industrialists to exploit not only other energy 

sources but other types of consumers also. In this context, the 

plug-in electric vehicle (PHEV) appeared as an attractive 

multilevel solution, thanks to its capability to reduce the fuel 

consumption and CO2 emission based on the best strategy for 

controlling the energy flow between the thermal and electric 

sources. This paper is focused on the modelling of parallel 

PHEV. The control model is designed for the power train 

system and simulated using SIMULINK /MATLAB software. 

Results under two different normalized drive cycles are 

presented. 

Keywords—Parallel plug in hybrid electric vehicle, 

Modelling, Control, Simulation, Powertrain system. 

1. Introduction  

The intensive global fuel consumption in the transport 
sector lead, nowadays, to a high CO2 emission which leads 
either to horrible global warming threatens the world. As a 
consequence, the world has the challenge to ensure the best 
global energy balance [1]. For that, the birth of a new 
concept of the V2G is the ecologist solution to minimize 
fossil energy use, where vehicles are at the service of the 
power grid. Therefore, the use of renewable energy as 
electricity and photovoltaic…especially in the transport 

sector which is one of the reliable solutions which can solve 
the problem of fuel consumption and air pollution [2]. In 
this case, development in the transport sector should 
investigate these issues. However, Electric vehicle stock and 
sell have increased in the near years. In particular, the 
amount of PHEV has more commercial demand which 
attends 1.2 million vehicles in 2017 [2]. 

This paper interested mainly on the PHEV with parallel 
architecture which is composed basically of a battery 
storage system (BSS), Electric Motor (EM), and Internal 
Combustion Engine (ICE) on its powertrain system. In the 
parallel architecture, the electric and thermal motors are 
linked, so that the power to the wheels can be supplied 
simultaneously or alternately by the two motors.  

The model and control of this parallel architecture have 
the main role in the energy flow management between the 
EM and ICE with purpose extend the range of the vehicle 
and decrease the fuel consumption to ensure the 
minimization of CO2 emission. 

 In this context, we propose an indirect inversion control 
to control the power split between the EM and the ICE with 
the purpose to minimize the fuel consumption and the CO2 
emission of the PHEV. The principle of this reliable and  

 

efficient method is the comparison action between the 
different speeds comes from the model of the PHEV and the 
reference drive cycle speed, the usage conditions and the 
capacity of the energy storage system with the purpose of 
contrôle the vehicle speed [3]. In this context, many 
researchers are dealing with this method, a study in, [3] has 
presented the control technology, definitions, explanations 
and examples of applications. Others in [4], [5] have 
described the studied control for different applications.  

      The work presented in this paper attempts to study a 
parallel PHEV traction system with its associated 
controller's design to analyze the dynamic stability of this 
system and to check the efficiency of the system control 
used. 

The rest of this paper is divided into five sections. The 
modelling of the parallel PHEV powertrain system 
technology is detailed in section 2. In section 3, the control 
method is presented. Section 4 is dedicated to an overview 
of the different normalized cycles used. Simulation and 
results are presented in section 5. Finally the conclusion is 
drawing in section 6. 

2.  PHEV POWERTRAIN SYSTEM MODELLING 

To determine the energy flow in the parallel PHEV, we 
must ensure the best design and control. The studied 
architecture is presented in Fig. 1.The various variables and 
parameters used in this study are defined in TABLE I. 

TABLE I 
PHEV PARAMETERS 

Parametres  Descriptions Values 

m [kg] Vehicle mass 950 

SCd [m2] Frontal surface×aerodynamic drag coefficient 0.608 

Cr Rolling resistance coefficient 0.00904 

g [m/s2] Gravity acceleration 9.81 

  α [rad] Road slope angle 0 

ρ [kg/m3] The density of the air 1.125 

r  [m] Wheel radios 0.28 

P [Kwh] MSAP 4.5 

Ubat [V] Lithium ion battery voltage 250 

Ticemax [N/m] ICE torque 32.5  

 

A. Model of vehicle dynamic 

We use the fundamental principle of dynamics that is 
written as follows: 
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m a F
® ®

=å               (1) 

Where F
®

 is the propulsion force and a
®

is the vehicle 
acceleration. 

Different forces are acting on the vehicle body, we 

notice totF  is the tractive force abandoned the wheels 

supplied by the motor and resF  is the resisatance force. 

Each can be expressed in the follows equations : 

tot resF F F= +F F FFF           (2) 

tot
tot

T
F

r
=           (3) 

res r g aF F F F= + +F F F FF F F FF F F F          (4) 

Where  

· The rolling resistance force rF  is defined by : 

r rF mgC=           (5) 

· The aerodynamique force aF  is defined by: 

21

2a dF SC Vr=         (6) 

· The gravity force
gF  is defined by : 

sin( )gF mg a=          (7) 

B. Vehicle Chassis  modelling 

 

     Vehicle chassis is the main support of the vehicle 
structure where all other components are attached. It has the 
role of different force treatment. The chassis model is 
presented by the following equation: 

tot res

dV
F F m

dt
- =            (8) 

C. Wheels  modelling 

 The mechanical  wheels speed
mecW can be calculated 

using the following equation : 

mec

V

r
W =           (9) 

Where V is the vehicle speed.

 

D. Model of  the Mechanical coupling 

 In the parallel configuration of PHEV, the EM and the 
ICE are mechanically linked, so that the power to the wheel 
can be supplied simultaneously or alternately by the two 
components. There are two different methods of coupling, 
the torque coupling, and the speed coupling. However, the 
most used and industrialized method is the torque coupling 
method. So the total torque is defined by the equation (10):

total em ice bkT T T T= + +         (10)

Where  Tbk is  the braking torque supposed equal to 

zero, emT  is the electric motor torque and iceT is the ICE 

torque. 

E. EM  modelling 

In this study, we use the permanent magnet 
synchronous machine (MSAP). The synchronous motor is 
characterized by robustness and low maintenance. It is 
described by the following equations (11) and (12) in the 
park model: 
 

1

0

1

mec qs

dsd sd sdd d

sq sq sq mec ms mec d

qq q

p LR

Li i vL Ld

i i v pR p Ldt

LL L

Wæ ö- æ ö
ç ÷ ç ÷æ ö æ ö æ ö æ öç ÷ ç ÷= + +ç ÷ ç ÷ ç ÷ ç ÷ç ÷ ç ÷ - W F- - W è øè ø è ø è øç ÷ ç ÷ç ÷ è øè ø

(11) 

( ( ) )em m sq d q sd sqT p i L L i i= F + -      (12) 

 
Where  
isd and isq are the direct and quadrature components of the 
currents measured at the phase reactor. 

Rs Ls are the resistance and inductance of stator, mF is the 

rotor flux linkage, p is the pole pair and mecW is the 

mechanical speed. 
 
F. Model of AC/DC converter 

 

The equivalent model of the AC/DC converter in the 
Park reference has been developed. Thus, in the Park 
reference, the single voltages modulated by the converter 
and depend on the control voltages of the converter and are 
given by the following equations [6]: 

1 2sd sdref

Udc
v v=         (13) 

Fig.  1. Parallel PHEV model 

37



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 
 

 

ISBN: 978-9938- 9937-2-1                                   Editors: Tarek BOUKTIR & Rafik NEJI 
 

 

1 2sq sqref

Udc
v v=         (14) 

Where Udc  is the the DC bus voltage 
The modulated current im of the converter is given by the 
following equation: 

1 1

1
( )

2m sd ref sd sqref sqi v i v i= +        (15) 

G. Storage system  modelling 

 
The storage system consists of a battery, an inductive 

filter L and a reversible DC/DC converter to ensure the 
transfer of energy battery in both modes operation (charge 
and discharge). Generally, the storage system element is the 
most important component of plug-in electric vehicles, 
which is present 45% of the total vehicle cost [7]. In the last 
years, lithium-ion batteries are the most attractive especially 
for these types of vehicles. 
The charge and discharge modes are developed in the 
following equations: 
 

· Mode1:charge 
*

0 . . . exp( . )
0.1.

Q Q
Ubat E Ri K i k it A B it

it Q Q it
= - - - + -

+ -
              (16) 

 
· Mode 2:discharge 

0 . . * . exp( . )
Q Q

Ubat E Ri K i k it A B it
Q it Q it

= - - - + -
- -

       (17) 

 
· SOC equation: 

100(1 )
it

SOC
Q

= -                                                       (18) 

Where 0E  is the battery constant voltage (V), R  is the 

internal resistance (Ω), K is the Constant polarization 
(Ω), Q  is the battery capacity (Ah), i is the battery 

current(A), it  is the actual battery charge(Ah),
*i  is the 

filtered current (A), A  is the exponential zone amplitude 
(V), B  is the exponential zone inverse constant time (Ah)-1. 

In this study we choose the convention 0i 0  for charging 
battery mode. The battery pack used for the parallel PHEV 
model is 250V with 76 cells in series and 56 cells in 
parallel.  

The battery current bati  is given by the following differential 

equation: 

 

bat
bat mbatref

di
L U U

dt
= -                                                 (19) 

Where L is the inductance of the filter.   
The modulated voltage 

mbatrefU of the chopper is given in 

the equation (20) 

mbatref batref dcU m U=             (20) 

Where 
batrefm  is the control signal of the DC/DC converter. 

 
H. DC bus modelling 

 

The DC voltage equation can be written as: 
1

Udc idcdt
C

= ò         (21) 

Where idc the current of the DC bus and C is is the 
capacity of the DC bus. 

I. Transmission model 

 
In this study, we used the continuously variable 

transmission (CVT) which allows us to obtain 
multiplication. This character not only allows to have the 
maximum power of the chain of traction whatever the speed 
of the vehicle, but also to be able to choose the speed of the 
traction chain independently of the vehicle speed and thus to 
optimize the operating point. The transmission models are 
generally simple models based on a reduction value.          

J. ICE model 

The output torque is obtained from the diagram of the 
AIXAM_MEGA thermal motor presented in Fig. 3. Torque 
and speed information are input to the efficiency diagram.  

 
Fig.  3. ICE Simulink model 

 
The fuel consumption of the ICE is calculated using the 
following equation [4]: 

( 5)
/ ( 10 )

p cycle

ice diesel ele diesel cycle

P t
FC

E dh h -
=       (22) 

The propulsion power 
pP equation is defined by: 

 
Fig.  2. Parallel PHEV control 
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2 21 1
(( ) ( )) ( ) ( )

2 2r d

d d
Pp V mgC C S V mgh mV

dt dt
r= + + + (23) 

Where iceh  is the engine efficiency, /diesel eleh  is the 

efficiency of conversion from diesel energy to 

electricity, dieselE is the energy content of diesel per 

liter,
cyclet and 

cycled are the time and duration of the 

cycle,and h is the driving altitude or height above sea level 
(equal to zero). 
 
3. PARALLEL PHEV CONTROL 

 

Fig. 2 shows the schematic diagram of the parallel 
PHEV control with its different associated blocs. 
 
A. Control of the Chassis model 

 

    The error between the measured voltage mesv  and the 

reference voltage 
cyclev is reduced by a PI controller, which 

determine the reference total force as presented in equation 
(24). 

tot( )PI Fcycle mes refv v- =        (24) 

The proportional integral (PI) controller described by the 
following equation: 

i
p

K
PI K

s
= +          (25) 

Where the proportional and integral gains 
pK and iK  are 

defined respectively by the following equations: 

2pK mw x=          (26) 

2
iK mw=          (27) 

 
B. Wheels model control 

Inversing the equation (3) we deduce the total reference 

torque 
totrefT represented in the equation (28): 

totref totT F r=          (28) 

 
C. Mechanical coupling control 

 

The mechanical coupling is the sum of the electric and 

thermal torques. Thus the reference electric torque
emrefT  is 

presented by the following equation: 

1emref totref ice refT T T= -         (29) 

Where 1ice refT is the reference CVT torque. 

D. EM control 

 
The model of MSAP presented in the d-q rotating Park 

frame (11, 12), is controlled throw the current controller. It 
includes a decoupling action and a proportional integral (PI) 
controller, which enables to avoid the residual steady state 
error between the reference and the output current [7]. 

From the model of the detailed MSAP we develop the 
control of the stator currents to determine the reference 

voltages 
sdrefv  and 

sqrefv  which can be expressed by the 

following equations: 

sd
sdref d s sd mec sq

di
v L R i p Lqi

dt
= + + W      (30) 

sq

sqref q s q mec sd mec m

di
v L R i p Lqi p

dt
= + - W + W F   (31) 

The coupling voltages of the MSAP are given by the 
following equations: 

d s mec sde pL i= - W         (32) 

q s mec sde L p i= W         (33) 

Where de and 
qe are the direct and quadrature components 

of coupling voltages. 
By applying the law of the meshes in the stator windings, 
we obtained the following equations: 

sd
bd d s sd

di
v L R i

dt
= +         (34) 

sq

bq d s q

di
v L R i

dt
= +         (35)  

Since the adopted synchronous machine has a smooth pole, 
the two PI correctors used are identical and the values of the 
proportional and integral gains of these two correctors are 
equals. 

( )

( )

bdref sdref sd

bqref sqref sq

v PI i i

v PI i i

= -

= -
                    (36) 

In this study we pose: 

0sdrefi =         (37) 

emref

sqref

m

T
i

p
=

F
            (38) 

We apply Laplace on the equation (34) to get the following 
equation: 

1sd

bd s s

i

v R L p
=

+
       (39) 

Then, the open loop transfer function is described by the 
following equation: 

1
1 1

( ) ( )( )
1 1

p

p i

s p ss

s si

k
p

k k
FTBO PI

L k LR
p pp

R Rk

+
= =

+ +

     (40) 

We pose 

s

s

L

R
t =          (41) 

Finally, the closed loop transfer function equation is 
described by the equation (42) 

1

1 s

p

FTBF
L

p
k

=
+

        (42) 

Where        ,s s
p i

L R
k k

t t
= =                                        (43) 
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E. Control of storage system 

 
       The purpose of this command is to adjust the current 

bati to its reference value
batrefi  using a PI regulator as 

described in the following equation: 

( )bat batref batU PI i i= -          (44) 

 
F. Control of AC/DC converter 
 

The voltages given by the converter depend on the 

control voltages of the converter 1sdrefv and 1sqrefv , which are 

given by the following equations:       

1 2sdref

sdref

Udc
v

v
=         (45) 

1 2sqref

sqref

Udc
v

v
=         (46)   

  
G. DC bus control 

 

To control the DC bus voltage, we must control the 
current flowing through the DC capacitor. This voltage must 
be kept constant to ensure the balance between production 
and consumption. This control of the DC bus reference 

current 
dcrefi  is ensured by using a PI corrector. 

( )dcref dcref dci PI U U= -        (47) 

 
H. ICE control 

 

The first method consists in regulating the ICE at a 
given operating point by fixed reference torque Ticeref and 
the reference speed Ωiceref of the engine. Thus, to ensure 

the operation of ICE in its zone of optimum efficiency. The 
second method is to use a couple’s distribution factor to 

control the MSAP and the ICE at the same time. In this 
study, we control the ICE with the first strategy.     
            
4. DRIVE CYCLE 

 The drive cycle is a speed curve that must be reproduced 
by the driver during the simulation. It is a cycle that 
determines the conditions of vehicle operation. In this paper, 
we will test two different models of the drive cycle. It is 
based mainly on typical driving conditions for a given 
geography area (urban, rural…) and period and mainly 
includes different modes of driving: acceleration, detections, 
and stops [8]. 

The different parameters for NEDC and ARTEMIS cycles 
are defined in TABLE II. 

TABLE II 
NORMALIZED CYCLES PARAMETERS 

 NEDC ARTEMIS (urbain) 

Distance (dcycle) 11023m 4870m 

Mean speed 33.6km/h 17.6km/h 

Duration (tcycle) 1180s 993s 

 

5. SIMULATION RESULTS 

After model implementation in the MATLAB 
SIMULINK software, we are able in this part to discuss the 
results based on two different drive cycles. The simulation 
results are divided into two parts: part 1 includes the results 
with the NEDC cycle. However, part 2 includes results with 
the ARTEMIS road cycle. 

 Simulation with NEDC cycle  

 
Fig. 4, Fig. 5 and Fig. 6,  describes the normalized drive 

cycle, electric and thermal torque, and lithium-ion battery 
voltage evolution.  

 
Fig.  4. NEDC cycle evolution 

 
Fig.  5. Electric and thermal torques 

 
Fig.  6. Battery voltage evolution 

 
       As it is seen in the Fig. 7, the battery SOC and fuel 
consumption curves of the system during the NEDC cycle is 
simulated. 

 
Fig. 7. Battery state of charge evolution and fuel consumption 
evolution 
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We can investigate also from Fig. 7 that the fuel 

consumption in the urban area of the NEDC cycle (t= [0s, 
800s] ) that the fuel consumption is very low. 

 Simulation with ARTEMIS cycle  

Fig. 8, Fig. 9 and Fig. 10, describes the normalized 
drive cycle, electric and thermal torque, and lithium-ion 
battery voltage evolution. 

The results of the two simulations are performed shows 
the dynamic of different parallel PHEV parametres. We can 
distinguish from Fig. 4 and Fig. 8 that the measured speed 
follows the speed of the cycles which validates the different 
PI correctors used in our control scheme. 

 

Fig. 8. ARTEMIS urban cycle evolution 
 

       The simulation results of the electric and thermal 
torques for both drive cycles in Fig. 5 and Fig. 9 are 
performed using the electric motor as the main propulsion 
system for the parallel PHEV with 4.5 kW, this allows us to 
avoid the intensive use of the ICE which can minimize the 
CO2 emission. 

 
Fig.  9. Electric and thermal torque 

 
Fig.  10. Battery voltage evolution 

 
        Thus, Fig. 11 presents the lithium-ion SOC and fuel 
consumption evolutions under ARTEMIS normalized drive 
cycle. 
         Fig. 12 also shows the effectiveness of DC bus voltage 
control, we can investigate that the measured voltage 
follows perfectly the reference voltage set at 500V despite 
all the variations of the different parameters. 

 
Fig.  11. Battery state of charge evolution and fuel consumption 
evolution 

 
Fig.  12. DC bus voltage evolution 

 
6. CONCLUSION 

 In this study, a dynamic model and control approach 
were proposed for a parallel PHEV. The control method is 
designed to adjust the vehicle speed to the normalized drive 
cycle. In conclusion, all the presented results show the 
efficiency of the control model under two different drive 
cycle models. The future work-study will explore the 
optimization tools for optimal design to minimize PHEV cost 
and equilibrate the hybrid mode performance of two motors 
for good vehicle performance and low fuel consumption. 
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Abstract-- Nowadays, electricity generation from 

renewable energy, including Photovoltaic, concentrated solar 

power and eolian, can supply regional, national or local grids. 

The gross inland    energy    consumption    of    renewable    

sources continues  to  grow  despite  the  financial  and  

economic crisis  of  recent  years. The main aim of this paper 

is to deploy and administrate a new telemetry network in 

order to supervise remote Photovoltaic stations. 

 

Every PV (Photovoltaic) section in the remote station will 

contain necessary detectors and sensors to supervise electric 

and solar parameters in order to give elementary digital 

flows. [1]      

 

All the digitals flows will be directed to make a terminal 

stream by an appropriate multiplexing process. This final 

stream TS (Transport Stream) will be communicated to the 

head of broadcasting network and will be inserted on RDS 

subscriber of the FM broadcast system.  

 

By reference to published works which are deployed on 

remote access system of photovoltaic (PV) station [1] [2]         

, we propose in this paper an adequate treatment for the 

digital stream of the measurement text message, in order to 

modulate the 57 kHz sub carrier, available in the spectrum of 

the FM multiplex broadcast.  Indeed, the 57 kHz sub-carrier 

will be modulated with suppressed carrier amplitude 

modulation AM-SC by the "symbol" generated by the bit 

stream containing the measurement text message. The 

proposed analog modulation technique must take into 

account that the frequency of modulating signal must be 

broadly lower than 57 KHz, in order to conduct an adapted 

AM-SC. In this paper, the reader will find details about the 

proposed treatment and the modulation technique ensuring 

the text message insertion on the 57 kHz Sub-carrier. [1]    

   

Index Terms-- Broadcast FM, RDS, Analog Symbol, 57 

KHz Sub-carrier, AM-SC, PV.  

 

 

 

1.  INTRODUCTION 

The main idea of our work is to provide a simple 
technique for taking basic measurement and control 
information from a distant PV station witch composed of a 
large number of PV panels. The PV field will be divided 
into blocks of panels individually identified and 
characterized by control parameters. After dividing this 
PV station, a huge quantity of data will be measured and 
collected with each other. So after this level, we apply an 
adequate treatment to this data to obtain a transport stream 
(TS) that can be easily transmitted. [1] [2]      

Main parameters out-door and in-door of a 
Photovoltaic station, which are tested and supervised, can 
be listed below: 

 
-     Solar power 

-     Air temperature 

-     Indoor temperature (local) 

-     PV modules temperature 

-     Wind speed 

-     Humidity 

-     Pluviometry (rain fall) 

-     Voltage (V) of PV modules 

-     Intensity (I) 

-     Batteries voltage 

-  Security, video camera, and other       

parameters…. 

 
The following figure illustrates the general concept of 

the proposed idea: 
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Fig. 1.  Proposed idea [1] [3]

 

It is obvious that the numbers of technical equipment 
and the functions to be put into play are even greater if the 
PV station is connectable to the public network. We must 
add the technical arsenal power inverters that will pass the 
energy DC in alternative. In any case, the parameters to be 
managed are very numerous and complex. 

As shown in the figure 1, the total flow of control and 
measurement data is called TS (Transport Stream). This 
TS transport stream is entrusted to a digital radio 
transmission link to the broadcast center where it will be 
processed to generate the analogue symbol which will 
modulate the RDS subcarrier in the FM broadcast 
multiplex.  

This article therefore assumes that the TS stream has 
reached its destination in the broadcast center, and the 
simulations will focus on the procedure adopted to form  

the analogue symbol from the TS data. The analog symbol 
is necessary because it is desired to cause an amplitude 
modulation of the 57 KHz subcarrier. [1]  [4]      

 
2. ARCHITECTURE OF THE PROPOSED 

SOLUTION 

As it said in the beginning, our purpose is to collect 
data in order to form a digital stream related to 
Photovoltaic stations. The total stream TS must be carried 
to reach the new network in order to know the states of 
remote installations. 

 

We pretend exploiting FM broadcast network to achieve 
this goal. The FM stereo broadcast signals are regrouped 
with a specific method of multiplexing band. 

 In the following figure we present different components 
of this process. 
 

 
 

Fig. 2.  FM stereo broadcast spectrum [1] [6]. 
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The fundamental principle to insert our text message of 
measurement is illustrated in the following figure 3. 

  

 

 
Fig. 3. Telemetry process insertion with FM signals. 

 
In other words, we want to use RDS location to insert 

our telemetry process and benefit RF coverage offered by 
Stereo FM transmitters. So the new operator of 
Photovoltaic network sets will be reached everywhere in 
the limit of FM broadcasting coverage.  

The radio data system RDS is a data service 
transmission in parallel with FM broadcasting, it includes 
textual message services sent to specific receivers called 
beeper. In the light of the meteoric success of GSM and its 
associated messaging, the RDS standard has taken a step 
back which represents an opportunity for us, to exploit it 
in our telemetry idea. We therefore recall that the target of 
this article is focused on post-production processing in 
order to generate the analogue symbol that will be used to 
modulate the RDS 57 KHz subcarrier. 

 
3. TREATMENT OF POST-PRODUCTION DATA 

 

A. Transport Stream transmission 

So, we assume that the bit stream TS of sampling 
parameters was carried to the targeted telecommunications 
network node. In the transport section we used a direct 
radio link exploiting digital transmission offered by 
telecommunication networks deployed in the concerned 
region. The following picture illustrates the transport 
stream TS transmission by digital radio link. (We can also 
use optical fibers if possible).  

 

 

Fig. 4. TS transportation from remote PV field to telecom 
network [2] [3] [4]. 

 
We have two possibilities: PDH or SDH Transmission. 

The two following figures briefly illustrate the insertion of 
the TS into the digital transmission frame. 

 
· PDH frame 

 
The following figure 5 briefly illustrates the 

asynchronous structure of the PDH transmission where it 
is seen that each digital stage drives the next stage to 
arrive at the nominal transmission rate 140 Mbits/s. It will 
be very easy to occupy a 2 Mbit access on the transmission 
frame to inject our TS. 

 

 

 
Fig. 5. TS injection in PDH transmission frame. 
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· SDH frame 

 

The SDH frame has a quality of flexibility, visibility 
and ease of operation and allows structure access to any 
component of the multiplex without the need to decode the 
entire transmission. The deduction of the STM1 basic 
frame (Synchronous Transport Module) is 155,520 Mbit / 
s as shown in the following figure 6. [2] [3] [4]         

     

 
Fig. 6. SDH bidirectional frame of transmission. 

 
In SDH frame we find two levels of virtual container 

(VC): the "Low Order VC": LO-VC and the "High Order 
VC": HO-VC. The Stream transport TS, related to our PV 
telemetry project, already sized to a synchronous 2Mbit / s 
(E1) can be inserted in the LO-VC called VC12 as shown 
in the following figure 7: 

 

 
Fig. 7. Transport Stream insertion in SDH frame. 

 

B. Analog symbol generation 

The problem arising at this level acquires two aspects: 

· The measurement data from the PV site have a 
numeric character, or the 57 kHz carrier modulation is 
analog. That’s why we need to generate an analog symbol 
from digital data. This analog symbol will modulate the 
subcarrier 57 KHz.  

· The maximum frequency of analog symbol must be 
inferior to 57 kHz in order to practice an adequate 
amplitude modulation. Therefore, we need to reduce the 
data flow frequency.  So to solve this problem, we build a 
Radio Data System (RDS) Encoder with a simple and easy 
way. The solution is based on a differential encoder 
excited by the TS data. Its output is directed to a bi-phase 
symbol generator. 

The general block diagram of our solution is shown in 
Figure 8:  

 
 

Fig. 8. Block diagram of analog symbol. 
 

a.  Differential encoder simulation 

 

To generate an analog symbol from the data stream, we 
proposed to interpose a differential encoder composed by 
“OR” operator controlled by a D latch (Rise time). This 
coding type is used to provide an unambiguously receiving 
signal when using certain modulation types. Data to be 
transmitted depend not only on the signal’s current state 

but also on the previous. The differential encoder is shown 
in figure 9 bellows, and the form of simulation signals in 
figure 10: 

 
 

Fig. 9. Differential encoder. 
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Fig. 10. Input and output signals of the differential encoder 

simulation. 
Data: Corresponds to the digital encoded data.  
CLK: Clock signal 
Output Q:  Output of differential encoder.  

a. Bi-phase symbols generator 

To perform the analog symbol simulation, the bi-phase 
symbols generator will be composed by a PIC16C61, an 
inverting amplifier for negative pulses and a Shaping 
filter. This symbols generator converts each bit in an odd 
pair of spaced short pulses of one bit. A "1" is converted + 

- pair, a "0" is converted to - + pair. The pulses are then 
passed through a low pass filter named Sallen-Key 2nd 
order with a cosine-shaped transfer function. The 
combination of this filter and the shaping of the inherent 
spectrum bi-phase scheme results in a spectrum with a 
peak amplitude near 1 kHz. 

The total bi-phase symbols generator is shown in figure 
11: [2] [3]             

 

 

 
Fig. 11. Bi-phase symbols generator. 

 

 
Fig. 12. Generated Analog symbol. 

46



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

ISBN: 978-9938- 9937-2-1                                   Editors: Tarek BOUKTIR & Rafik NEJI 

 

Signal 1: Corresponds to the digital encoded data.  
Signal 2: Output of differential encoder synchronized by 
1187,5 KHz in order to lower the frequency. 
Signal 3: Bi-phase symbol before filter. 
Signal 4: Analog symbol generated after shaping filter.  

 

In the end, the analog symbol will be used to modulate 
the subcarrier 57 kHz in the spectrum of the FM broadcast 
multiplex.  

 
CONCLUSION 

 

We presented in this paper the architecture of a new 
solution to supervise a remote photovoltaic station by 
using telecommunications links. The fundamental idea of 
this solution was published in recent works (references), 
and in this paper we focused our study on the procedure of 
generating the analog symbol in order to modulate the 57 
KHz subcarrier in the FM multiplex.  

In perspectives, we will propose solutions to make easy 
the reception of our process and the data regeneration 
from the modulated symbol offered by FM broadcast 
coverage.   
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Abstract--An optimized Hardware design for the Adaptive 

Vector Median Filter (AVMF) is presented in this paper. In 

fact, this filter is known by its excellent impulsive noise 

suppression and chromaticity preservation. Because the 

Software implementation of the AVMF demand a high 

execution time, we propose some approximations using a 

ROM memory to perform the square root for an efficient 

HW implementation. Therefore, a sequential architecture is 

developed using the VHDL language. Simulation results 

demonstrate that the HW implementation of the AVMF filter 

can speed up the execution time while preserving the same 

data quality with low occupation on surface of FPGA. 

Index Terms--AVMF filter, impulsive noise, sequential 

architecture, HW implementation. 

1. INTRODUCTION  

In the present era of modern world no field is devoid 

from the application of digital image processing. Starting 

from communication fields to the field of health and 

security, image processing has a key role to play. But, the 

digital images quality can be degraded by various types of 

noise [1][2] which can be caused by malfunctioning 

camera photosensors, optic imperfections, electronic 

instability of the image signal... In this work, we focus on 

a special kind of image deterioration, called impulsive 

noise. So that, filtering is one of the most important 

components of image processing [3][4]. Its most important 

applications are the suppression of noise, the restoration 

and the improvement of image quality. The earliest filters 

were based on linear approaches which cannot deal with 

the non-linearities of the transmission channels and cannot 

account for the non-linearity of human vision. That's why, 

the use of adaptive non-linear filters is suitable for digital 

color images. Indeed, they have good properties for image 

detail retention [5][6]. In [7], the author presents a new 

adaptive multichannel filter. The structure of the proposed 

filter takes advantage of robust order-statistic theory, 

switching schemes and approximation of the multivariate 

dispersion. Therefore, the Vector Median Filter (“VMF”) 

was improved and a variable threshold was used in the 

equation. Unlike the VMF, this filter does not necessarily 

replace pixels and uses a threshold value to detect the 

probability of the pixel to be noisy. 

The present paper focuses on developing a hardware 

architecture for the Adaptive VMF (AVMF) filter in order 

to reduce the complexity of this filter and speed up the 

execution time. In fact, the hardware implementation is 

better than software implementation not only in processing 

speed but also in power consumption [8][9]. Thereby, the 

proposed HW architecture of the AVMF filter is described 

using VHDL (VHSIC Hardware Description Language) 

[10][11]. 

The remainder of the paper is structured as follows: 

Section 2 presents a brief overview of the AVMF filter. 

Section 3 proposes some approximations of the AVMF 

filter justified and tested via computer simulations then the 

proposed HW architecture. The implementation results of 

the AVMF filter is the focus of Section 4. Finally, some 

concluding remarks and perspectives are drawn in Section 

5. 

2. OVERVIEW OF THE AVMF FILTER 

Among the filtering techniques proposed in the 

literature for digital color images processing, the interest 

of this paper is the Adaptive Vector Median Filter. This 

filter is based on the VMF filter but it uses a threshold 

value to detect the probability of the pixel to be noisy. 

Then, the output of the AVMF is illustrated by equation 

(1) below:  

Otherwise

dfor
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where AVMFy denotes the output of the AVMF; The 

vector )1(x denotes the VMF output obtained in 

)()2()1( ... Nxxx ≤≤≤ , whereas the vector 2/)1( +Nx  

correspond to the distance measure 2/)1( +Nd  of the center 

pixel. 2/)1( +Nξ  define the threshold value and given by 

equation (2): 
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where )1(d represents the measure of the smallest 

aggregated distance that corresponds to the VMF output 

)1(x . It is defined by: 
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And AVMFλ indicates the tuning parameter which permits 

the adjustment of the proposed method's smoothing 

properties. About AVMFΨ , it is the approximation of the 

multivariate variance of the vectors comprised in the 

supporting window � of a sufficiently large window size 

�, expressed by: 

1

)1(

−
=Ψ

N

d
AVMF  (4) 

In fact, this approximation denoted in (4) defines the 

mean distance between the vector median with all different 

pixels held in �. This division of )1(d by )1( −N giving 

the number of distances from )1(x to all other samples in 

� assures that the dispersion measure is independent of 

the filtering window size. The next part focus on the HW 

implementation of the AVMF filter. 

3. HW IMPLEMENTATION OF THE AVMF FILTER 

A. Approximation using a ROM memory 

The AVMF filter is based on the calculation of the 

square root which is should be approximated in order to 

implement it in hardware. However, the VHDL libraries 

do not contain the function of the square root ( . ) which 

is used to calculate the Euclidean distance. Thus, for the 

hardware implementation of this function, various 

algorithms are proposed in the literature such as Cordic 

and Newton Raphson [12][13][14]. However, there are 

such gaps in these algorithms as limitations in the FPGA 

surface occupation, in frequency, and in the number of 

cycles required to achieve fine computation and high 

precision. To simplify the implementation of the AVMF 

filter, a ROM (Read-Only Memory) is used to store the 

obtained values of the square root. Accordingly, a quantity 

� in equation (3) is defined as follows: 

222 )()()( jijiji BBGGRRA −+−+−=  (5) 

The value of A is somewhere between 0 and 195075, 

with the maximum intensity of R, G and B equal to 255. 

The A is computed and stored in a ROM memory. Yet, 

this ROM can only contain integers, thereby the accuracy 

of the digits after the decimal point can be lost. In order to 

increase the precision of these values, the idea is to 

multiply them by powers of 2.  Simulations results for 

various test standard images, the ROM is chosen with 

1024 values multiplied by a factor of 29. This ROM yields 

a good compromise between the memory size and the 

quality of the image. The question now is how compute 

the A . Therefore, A  is determined in the manner 

illustrated in Fig. 1. The development of the 

corresponding algorithm comprises the following steps: 

the first step consists in subdividing the interval 

[0,195075] into 5 subintervals. Then, when A is in the 

range of [0, 1024], the value of A  is obtained directly 

from the ROM. If A belongs to the intervals 2, 3, 4, 5 then, 

A is divided by 4, 16, 64, 256, respectively. The new 

value is obtained in the range [0, 1024] and is multiplied 

in the next step by 2, 4, 8, 16, respectively, to find the 

preferred values of A . In VHDL, all these operations 

are performed via simple shifting operations. 

 

���

1024<A
���

195075<A
���

4096<A
�� ���

16384<A
�	�

65536<A
�� �� ��


��

��

4÷ 16÷ 64÷ 256÷

�� �� �� ��

2× 4× 8× 16×

A

A

 

Fig. 1.  Approximation of the A computation. 

 

B. HW architecture of AVMF filter 

Fig. 2 present the sequential architecture for the HW 

implementation of AVMF filter. This architecture is based 

on a sequential calculating process of 36 Elementary 

Distances ("ED") for 3x3 filtering window. It is designed 

to optimize the silicon area on the FPGA. In fact, the 

function of the ED is the calculation of ),( jiij xxd . The 

entity depicted in Fig. 3 is designed to compute this 

distance. However, one ED component is used in this 

architecture to calculate all ijd  with { } { }9...1∈≠ ji . 

Each distance ijd  obtained in the process is stored in a 

bank register. Two multiplexers are used to select the 

appropriate pixels for each distance. Once the 8 EDs are 

obtained, additionners are used to calculate the final 

distances 921 ,...,, ddd . Each ED is obtained in 10 

cycles: one cycle is needed to read data from the register, 

8 cycles to calculate the ED and one cycle to save the ED 

value in the register. As such, the final 9 distances are 

obtained in 360 cycles. Then, a comparator serves for the 

search of the minimal distance. After the calculation of 

AVMFξ , a second comparator provides the demanded 

pixel. This architecture necessitates 370 cycles to compute 

the appropriate pixel of the AVMF filter for 3x3 window. 

Fig. 4 details the number of cycles of this sequential 

architecture. 
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Fig. 2.  Sequential call of the "DE" component for the AVMF area optimization. 
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Fig. 3.  Elementary Distance Entity. 

 

4. AVMF IMPLEMENTATION RESULTS 

To check the proper functioning of our filter, the 

sequential architecture is simulated using Mentor 

Graphics ModelSim [15][16]. This simulation yield a 

representation of this architecture much closer to what 

it must be once implemented, and thus provide a very 

precise idea of the behavior of our filter. Therefore, 

different test standard images are proposed. The size of 

these color images is 256x256. Fig. 5 shows two 

chosen images with different texture. Thus, taking 

subjective measurement as an effective way of judging 

the efficiency of the filter, it is clear that the 

implemented filter preserves the chromaticity 

components and fine details of color images. Therefore, 

no differences are observable between the images 

filtered by the HW solution and those in the output of 

the ideal SW. To confirm that, the Normalized Color 

Difference (NCD) is used in these simulations and 

performed for various images. In fact, the NCD is used 

to measure color information preservation [17]. Table I 

present the NCD value for different images for the ideal 

AVMF filter and the implemented filter using the 

sequential architecture. 

TABLE I 

NCD comparisons between the SW ideal and the HW architecture 

implemented of the AVMF. 

Images Ideal SW HW Architecture 

Monarch 0.023550 0.023550 

Sailboat 0.025104 0.025098 

Peppers 0.011974 0.011976 

Watch 0.008966 0.008971 

 

These values in this table prove not only the 

efficiency of our filter but also the reliability of the 

proposed HW implementation of the AVMF filter. 

Finally, this HW architecture is synthesized for 

Stratix II EP2S60 FPGA circuit [18][19] with speed 3 

grade. Table II shows the hardware cost in terms of 

Adaptive Look-Up Tables (ALUTs), memory blocks, 

DSP blocks and the number of cycles required by this 

architecture.
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 Fig. 4.  Number of cycles of the sequential architecture 

TABLE II 

AVMF FPGA synthesis results. 

Architecture ALUTs 
RAM block 

(bits) 

DSP 

block 

Clock 

cycles 

seq 2 (5%) 16 (< 1%) 3 (1%) 370 

 

It is to mention that this implementation works with 

a 140MHz system clock. With this frequency, an 

AVMF architecture need 168ms to filter a 256x256 

color image. 

 

5. CONCLUSION 

 In this work, a HW architecture of the AVMF filter 

was presented to optimize the execution time. First, we 

began by proposing the use of a ROM memory to 

calculate the square root. Then, we developed a 

sequential architecture for HW implementation of the 

AVMF filter. Simulation results showed that the 

developed solution can preserve the same image quality 

and speed up the execution time while demanding very 

low surface on FPGA. 
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Fig. 4.  Original images: (a) Peppers; (e) Monarch; (b)(f) Noisy images by impulsive noise (3%), (c)(g) Filtered images using HW implementation, 

(d)(h) Filtered images using the ideal SW. 
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Abstract—this paper aimed to investigate the water and 

energy nexus concept by coupling a water station and a grid 

connected decentralized source. Generating a clean energy is 

a promising motivation nowadays. Basing on the recent 

development of the renewable energy resources, the water 

station is powered by a single stage grid connected 

photovoltaic system (GCPV). Therefore, the treatment of 

energy and water is carried out in both. To ameliorate the 

water infrastructure, a three pumping unit is used and each 

one is controlled by Power-Field Oriented Control (P-FOC). 

This strategy lead to exploit the power modularity in order to 

operate the maximum produced power and eliminate the 

storage system. In side of the GCPV, Voltage Oriented 

Control (VOC) is used to meet the maximal power point. 

Considering the intermittency and the water volume needed, 

different operating modes are imitated to more clarify the 

interdependence of water and energy with considering of a 

specific application. 

Index Terms— power energy nexus, water station, GCPV, 

clean energy, P-FOC, VOC. 

1. INTRODUCTION 

In order to achieve a sustainable development, the 

actual policies appear obligated to address the water and 

the clean electricity. Traditionally, these two concerns are 

treated separately. However, they are closely 

interdependent which termed by clean energy-water nexus 

which is defined as follow.  

Clean energy-water nexus is a one architecture 

composed by two infrastructures, the first is devoted to 

describe a full energy value chain and the second 

describes a full water value chain [1-3]. 

In order to expand the utility of these architectures to 

high-level policy decision, the developed countries pick up 

their attentions to this concept in different vital sectors. 

Therefore, it’s added to the integrated perspective prior in 

academic research. Previously, in agriculture, the 

researches carried out have explored only the energy or 

water or impact of specific technology used in order to 

minimize the electricity consumption or augmentation of 

water production [4, 5]. Coupling of these two fulfillments 

represent the basic idea of energy water nexus. 

In this context, this paper proposes a model and a smart 

control strategy of a grid connected PV system feeding a 

water pumping station in order to coupling a full energy 

chain and a full water chain. The water station is 

composed by three pumps (1 HP) and exploit the power 

modularity technic to operate the maximum produced 

power with preference of pumping water. The control 

strategies used in the considered system are VOC in side 

of distribution network and P-FOC for the three pumping 

units. Generally, using these controllers allows, with the 

freedom degrees offered, the control of DC link voltage to 

extract the maximum produced power, and the reactive 

power exchange between the SPV array and the 

distribution network, by grid side, the magnetic state and 

the absorbed power of each induction motor by the side of 

water station. 

The interdependence of water and clean energy in the 

proposed system, considering the intermittency and water 

volume needed, bring out four operating modes [6, 7]. 

These different modes clarify more and more the 

cooperation between the water station and the grid 

connected decentralized source. Furthermore, clean energy 

and water nexus provide invincible benefits : improve 

power yield and the overall system efficiency, additional 

to the cost reduction due to the elimination of storage 

system cost [8]. 

 This paper is organized as follows: Section 2 is 

dedicated to expose the proposed system in order to more 

clarify the architecture and the different operating modes. 

Section 3 exposes the modelling. Afterwards, the 

simulation results are shown in the section 4. Finally, the 

conclusion, the appendix and the references are on view at 

the end of the paper.   

2. PROPOSED SYSTEM 

This section is composed by two subsections. The first 

is devoted to explore the general architecture and analyze 

of the investigated control strategy of the considered 

system. The second is dedicated to inspect the different 

operating modes produced with consideration of 

constraints of the intermittency of the distributed 

generation and the water volume. 

A. Architecture and overview of control strategies 

The proposed system consists of water station powered 

by a grid connected PV generator. At standard test 

conditions, the solar PV generator is able to produce 5 

kW. The DC link voltage is chosen to be 650 V. The water 

station is composed by three pumping units connected in 
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parallel. Each unit is formed by an induction motor 

coupled with a VSC who deliver a mechanical power to 

the pump. Each pumping unit is connected to the same DC 

link mentioned above. The detailed specification and 

parameters of the motor are illustrated in Table I.  

The architecture of the proposed system is showed by the 

Fig. 1. The uses of several pumps allow to improve the 

efficiency of the motor-pumps as described below. 
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Fig. 1. System architecture  

 In fact, the VSI who connects the SPV generator and 

the distribution network is driven by Voltage Oriented 

Control (VOC). This strategy offers two freedom degrees, 

the first is dedicated to control the DC link voltage and the 

second is devoted to control the reactive power exchange 

between the two sides of the inverter. The water station is 

equipped by three identical pumping units. As well as, 

each unit is driven by P-FOC [9]. In turn, this strategy 

offers two freedom degrees. The first is dedicated to 

control the magnetic state of the machine by its field, the 

second devoted to control the absorbed power of the 

motor. As regard of the VSI, the DC bus voltage is set as 

650 V and the reactive power is set as 0 VAR. Regarding 

the different VSC used in each pumping unit, the field is 

set as 1 wb and the rated power is chosen to be in 

depending of water demand in priority and the power 

produced. 

B. Operating modes 

The needed water volume and variability of the 

produced power are considered as constraints to provide 

four functioning modes which are explained in this 

section. 

A control strategy and a smart power sharing exploited 

in our architecture to shed light the cooperation of energy 

and water to reach a satisfactory water energy efficiency 

and sustainable services. 

 

 
 Mode: insufficiency of PV production 

 
 Mode: photovoltaic pumping 

 
 Mode: surplus production 

 
 Mode: total injection  

Fig. 2.  Different operating modes  

The exploitation of the freedom degrees aimed 

previously provides four operating modes. The first is 

when we need water, but there is no produced power 

through PV able to operate the water system. The 

distribution network supports the insufficiency. When the 

produced power is equal to demanded power, this mode is 

called photovoltaic pumping. As well as, the production is 

upper than the demanded power, which represent the third 

mode, the distribution network plays the role of storage 

system. Finally, when there are no needs of water, the 

produced energy is totally injected to the distribution 

network.  

3. SYSTEM MODELLING 

A. Photovoltaic generator  

The direct conversion of solar irradiation to an 

electrical energy is obtained by a photovoltaic cell. The 

non-ideal characteristic (
pv pv

I V− ) of solar module is 

given by Eq (1) [10]. 
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Where 
ph

I  is the photovoltaic current, 
0

I  is the 

saturation current, 
s

N is cells connected in series and the 

thermal voltage 
. .

t

a k T
V

q
=  where a is the diode ideality 

factor, T is the cell temperature, k is Boltzmann constant 

and q is the electron charge. The above figure represents 

the equivalent circuit of the photovoltaic cell. 

�

�

�

����� ��

�

�

��

���
��

 
Fig. 3. Theoretical single diode photovoltaic module including 

shunt and series resistance 

A module is a set of cells connected in series. An array 

is composed by several photovoltaic module connected in 

series in order to increase the voltage and in parallel in 

order to increase the current. The Eq (2) is the non-ideal 

model of the photovoltaic array. 
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(2) 

B. Grid modelling  

It’s clear from Eq (2) that the PV generator can be 

replaced by a current source. Practically, in link with the 

capacitor, the current variation involved a variation of 

voltage in terminals. Fig. 4. represents the global electrical 

circuit described the behavior of a single stage grid 

connected PV generator exploited in our system. 

 
Fig. 4.   Distribution network associated to VSI model 

Basically, the mathematical model of electrical network 

is described by the following equations.  
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Fig. 4. represents a VSI connected to the distribution 

grid through an RL filter. The mathematical model in a 

stationary frame abc of inverter is given by the following 

equations [11]. 
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C. Pumping unit modelling 

As mentioned above, the pumping system is composed 

by a centrifugal pump driven by an induction machine. 

The induction machine is coupled to the DC bus by means 

of an inverter. The mechanical produced power is 

transferred to a centrifugal pump. In our case, the pump 

model determines the dependence between hydraulic 

pressure
r

P and the flow rate Q . The used model is 

depicted in Eq (5) and Eq (6). These equations interpret 

the conversation of the mechanical and the hydraulic 

domain without considering the hydraulic losses. The term 

Ω  represents the motor speed. In turn, this speed will be 

applied to the centrifugal pump wheel in order to 

transform it to hydraulic power. 

 
2. . .

r
C a Q b Q= Ω +  (5) 

 
2 2. . . .

r
P a b Q c Q= Ω + Ω +  (6) 

Where ,a b and c can be determined using the 

characteristic curve (flow-pressure) or experimentally, 

these parameters are exposed in Table II in the appendix.  

The Eq (7) represent the hydraulic loads which depend on 

two parameters: the hydraulic losses in pipes and the static 

pressure 
s

P . From this equation, we can determine the 

flow rate [12].  
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(7) 

Where ρ is the water density, g is the gravity, 
s

H is the 

static height, k the parameter due to the losses in the 

pipeline. Fig. 5. depicts the hydraulic network used in the 

simulation to provide the behavior of the pumping system. 
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Fig. 5.  Model of pumping unit 

4. SIMULATION RESULTS AND DISCUSSION 

 

study was examined in order to validate the different 

control strategies firstly and evaluate the different 

operating modes, subsequently. 
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Fig. 6. Current, voltage and power in DC bus 

 Fig. 6. shows the output current,voltage and power of 

SPV array in different level of solar radiation respectively 

(0.26kW/m², 0.24kW/m², 0.48kW/m², 0.72kW/m², 

1kW/m² and 0kW/m²). As mentioned in section 3 a direct 

current source is able to deliver the operational power 

corresponding to the same solar radiation reported above. 

The solar radiation profile is chosen to establish the 

different functioning modes which will be discussed 

minutely below.  

 
Fig. 7. (a). Grid connected PV system output response using 

VOC   

Fig. 7. (a). illustrates the behavior of different control 

loops of the grid, the first show the voltage DC link loop. 

It can be seen that the voltage profile well follows the 

reference cited previously at 650V. In the second , the 

active current is negative because the produced power is 

not enough to operate the water station. We can be in this 

situation if there is no water in the tank. Therefore, the 

distribution network supports the insufficiency. Hence, the 

mode 1 is present. Between 2 s and 5 s, pumping PV mode 

(2nd mode) is executed, which explained the absence of 

active power injection. At 2 s, only the first pumping unit 

is operational, at 3 s, the second pumping unit started. 

These two second is considered as a partial functioning 

PV pumping mode. At 4 s, the third unit is functional, 

which means total functioning of the PV pumping. 

Subsequently, we are in case of the third mode during the 

two next seconds. The produces power is upper than the 

total consumed power. Consequently, the surplus power is 

delivered to the grid. For the next two second, between 7 s 

and 9 s, the needed volume of water is reached, therefore 

pumping water is not requested. So, the produced power is 

totally injected in the grid, meaning the settlement of the 

fourth mode. The last figure presents the reactive current 

evolution. It’s set at zero during all over the simulation. 

 
Fig. 7. (b). evolution of three phase voltage and current in grid in 

different operating modes  

In Fig. 7. (b). the three-phase of voltage and current in 

the grid are exposed with distinction of the different 

operating modes.  

 
Fig. 7. (c). synchronization angle, first phase voltage and current 

in different operating modes  

In Fig 7. (c), the detection algorithm show that the 

Phase Locked Loop allows a good performance in 

extraction of the grid phase. In addition, to more clarify 

the evolution of the different currents phases compared to 

the different voltage phases, the first phase current, 

multiplied by 30 to well appear it, and voltage are 

exposed. In the first mode, it’s clear that the current and 

the voltage are in phase opposition, which explain the 

negativity of the direct current. In the second mode, as 

there is no injection, the current is set to zero. At the stage 

of injection, the current and the voltage are in phase as is 

apparent in the second figure. 

 
Fig. 8.  (a). First induction machine performance using P-FOC 
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Fig. 8. (b). Second induction motor dynamic response using     

P-FOC 

 
Fig. 8. (c). Third induction machine control output with P-FOC 

Fig. 8.(a)-(b)-(c). show the performance of the different 

control loops of three induction motors used in the water 

station under a constant frequency 50 Hz. In the two first 

seconds, where there is needs of water and there is no 

produced power which able to make the water station 

operates in rated power, then, it shares 3kW. The grid 

rewards the gap which explain the first operating mode. 

After that, the first pumping unit is in functioning at the 

rated power, the second and the third units are not in 

function, because the minimal level of water in the tank is 

achieved, and the produced power is able to make 

functioning only the first unit. Then, at 3 s, the second unit 

is in functioning when the available power is able to make 

operates the two first pumping units. At 4 s, when the 

produced power is capable to put all over the water station 

operates, the last unit start sawing water. In this stage, as 

it’s reported before, the PV pumping mode is present. 

After that, the available power in DC link is superior than 

the 3.6 W, the power is adequate to make the whole 

station in work and the excessive power will be injected to 

the grid. Thus, we are in the phase of surplus production. 

Then, after 7 s, the total produced power is injected that 

explains the satisfaction in terms of requested water.  

 
Fig. 9. Power highlighted 

Fig. 9. Shows the differnts power existing in the system. 

Refering to this figure we can conclude : 

 pump pv DN
P P P= −  (8) 

Where 
pump

P is the power consumed by the water station, 

pv
P is the produced power and 

DN
P is the power 

distribution network. Note that also the hydraulic power is 

illustrated in the figure which is in terms of the pumping 

power, they are related by: 

 .
hyd pump

P Pη=  (9) 

Where η is the yield of the pumping station. It represents 

the product of three pumping units. Each pumping unit 

yield is the product of the yield of the induction motor and 

its associated pump. The hydraulic power can be obtained 

also by multiplying the hydraulic parameters (flow and 

pressure) which represented in Fig. 10. (a)-(b). 

 
Fig. 10. (a). flow of water in three pumping system  

 

Fig. 10. (b). Pressure in three pumping system 
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It’s clear from the two figure presented above that the 

hydraulic model used in the simulation is accurate. It 

follows exactly the different state of the induction motor 

with taking into account the consumed power. At the two 

first seconds, each pump absorb 1 kW, the flow and the 

pressure is not the same when the consumed power is 1.2 

kW. The increase of the absorbed power results an 

increasing in flow and pressure.  

 
Fig. 11. Total flow and its corresponding pumped water volume  

In Fig. 11. The total flow is shown in the first figure. 

From this parameter we can obtain the volume of water 

which can be obtained in one day by using this equation: 

( )
24

1 2 3

0

24 3600

_

H

water

H

V Q Q Q dt
sim time

×
= × + +�  (10) 

Where 
(1,2,3)

Q  is respectively the flow of the first, the 

second and the third pumping unit.  

5. CONCLUSION 

In this paper, various modes of operation are addressed 

and simulated using MATLAB/Simulink environment. 

This study is carried out in order to demonstrate the 

benefits of coupling the energy and the water with 

preference of water and prove a mature investigation of 

energy water nexus concept. The obtained results show a 

satisfactory performance by exploiting a different control 

strategy, on the two system sides. The proposed system 

can be well suited for a residential or remote area, 

especially in rural and agricultural zones. 

APPENDIX 

TABLE I 

Induction motor specifications & parameters 

Specifications  parameters  

Rated power 750W sR  7.5Ω  

Rated voltage 400V rR  11Ω  

Rated current 2.5A 
sL  0.484H  

Rated frequency 50Hz
 

rL  0.484H  

rated speed 2820rpm M 0.46H  

number of pole pairs 1 f  10.002 . . .N m s rad
−  

  j  20.003 .kg m  

TABLE II 

Hydraulic network parameters 

Symbol values 

a  0.000032 

b  0.0000982 

c  0.0000852 
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Abstract—The present paper focus on regulation of the 

parallel active power filter (APF) Dc Voltage bus by 

judicious choice of rule bases and intervals for each selected 

fuzzy variable of suitable fuzzy logic controller. A direct 

application to the APF capacitor voltage regulation with 

their simulation, by MATLAB,  applied to wind power 

conversion chain network  is  represented  in  the  case  of  a  

non-linear variable load, after modeling, to show the 

effectiveness of this kind of regulators on electrical power 

quality and improve the reliability of the APF on wind 

power system. All system is simuled under Matlab 

Simulink; Results are discuted and analyzed to show the 

APF reliability on harmonic minimization of wind chain 

and network. 

Index Terms— APF, Wind, inverter, Harmonic, FLC. 

 
1. INTRODUCTION 

The classical adjustment of the systems relies mainly 
on the sizing of the adjustment elements from the 
modeling of the overall system, but it turns out that this 
does not always easy to do this. It is here that the main 
advantage of fuzzy logic regulation resides, in fact this 
type of technique does not need to establish any model of 
the system [1-3]. A direct application to the APF 
capacitor voltage regulation with their simulation, by 
MATLAB, applied to wind power conversion chain 
network is presented in the case of a non-linear variable 
load conditions, after modeling, to show the effectiveness 
of this kind of regulators on electrical power quality and 
improve the reliability of the APF on wind power system 
harmonic reducing.  

Where after wind chain modeling and PMSM output 
voltage regulation using PI controller we will present the 
mains knowledge of the proposed APF and the FLC 
controller, in the last we will present the simulation 
results under Matlab Simulink of each parts of the studied 
system described on the next step. 

 

 

 

2. DESCRIPTION OF THE STUDIED SYSTEM 

Our study presents the architecture ''structure'' of 
regulating the voltage delivered by a PMSM driven by a 
wind turbine via gear box controlled by a PI regulator [4], 
this after we present the model of each part of the 
conversion chain and the results of wind variation 
influence on the stability of PMSM output voltage 
amplitude, Wind profile is modeled as a fractional scalar 
evolves over time [5, 6]. PMSM supply a nonlinear load 
from the rectifier installed on the output of the conversion 
chain via a controlled power inverter. To see the 
influence of the FLC regulator on the quality of the 
filtering we have use a 3x3rules fuzzy regulator 
implanted in the control part of the APF [1,2,7], where 
the membership functions of the input and the output 
variables are shown in simulation part. Principle diagram 
Bloc is presented by “fig 1”. 
 

 
Fig. 1.  Diagram Bloc of the proposed system. 

The detailed modeling and simulation of each parts 
are described on the next part. 

3. MATHEMATIC MODELING & SIMULATION 

figure.2 represent an overall scheme which describes 
the various essential parts dedicated to the conversion of 
the wind power into electrical energy. It is based on 
permanent magnet  synchronous  machine,  mechanically  
coupled  with  a wind  turbine  via  a  reduction  gearbox.  
The latter is driven by a wind profile that will be modeled 
and simuled under Matlab Simulink Software. 

Wind Conversion  
Chain 

 
Network 

APF 

Harmonic detection Breaker 

L 

o 

a 

d 
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Fig. 2.  Wind power conversion chain closed loop regulator. 

Where wind speed can be modeled as a fractional 
scalar evolves over time as in “(1)”; 

( )vv f t=                                                               (1) 

Wind speed can be represented as a function of 
harmonics as in (2). 

1

( ) sin(b )
i

v n n v

n

v t A a w t
=

= +å                                    (2) 

Equation “(3)” represents an uncertain wind profile 
evolving around a known medial value; 

9 0, 2 sin(0, 10477 ) 2 sin(0, 2665 ) sin(1, 2930 ) 0, 2 sin(3, 6645 )
v

v t t t t= + + + +  (3) 

uncertain wind profile is represented on “fig.3” 

 

Fig. 3.  Uncertain wind profile. 

Where the PMSM voltage output before PI regulation 
is shown on “fig. 4” 

  

Fig. 4.  PMSM output voltage (open loop). 

After closed loop PI controller installation output 
voltage was stable as shown on “fig. 5”. 

 

Fig. 5.  PMSM output voltage (PI closed loop). 

After that we have a wind power converted to a stable 
tri-phases voltage by the PMSM and the PI controller 
loop, simulation bloc shown on fig.6.a;  

 

Fig. 6.a.  Simulation Bloc of the proposed system. 

We will use the rectifier presented on “fig.6.b” modeled 
and implanted under Matlab Simulink in order to couple 
the PMSM to the network via a power inverter 

 

Fig. 6.b.  Network coupling rectifier. 

presented by the simulation bloc “fig.7” after 

mathematical modeling on dq frame represented in (4), 
(5) below 

 

Fig. 7.  PMSM simulation Bloc under Matlab. 

d s d d r q q

d
v R i L i w L i

dt
= + +                                    (4) 

( )q s q q q r d d f

d
v R i L i w L i

dt
= + + +F

                

(5) 
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Where the simulation bloc of the studied network is 
shown in “fig.8”. 

 

Fig. 8.  Network Simulation Bloc. 

Network load current shown on “fig.9” shows clearly the 
presence of the 5, 7 and 11 harmonic due to the presence of a 
nonlinear loads on the network. 

 

Fig. 9.  Network Current Harmonic specter before filtering [4]. 

For the minimization of the undesired influence of harmonic on 
network, we propose to integrate an APF controlled by a PI 
controller in the first time. Then, with a more efficiency and 
modern controller the FLC [7], [9], [10] as shown on “fig.1” 

The FLC based on the principle summarized on “fig.10” 

 

Fig. 10.  Fuzzy Logic Controller general structure. 

Where the chosen member sheep functions for error e(t), error 
variation de(t) and control output u(t) are shown on “fig.11” 

 

 

 

Fig. 11.  FLC member sheep functions. 

Simulation results show that the installation of the APF on the 
network helps on harmonic minimization as improve the 
harmonic specter of “fig.12” 

 

Fig. 12.  Harmonic specter with APF use FLC  

This let network current, shown on “fig.13”, be more near to 
the sinusoidal wave and the THD value decrease. 

 

 

Fig. 13.  Network Current after APF installation. 

The APF current is shown on “fig.14” below; 

 

Fig. 14.  APF injected Current. 

So, APF installation on network has decreased the harmonic 
presence and this makes the wind conversion chain more 
reliable, and the regulation system work well as if the THD is 
more important. 

The Dc voltage of APF capacitor is stabilized by the PI 
regulator first, as shown on “fig.15”,  

 

Fig. 15.  APF Capacitor DC voltage regulation with PI. 
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Then by FLC as shown on “fig.16 

      

Fig. 16.  APF Capacitor DC voltage regulation with FLC. 

We can see clearly that response time and overtaking in case of 
FLC regulator are less than that with PI controller. 

 

CONCLUSION 

In this work, we have represent a wind conversion 
chain model oriented simulation, that output voltage has 
been regulated by a PI controller then connected to the 
network via a rectifier connected to an inverter supply 
nonlinear loads. Nonlinear loads harmonic has been 
decrease by the use of an APF, controlled by an FLC. The 
APF installation on the network has decrease the THD of 
the network current. 

In the last we hope applied more intelligent techniques 
to the studied system to have more suitable results in 
other works applied in the laboratory. 
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Abstract-- Due to the importance of the Phase Locked 

Loop (PLL) in many applications, it has encountered several 

phases of evolution in its architecture and its performances. 

The Sample and Hold Phase Detector (SHPD) PLL is a 

new architecture without filter which gives PLL many 

advantages compared to the Inverse Sine Phase Detector 

(ISPD) PLL. So, to better study the SHPD PLL, we propose 

in this work to analyze its behavior and its performances in 

an FSK demodulator circuit applied in LORAWAN node and 

compare them with the results using the ISPD PLL. At the 

same conditions, the simulation results show many new 

improvements of the SHPD PLL on the demodulator circuit, 

it increases the frequency capture range by 46.5% of the its 

total keep range, and it rises the dynamic voltage of the input 

modulating signal to the double. 

Index Terms-- PLL; ISPD; SHPD; Witout filter; Lora 

WAN, FSK demodulator, keep range, capture range. 

1. NOMENCLATURE

PLL: Phase Locked Loop. 

ISPD: Inverse Sine Phase Detector. 

SHPD: Sample and Hold Phase Detector. 

VCO: Voltage Controlled Oscillator 

2. INTRODUCTION

Until the present works, the Phase Locked Loop (PLL) 
remains the main component in transmission and 
telecommunication systems architectures (transceivers, 
frequency synthesizers …) and keeps the important 
function in signal processing and conditioning (clock 
generation, oscillators, followers…). 

Thus, many research works focus on PLL architecture 
to enhance its limitations and to improve its performances. 

Many works talk about "Digitize" the PLL’s 
architecture [1],[2],[3], others insist to keep it completely 
an analog device [4]. Between theses hypothesis, others 
works give many types of mixed architectures of PLL 
(Digital and analog) [5],[6]. 

So, the bibliography shows very large classification of 
PLL, but in analog PLL architecture, there are two 
important classes: PLL with filter (classical architecture) 
and PLL without filter. 

 The PLL without filter is beginning with J.K Seon [7] 
who invites electronic designers to replace the "filtered 
phase detector" by an Inverse Sine function which offers a 
direct conversion of the signal to phase error. The Inverse 
Sine Phase Detector (ISPD) can make the analog PLL 
fully integrated and improves its frequency range. 

As improvement to the PLL without filter, and in a first 
step B. GASSARA [8] keeps the ISPD architecture as 
proposed by Seon but he designs another mathematical 
model to realize the analog Inverse Sine function, which 
improves clearly the ISPD PLL precision [8].  

In second step, B. GASSARA reveals many limitations 
in ISPD PLL architecture [9] as the absence of voltage 
adaptation between the phase detector and the voltage 
controlled oscillator (VCO), and the insensitivity of the 
PLL versus the reference signal’s amplitude variation, 
which leads to propose another architecture by deleting the 
Inverse Sine function and replace it by an Auto Controlled 
Gain (ACG). So this last architecture is based essentially 
on a sample and hold circuit followed by the ACG and 
called SHPD PLL (Sample and Hold Phase Detector 
PLL): it improves again the frequency range of PLL and 
its sensitivity versus amplitude variation of the input 
signal. 

These improvements are already demonstrated in recent 
work [9], and this paper is a continuity to present our 
research activities’ results and to demonstrate the 
improvements of SHPD PLL compared to ISPD PLL by 
using tow methods: the first is the simulation of both 
PLL’s performances in LORA WAN frequency band, 
however the second is the application of them in FSK 
demodulator circuit at the same frequency band. 

3. COMPARATIVE STUDY BETWEEN ISPD PLL AND 

SHPD PLL ARCHITECTURES

To better explain, we will start by recalling the 
principles of operation of the two PLL’s architectures, and 
then we will present our comparative study work in the 
Lora Wan frequency band. 

A. SHPD PLL vs ISPD PLL: architecture and approach 

1) ISPD PLL 

 The Inverse Sine Phase Detector (ISPD PLL) is a 
new type of phase-locked loop, invented by JK Seon [7], 
composed by a sampling and holding circuit (S&H), a an 
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inverse sine function circuit, and a voltage controlled 
oscillator (VCO) (figure 1). 

The "sample and hold" circuit holds a sample (x) of the 
input signal at the rising edge of each VCO clock period. 
The inverse sine circuit computes the phase error (�) and 
controls the VCO frequency. The loop reacts to adjust the 
frequency and reduces the phase error. 

Fig. 1. Architecture of the ISPD PLL . 

Due to the absence of filter, the ISPD PLL is 
characterized by a wide frequency range, good linearity 
and great precision compared to the classical PLL. It can 
be fully integrable in the same chip [8]. 

2) SHPD PLL 

The Sample and Hold Phase Detector (SHPD PLL) is a 
new architecture of PLL without filter, it is a loop 
composed by: a "Sample and Hold" circuit, an Automatic 
Gain circuit, and a voltage controlled oscillator VCO 
(figure 2). 

The “Sample and Hold” circuit holds a sample (x) of 
the input signal at the rising edge each VCO clock period. 
Then, the voltage sample will be compared directly to zero 
to compute the phase error. The automatic gain control 
acts to adapt the phase error to the VCO input in order to 
adjust its frequency [9]. 

Fig. 2. Architecture of the SHPD PLL . 

Due to the elimination of the Inverse Sine function, 
the SHPD PLL is characterized by a high accuracy and a 
wide bandwidth compared to ISPD PLL.  
Not like ISPD PLL, and due to the Automatic gain control, 
the SHPD PLL can use all the linearity range of the VCO, 
which allows having a capture range, equal to the keep 
range [9]. 

In our study, we want to verify these properties of the 
two PLL architectures in Lora Wan frequency band.  

B. Lora Wan frequency band / simulation tools and 

conditions 

Lora technology enables communication with variable 
data throughput, scalable bandwidth, high robustness and 
long-range transmission [10], [11]. 

Lora technology uses the frequency band (863MHz-
870MHz) in Europe, and (902MHz-928MHz) in the 
United States [11]. 

Lora Wan specification defines three common 
channels of 125 kHz for the 868 MHz band, which are 
868.10 MHz, 868.30 MHz and 868.50 MHz; which must 
be supported by all devices and networks. These channels 
are used for uplink messages with a channel bandwidth 
equal to 125 kHz or 250 kHz, and downlink messages with 
a channel bandwidth equal to 125 kHz. The bit rate used 
for the 868 MHz band is between 50bps and 250kbps. 
There are varieties of bandwidth available on Lora Wan 
ranging from 7.8 kHz up to 500 kHz [11]. 

The simulation tools is the platform Advanced Design 
Systems (ADS). 

 To compare the ISPD PLL and the proposed SHPD 
PLL, all  the  common  circuits  are  the  same,  i.e:  in  the  
two architectures,  we  have  using  the  same  VCO with 
30MHz/V sensitivity and  the  same Sample and hold 
circuit. The VCO parameters are adapted for a Lora Wan 
network. In ISPD PLL simulation, we have using the 
mathematical model of inverse sine function published by 
B. GASSARA et al. [8]. To apply our proposed PLL in 
IEEE 802.15.4, IEEE 802.11 and IEEE 802.16 standards, 
we have chosen the frequency band 868.30MHz to 
simulate all circuits’ performances. 

C. SHPD PLL vs ISPD PLL: Simulations of their perfor-

mances in Lora Wan’s frequency band 

To compare the performances of the ISPD PLL and 
SHPD PLL in Lora WAN frequency range, we must first 
simulate the frequency bands of each PLL’s architecture. 
We have used a voltage ramp applied to a supplementary 
VCO to produce a frequency ramp at the PLL’s input. For 
each PLL’s architecture, we simulate their frequency 
performances by increasing and decreasing the input 
frequency ramp and display the phase error. The results of 
simulations obtained are presented by the figures 3, 4, 5 
and 6. 

Fig. 3. Simulation of the ISPD PLL response vs increasing frequency 
ramp 

The figures 3 and 4 show the response of ISPD PLL 
versus input frequency variation. For start frequency far 
than the central frequency of VCO, the ISPD PLL is 

ε 
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unstable, it oscillates between [-1.5V, 1.5V] voltage 
interval, which presents the limits of the Inverse Sine 
function (±(asin(�/2)). 

Fig. 4. Simulation of the ISPD PLL response vs decreasing frequency 
ramp 

At the limit of the capture range (cursor m7 at figure 3 
and 4), the PLL locks and its response follows the 
frequency ramp.  

The figures 5 and 6 show the response of SHPD PLL 
versus input frequency variation. 

Fig. 5. Simulation of the SHPD PLL response vs (increasing frequency 
ramp 

  
Fig. 6. Simulation of an SHPD PLL response vs decreasing frequency 

ram. 

We noticed that the SHPD PLL, has a higher 
oscillation magnitude, and a faster response time. The 
oscillation of the unstable state is limited between -3V and 
3V, which are the limits of the VCO control voltage (in 
our simulation). So, the automatic control gain circuit has 
succeeded to help SHPD PLL to use all the linearity of 
VCO. 

Cursor m5 at figure 5 and 6, shows the start of the 
capture range (figure 5 shows the lower limit and figure 6 
shows the upper limit). 

Cursor m6 at figure 5 and 6, shows the end of the 
keep range (figure 5 shows the upper limit and figure 6 
shows the lower limit). 

Table 1, shows the numeric values of the simulations 
results. We have added the classical PLL’s results, given 
by similar study, to have idea about the values’ range. 

TABLE I 

SIMULATION RESULTS

 VCO 
sensitivit

y 

(MHz/V) 

VCO 

Central 
Frequency 

(MHz) 

Keep 

Range 

(MHz) 

Capture 

Range 

(MHz) 

Lock up 
Time 

Classical 
PLL 

30 868.30 14.52 1.63 15 µs 

ISPD 
PLL 

30 868.30 177.09 94.11 6.9 ns 

SHPD 
PLL 

30 868.30 177.09 176.34 5.7 ns 

Due to using the same VCO, the simulation gives the 
same keep range for the two PLL, it is about 177.09MHz, 
but The SHPD PLL capture range is about 176.34MHz 
which presents 99,5% of its keep range, however the ISPD 
PLL capture range is about 94.11MHz which presents 
53% of its capture range.  

So, at the same conditions, the SHPD PLL can 
increases the keep range by 46.5% of the total keep range. 

The SHPD PLL has a wider capture range than the 
ISPD PLL due to the adaptation of the phase error voltage 
to the VCO linearity voltage range calculated by the gain 
control circuit. 

4. APPLICATION: SIMULATIONS OF SHPD PLL’S 

PERFORMANCES IN LORA-WAN FSK DEMODULATOR

A. FSK Demodulator architecture 

We have applied both of PLL’s architecture (ISPD and 
SHPD) in an FSK demodulation as a part of demodulator 
bloc. 

Unlike classical PLL which needs supplementary active 
filter in demodulator circuit, ISPD PLL and SHPD PLL 
can demodulate the FSK signal directly. 

We have applied a square waveform generator to 
simulate the baseband digital signal. The period of binary 
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bit is equal to 5�s to have a bit rate almost equal to 
200kbps. We have used a VCO as FSK modulator. 

Figure 7 shows the architecture of FSK 
modulator/demodulator circuit based on ISPD PLL and 
SHPD PLL. We have added a voltage comparator to 
eliminate the undesirable oscillation caused by high 
frequency calculation. 

Fig. 7. Block diagram of the FSK modulator-demodulator circuit based 
on ISPD PLL and SHPD PLL 

To demonstrate the ISPD PLL limitation on 
demodulation, we have varied the high level voltage of the 
digital input signal from 1V, which is lower than the 
maximal VCO control voltage (asin(�/2)=1.57), to a 
voltage level equal to 2V greater than this maximal value. 

Then, we have repeated the same previous experiments 
with a SHPD PLL by keeping the same VCO and the same 
modulating signal parameters.  

B. Simulation results and discussion 

For a binary input signal with voltage low level 0V and 
voltage high level 1V, the simulation results of ISPD PLL 
is presented by figures 8.  

We have noticed that the ISPD PLL can lock easily 
and demodulates the FSK signal successfully. After 
removing the high frequency calculation noise by voltage 
comparator, we got the same useful square modulating 
signal (figure 10).  
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Fig. 8. Demodulated signal at the output of the ISPD PLL 

We did the same previous experiment by replacing the 
ISPD PLL by the SHPD PLL and by keeping the same 
simulation conditions.  

Figure 9 shows the simulation result of the output of 
SHPD PLL circuit. We have noticed that the SHPD PLL 
also can lock easily and demodulates the FSK signal 
successfully, but it presents a noise’s magnitude higher 
than the ISPD PLL‘s. This noise is due to high frequency 
calculation, and its higher magnitude is due to the 

Automatic control gain correction, but it’s not a problem, 
it will be clipped bye the voltage comparator (figure 10). 

At the output of the voltage comparator, the 
demodulator based on ISPD PLL and the one based on 
SHPD give the same results. Figure 10 shows the binary 
input signal (modulating signal) and the output signal of 
ISPD/SHPD PLL demodulator circuit. 
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Fig. 9. Demodulated signal at the output of the SHPD PLL. 

Fig. 10. Modulated signal and demodulated signal at the output of 
SHPD/ISPD PLL 

Let’s now increase the magnitude of the binary 
modulating signal by choosing the high level voltage, 
greater than inverse sine circuit limit (asin(�/2) = 1.57V); 
we have chosen in our case '2V'; this is then a critical case 
because the control voltage of VCO is limited by the 
Inverse Sine function. 

We have applied this input modulating signal first on 
an FSK demodulator based on ISPD PLL, and second, on 
the demodulator based on SHPD PLL. 

VCO and simulation’s parameters are not varied from 
previous experiments for both designs. 

Figure 11 shows the simulation results of the output of 
ISPD PLL circuit. We can notice that the ISPD PLL 
cannot locks at high level of the binary modulating signal; 

����������

����
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its response is very disturbed. 

Figure 12 shows the output signal of the comparator 
circuit, which cannot give a correct signal at the output of 
demodulator. At conclusion, the ISPD PLL fails to 
demodulate the FSK signal due to the inverse sine function 
output signal limitation (the maximal voltage given by the 
inverse sine function is asin(�/2) = 1.57V however the 
VCO need more voltage to help the PLL to lock. 
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Fig. 11. FSK demodulated signal at the output of the ISPD PLL (Critical 
case). 
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Fig. 12. Modulating signal and demodulated signal (critical case with 
ISPD PLL). 

At the same critical case, figure 13 shows the 
simulation result of the output of SHPD PLL circuit. We 
have noticed that the SHPD PLL can lock easily and 
demodulates the FSK signal successfully, because there is 
no limitation that seen in ISPD PLL, caused by the Inverse 
Sine function to control the VCO input voltage.  The 
Automatic gain adapts the phase error voltage to cover all 
the linearity range of VCO ([-3V, 3V] in our simulation). 
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Fig. 13. FSK demodulated signal at the output of the SHPD PLL 
(Critical case). 

At this critical case, the output signal of the voltage 
comparator at the output of demodulator based on SHPD 
PLL, is the same as the demodulated signal presented by 
the figure 10. 

TABLE II 

COMPARISON RESULTS

 Dynamic voltage 
of the binary 

signal 

Modulation 
/demodulatio

n 

Architecture 

Classical 
PLL’s 

demodulator 

30 mV FSK With filter 

ISPD PLL’s 
demodulator 

1.5V FSK Without filter 

SHPD PLL’s 
demodulator 

3V FSK Without filter 

Table 2, summarizes the performances of FSK 
demodulators based on ISPD PLL and HSPD PLL. We 
have added the classical PLL’s results, given by similar 
study by using the same simulation’s conditions. Let’s 
remind that the demodulator based on classical PLL need 
supplementary filter to demodulate the signal, and due to 
the limitation of its bandwidth, the classical PLL’s 
demodulator has very narrow dynamic voltage range for 
the input binary signal. 

CONCLUSION

Our research work is focused on the study of a new 
architecture of PLL without filter, based only on a sample 
and Hold circuit and automatic gain control: SHPD PLL. 
In this paper, we have established a comparative study 
between our proposed SHPD PLL architecture and a 
recent architecture without filter based on an Inverse Sine 
Function (ISPD PLL). 
In Lora Wan frequency band, the simulations results show 
two main advantages of SHPD PLL compared to ISPD 
PLL: 

 The first is the frequency bandwidth: SHPD PLL has a 
capture range equal to its keep range, which makes it 
applicable for wide band and multiband applications.  
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The second is the dynamic input voltage range: due to 
the AGC, SHPD PLL has a dynamic input voltage range 
equal to the voltage range of VCO control signal, which 
offers more flexibility on demodulation applications. We 
have demonstrated a critical case in which ISPD PLL 
failed to demodulate Lora FSK signal and, at the same 
conditions, the proposed SHPD PLL succeeded to 
demodulate it. 
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Abstract—Today, image processing becomes one of the 

important functions in the field of Medical Imaging. 

Magnetic Resonance (MR) images are a very useful tool to 

detect the tumor growth of multiple sclerosis MS. Brain 

tumor segmentation from MR images is an efficient 

technique. Some recent methods of segmentation and 

classification of MRI sequences have been proposed for the 

automatic detection of MS lesions. This paper presents an 

approach for the segmentation of MRI images based on the 

meta heuristic "Ant Colonies Optimization ACO". We 

propose to use meta-heuristics of ant colonies to estimate 

segmentations of brain images MRI of a novel database to 

improve their overall rendering. To do this, we will use this 

algorithm to test the criterion of the best intraclass variance 

MVar proposed in the literature. The obtained results are 

encouraging. 

Index Terms—Multiple sclerosis; Lesions; segmentation; 

ACO; Mvar. 

1.  INTRODUCTION 

Multiple Sclerosis is a chronic inflammatory-
demyelinating disease of the central nervous system. 
Magnetic resonance imaging detects lesions in MS 
patients with high sensitivity but low specificity, and is 
used for diagnosis, prognosis and as a surrogate marker 
in MS trials [1]. The symptoms encountered are then very 
diverse. 

Conventional MRI in MS usually consists in T2-
weighted (T2-w), proton density (PD), fluid-attenuated 
inversion recovery (FLAIR), and T1-weighted (T1-w) 
with and without gadolinium enhancement. MS lesions 
can occur in any tissue of the central nervous system but 
on conventional MRI, MS lesions in the gray matter 
(GM) have a signal intensity similar to the intensity of 
the surrounding normal appearing GM and therefore 
other specialized sequences are necessary to detect GM 
lesions [1]. On the contrary, white matter (WM) lesions 
are described as hyper-intense compared to the 
surrounding normal appearing WM on T2-w, FLAIR and 
PD sequences. 

Segmentation is one of the most studied problems in 
image processing. Its purpose is the separation of the 
image into regions whose pixels have similar 

characteristics. It is a problem of partitioning which can 
be formulated as follows: given a cloud of N points of the 
image, one seeks to find the k clouds corresponding to 
the k classes of pixels.  

Image segmentation is a method quite commonly used 
in medical imaging. The images from MRI have indeed 
some stakes. Their reading may be crucial for the 
diagnosis of certain neurodegenerative diseases, such as 
Parkinson's or Alzheimer's disease and multiple sclerosis 
as in our work setting. 

There are several segmentation methods available in 
the literature. The best known methods of classification 
are the mobile center algorithm or K-Means [2], fuzzy 
partitioning or FCM [3], and genetic algorithms [4]. The 
main objective of this paper is to show the effectiveness 
of a metaheuristic called "Optimization by Ant Colonies" 
in the specific case of the resolution of a pixel 
classification problem of an image. To detect the outliers 
of multiple sclerosis, we propose to use meta-heuristics 
of ant colonies to estimate segmentations of brain images 
from MRI. 

The remaining of this paper is organized as follows: in 
section II we briefly present some segmentation methods.  
Then, the section III presents the proposed optimization 
Meta heuristics by the ant colony approach. In section IV, 
we present some results. Finally, we would end up with a 
conclusion and suggest some perspectives. 

2. PREVIOUS WORKS 

C. Senthil Singh et al. [5] have proposed a computer 
aided system for brain MRI segmentation to detect the 
tumor location using K-means clustering algorithm 
followed by morphological filtering. This approach is 
able to segment tumor from different brain MRI images 
and avoids the misclustered regions. But it produces 
different results for different number of clusters. 

Others Meiyan Huang el. al [6] have proposed a LIPC 
(local independent projection-based classification) which 
is a novel automatic brain tumor segmentation method 
for MRI images based on synthetic data and brain tumors 
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available to the public image data. This approach 
outperformed competing methods. 

We can also find the method of Parveen et al. [7] 
which proposed a hybrid approach for brain tumor 
classification based on the fuzzy C-means clustering and 
support vector machine (SVM). This hybrid method 
gives accurate result for detection of the brain tumor. 

There are several other segmentation techniques, for 
example the threshold segmentation aims to partition an 
input image into pixels of two or more values through 
comparison of pixel values with the predefined threshold 
value T individually [8 12]. And other approach based 
regions segmentation is to do partition an image into 
regions [9]. 

3. METHODS AND MATERIALS 

A. Database 

In this paper, we apply ACO algorithm on 
MR database composed of 30 MS patients, acquired by a 
3T Siemens Magnetom Trio MR system at the University 
Medical Center Ljubljana (UMCL) [10]. Each patient’s 
MR scans consisted of 2D T1-weighted, 2D T2- 
weighted, and a 3D FLAIR image. 

Each of these images has been segmented into three 
classes: the cerebrospinal fluid class (CSF), the gray 
matter class (G) and the white matter class (WM). The 
following figure presents an example of the MRI 
sequences image of patient 2 in the dataset: 

 

 
Fig. 1.  MRI sequences image of patient 2 in the dataset: T1-W, 
T2-W and FLAIR 
 

B. Proposed method 

Ant colony optimization is a heuristic method for 
solving discrete combinatorial problems that exploits a 
colony of artificial ants. 

In our literature search, we found a little works that 
deals with the ant colony optimization method for image 
segmentation. In [11] and [12] the authors encourage 
researchers to apply the meta heuristic optimization 
algorithm ACO. This optimization algorithm was initially 
proposed by Dorigo et al [13]. The only modification, 
compared to the initial algorithm, is the introduction of a 
parameter to modify the visibility of the ants. However, 
the obtained results are not very satisfactory. In this 
paper, we propose to improve the image segmentation 

method by maximizing intraclass variance. To do this, we 
use the metaheuristics of ant colonies (ACO). This allows 
us to get as close as possible to the optimal solution. We 
use the MVar intraclass variance criterion to which we 
make modifications [14]. The latter consists of three 
parameters making it possible to better characterize a 
segmentation of good quality. Then, the segmentation 
thresholds maximizing the criterion are searched via the 
ACO algorithm. 

We will detail in following the different steps of the 
algorithm we used: 

(1) Initialization: 

Place the k ants on the grid of the image; 
All entries of the pheromone matrix t are initialized to 0; 
All entries in matrix Dt are set to 0; 
(2) Labeling process 

For (iteration = 1 to max_iteration) do 
For each ant k do 
Construct a possible partition by assigning pixels to 
classes according to the transition rule; 
Measure the quality of the score; 
Update the pheromone matrix t according to the local 
update rule; 
End for 
Let S (solution) be the optimal solution 
Update the pheromone matrix t according to the global 
update rule from S 

The ants will move on the gray levels as shown on 
Fig.2 which will be useful to select the "best" thresholds 
of segmentation. 

 
  
Fig. 2.  Diagram illustrating the movement of ants on gray 
levels. In 0, we have the starting point of the ants (which will 
not be taken into account because it may be interesting). Then, 
ants go from one gray level to another with a certain probability 
(among others determined by the amount of pheromones). Once 
their journey is over, the ants have a tuple of several thresholds 
that she will propose. 

Initially, k ants will move randomly on gray levels. 
Then, other ants are allowed to move on the gray levels n 
times according to a given probability, and deposit a 
quantity Δτi,j(t) of pheromones at each displacement. τi,j 
represents the probability of jumping from a threshold i 
to a threshold j. So we have the formula: 
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L+(t)% %%%#-%%%(#, $)%.%Tk(t)0%%%%%%%#-%%%%%(#, $) / Tk(t)                   (1) 

 
Where Tk(t)is the solution provided by the ant k at 

iteration t, and Lᵏ(t) is the sum of the segmentation 
thresholds contained in the solution. This means that on 
its way, the ant will drop at each of its jumps the inverse 
of the sum of the thresholds it will have traveled. 

At each loop turn, the pheromones evaporate 
according to the following expression: 

 1i, j(t 2 3) = (3 4 %5)1i, j(t) 26 71i, j%(t)%8
9:*             (2) 

 
where Δτi,j (t) is the quantity of pheromones deposited 

by the ant, m the number of ants used at the iteration t 
and ρ the evaporation rate which is fixed. Initially, 
pheromones are initialized by a small amount τ0≥0. 

Moreover, at each iteration, the best thresholds will be 
selected thanks to the MVar criterion: 

 MVar(t3, � , tN 4 3) = ;<6 >j43< ?%²int%(j) 2 @j%A
B:*             

(3) 
 

The algorithm stops when the stopping criterion is 
exceeded (that is to say a given number of iterations for 
which the criterion MVar does not make it possible to 
find better thresholds of segmentation: in other words, 
when it is no longer advantageous to let the algorithm 
run), where N represents the number of classes to be 
segmented (assumed to be known a priori), σ²int (j) the 
intraclass variance of the class j, t1 to tN-1the selected 
segmentation thresholds, and βj, γj and α the variance 
correction parameters intraclass used in the Otsumethod 
[15]. α is ((1000 * M) -1.√ NR) where M is the total 
number of pixels in the image and NR is the number of 
regions, that is, the number of related components in the 
segmented image . This term is used to normalize and 
penalize over-segmented images. The term βj = (1 + 
logNj) is chosen so that the term β⁻j1.σ ²int (j) is weak for 
large classes. Nj is the number of pixels in class j. The 
term γj = (C (Nj) / Nj) is high when the segmented image 
has many regions of the same size, especially if they are 
small. C (Nj) is the number of regions whose cardinal is 
equal to Nj for large regions, C (Nj) is, in most cases, 
equal to 1, whereas for small regions it becomes greater 
than 1. 

4. RESULTS 

For all simulations, the following values were chosen 
for the different parameters of the applied method: the 
number of ants k = 20, the evaporation rate r= 0.1, and 
the initialization probability t0= 0.01. The other 
parameters are shown in Table I. 

 

TABLE I 

 ACO algorithm setting 

 

We present in figure (Fig.3) an illustration of the 
segmentation results obtained on a pathological MRI 
image in different classes. Figure (Fig.3 (b)) presents the 
result of the segmentation of the pathological MRI image 
of figure (Fig.3 (a)). In this case, the algorithm detected 
the presence of three classes; this allows us to evaluate 
the volume of the cerebrospinal fluid. We can also notice 
that the cortex has also been well detected. Figures (Fig.3 
(c) and (d)) illustrate the obtained segmentation results in 
four and five classes. As we can see, the volume of the 
cerebrospinal fluid is well segmented, but the cortex is 
not well detected whereas the lesions are well detected on 
this segmented image compared to the image of Fig.3 (b). 

Fig. 3.  Segmentation of pathological MRI images. (a) Original 
pathological image, (b) Segmentation of the image into 3 
classes (50; 128), (c) Segmentation of the image into 4 classes 
(50; 100; 150), (d) Segmentation of the image in 5 classes t = 
(50; 100; 125; 150). 

The validation of our approach is based on the 
comparison of the obtained segmentation and the 
corresponding reference map for each test image. 

The results of segmentation using the ACO algorithm 
are shown in Figure 4 (b); the ACO algorithm produces 
good results, where all the lesions have appeared despite 
there being falsely detected lesions. The Dice Coefficient 
of Similarity (DSC) [16] can therefore be calculated with 
respect to consensus segmentation: 

 

DSC = (E F TP)(E F TP) 2 GP 2 GN%%%%%%%%%%%%%%%%%%%%(H) 
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Fig. 4.  Lesion detection example based on the ACO algorithm 
(a) Original pathological image (coronal image cut FLAIR of 
patient5), (b) Our image test, (c) Ground truth 

 

Since our primary goal is to detect all lesions, we 
propose a region detected as a true positive (TP) if at 
least one voxel overlaps our ground truth, otherwise it is 
counted as a false positive (FP). Any labeling in "truth on 
the ground" that is not detected by our method is defined 
as a false negative (FN) [16]. 

Whose values fluctuate in [0, 1] and a value above 0.6 
indicates a good compliance with the truth ground. 

Then the Dice similarity coefficient value obtained for 
this test is 0.688 which indicates that our test is compliant 
with the reference. So we detected more lesions 
compared to the ground truth ((Fig.4 (c)). 

These improvements are obtained thanks to the 
parameters that we added to the intra class variance. We 
can therefore estimate that we have managed to find the 
optimal thresholds that produce an acceptable 
segmentation, by maximizing the MVar criterion using 
the ACO algorithm.  

We observe here a set of solution tuples concerning 
the patient's pathological image 5 (Fig.4) of the database 
previously seen. The color gives the Mvar of the 
solutions, ranging from blue for a bad MVar, to yellow 
for an optimum Mvar (Fig.5). 

It can be noted that the segmentation with the highest 
Mvar consists of very small thresholds. These thresholds 
will over-segment the image and the visual rendering will 
be very poor. We can thus here, on this image, question 
the quality of MVar to account for the relevance of 
segmentation.  

In the previous analysis of this image, optimal 
thresholds were found empirically. If these thresholds 
show a relatively large MVar, it is always worse than 
solutions made up of small classes, that they have no 
graphic interest. 

 

 
 
Fig. 5.  Distribution of solutions with three thresholds 
 

This approach provides good results because the 
algorithm was designed to solve combinatorial 
optimization problems. However, its parameterization is 
quite difficult and its complexity is greater than that of 
other metaheuristics. 

5. CONCLUSION 

Segmentation is a very important task in the image 
processing process. It is a classification of pixels in 
homogeneous and well separated clusters. 

In this paper we propose a new method of automatic 
segmentation of MRI images with multiple sclerosis 
based on the meta-heuristic "Colony of Ants". Our 
motivation is the search for an optimal partition of the 
image using stochastic exploration of ant colonies to 
detect MS lesions in MRI images.  This is particularly 
useful in the context of MRI images: in fact, this could 
make it possible to better visualize the areas of the brain 
where there are lesions (or "holes") and thus to detect 
possible anomalies more quickly. 

REFERENCES 

[1] D.García-Lorenzo, S.Prima, D. L.Arnold, D. L.Collins, and 
C.Barillot “Trimmed-Likelihood Estimation for Focal Lesions and 
Tissue Segmentation in Multisequence MRI for Multiple 
Sclerosis ”, TRAN ON MEDICAL IMAGING, VOL. 30, NO. 8, 
AUGUST 2011. 

[2] J. Selvakumar, A. Lakshmi, T.Arivoli, “Brain tumor segmentation 
and its area calculation in brain MR images using K-means 
clustering and Fuzzy C-menas algorithm”,International conference 
on Advances in Engineering, Science and Management 
(ICAESM), 2012. 

[3] J. Dunn. «A fuzzy relative of the ISODATA process and its use in 
detecting compact well separated clusters». In J. Cybernetics, 
V(3:3), 32-57 ,1974. 

[4] U.Maulik. et S.Bandyopadhay. « Genetic algorithm-based 
clustering technique. Pattern Recognition». V(33), 1455-1465., 
2000. 

[5] Rohini Paul Joseph , C. Senthil Singh, M.Manikandan, “Brain 
tumor MRI image segmentation and detection in image 
processing”,International Journal of Research inEngineering and 
Technology Volume: 03 Special Issue: 01 | NC-WiCOMET-2014 | 
Mar-2014. 

76



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

 

ISBN: 978-9938- 9937-2-1                                 Editors: Tarek BOUKTIR & Rafik NEJI 
 

[6] Meiyan Huang, Wei Yang, Yao Wu, Jun Jiang, Wufan 
Chen, senior member, ieee, and Qianjin Feng, member ieee, 
”Brain tumor segmentation based on local independentprojection-
based classification”, IEEE transactions on biomedical 
engineering, vol. 61, no. 10, october 2014. 

[7] Parveen,Amritpal singh, “Detection of Brain Tumor in MRI 
Images, using Combination of Fuzzy CMeans and SVM”, 2015 
2nd International Conference on Signal Processing and Integrated 
Networks (SPIN). 

[8] A. Jyoti, M.N. Mohanty, M. Pradeep Kumar, “Morphological 
based segmentation of brain image for tumor detection”, 
International Conference on Electronics and Communication 
System (ICECS), 2014. 

[9] W.Deng, W.Xiao, H.Deng, J.Liu, “MRI brain tumor segmentation 
with region growing method based on the gradient and variances 
along and inside of the boundary curve.”, 3rd International 
conference on Biomedical Engineering and Informatics (BMEI), 
2014. 

[10] Ž. Lesjak, A.Galimzianova, A.Koren, M.Lukin, F.Pernuš, 
B. Likar, Ž.Spiclin “A Novel Public MR Image Dataset of 
Multiple Sclerosis Patients With Lesion Segmentations Based on 
Multi-rater Consensus ",Springer Science+Business Media, LLC 
2017. 

[11] Han, Y. and Shi, P., “An improved ant colony algorithm for fuzzy 
clustering in image segmentation”, Neurocomputing 2007, Vol. 
70, 4, pp. 665-671. 

[12] L.Devers, L.Fauvel, “TER MIASHS 2017”, Université Bordeaux. 

[13] Dorigo, M. and Blum, C., “Ant colony optimization theory: A 
survey”, Theoretical Computer Sc., 2005, Vol. 344, pp. 243-278. 

[14] Nakib A., Minery A., Oulhadj H. and Siarry P., “Modified 
intraclass variance minimization for segmentation of retinal 
angiographic images”, Conférence de la Société Française de 
Génie Biologique et Médical (SFGBM). pp. 134-135, Février 
2005, Nancy. 

[15] OTSU N., « A Threshold Selection Method from Gray-Level 
Histograms », IEEE Trans. on Syst., Man and Cyb., vol. 9, n° 1, p. 
62–66, 1979. 

[16] Zijdenbos AP, Forghani R, Evans AC. “Automatic pipeline 
analysis of 3-D MRI data for clinical trials: application to multiple 
sclerosis”. IEEE Trans Med Imaging 2002;21:1280–91. 

 

 

 

77



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019  

Hardware/Software Implementation of Image Processing Systems 

Based on ARM Processor 
 

K. Messaoudi H. Doghmane , H. Bourouba E. B. Bourennane , S. Toumi 

Mohemed Cherif Mssaadia 

University, Souk-Ahras, Algeria 

k.messaoudi@univ-soukahras.dz 

Laboratory PIMIS, 8 Mai 1945 

University , Guelma, Algeria 

doghmane_hakimaz@yahoo.fr 

bourouba2004@yahoo.fr, 

LERICA Laboratory, Algeria 

LE2I Laboratory, France 

ebourenn@u-bourgogne.fr 

salah.toumi@univ-annaba.org              
 

Abstract  In this paper we present a hardware/software 

platform for real-time image processing. We start with the 

creation of the hardware part based on the ARM processor 

(PS) with various drivers (PL) for reading, recording and 

displaying images. Using the SDK tool (Software 

Development Kit), we add software parts for the realization 

of some basic image processing algorithms. We use the 

Xilinx-VIVADO2016 tool for the proposed system design and 

we use the rapid development board (Xilinx-ZedBoard) for 

practical implementations. To realize the principle of 

codesign, we add hardware IPs (RTL level) for the 

implementation of the same image processing algorithms. To 

avoid the details of the HDL design, we use self-generated 

implementations given by the high-level tool named XSG 

(Xilinx-System-Generator). Various simulations are carried 

out firstly under XSG for the functional verification of the 

proposed accelerators before integrating them into the PL 

part of the proposed system. At this level, a software part is 

also developed to ensure coordination between the different 

hardware parts. 

Index Terms-- Hardware/software implementation, ARM 

processor, Image processing, XSG, Xilinx-ZedBoard. 

1. INTRODUCTION 

Advances in digital-circuit integration capability have 

opened up new perspectives for real-time image 

processing on embedded systems. In particular FPGAs 

(Field Programmable Gate Array) with great integration 

and reconfiguration capabilities make it a key component 

for quickly developing prototypes for systems that use 

image processing. Indeed, in recent years, several 

architectures combining processors and/or FPGAs have 

been proposed to accelerate the execution of more 

complex applications. The industrial systems dedicated to 

signal and image processing currently use either general-

purpose or dedicated processors or hard-wired solutions 

integrating ASIC-specific circuits or a combination of 

both. 

Nowadays, Xilinx® provides various solutions for 

Machine Vision applications and image processing 

systems. These solutions include FPGA and System-on-

Chip (SoC) devices, software IP, Hardware IP, .etc. In this 

sense, Xilinx® provides development platforms with a 

wide range of package and speed grade options that 

facilitate the different form factor requirements for Smart 

Cameras, high-performing devices that enable analytics 

and intensive processing in Frame Grabbers. 

In this paper, we present a complete system for reading, 

processing and displaying images using the Xilinx-

ZedBoard platform equipped with the ARM processor. 

We start by creating the basic system for reading and 

displaying images. This system is based on ARM 

processor and different input/output drivers available in 

the Xilinx-ZedBoard platform. We add thereafter software 

and hardware accelerators for image processing. The 

software accelerators are described 

by the ARM processor for the implementation of the low-

pass and high-pass filters. The hardware accelerators are 

made in HDL and added to the basic system in order to 

implement the same filters and in order to compare results. 

To avoid programming details in HDL, we use Matlab-

Simulink with the new System-Generator for high 

modeling of the used hardware accelerators. 

A. Related papers  

In recent years, several researchers and research centers 

have become interested in the field of implementation of 

real-

works are devoted to the validation of algorithms and 

methods using simulations on desktops or intensive 

computing stations. Then the developers used processors 

specializing in signal and image processing (DSP for 

Digital Signal Processing). In recent decades and with 

technological advances especially for FPGA devices, 

several researchers have moved towards the realization of 

hardware accelerators based on the unlimited parallelism 

and pipelining provided by these reconfigurable circuits. 

The various accelerators proposed for image processing 

can work in global processing chains to ensure real time. 

They can also be integrated in a SoC where the central 

processor is occupied only by data flow management 

(input-images / output-images) and hardware accelerators 

will be occupied by the processing. In this sense, several 

works are already done: 

- In [1][2][3][4], several hardware implementations 

(RTL level) are proposed for various image processing 

and video processing algorithms. Various techniques 

based on parallelism and pipelining are employed in 

order to ensure real-time processing.  

- In [5][6][7][8], authors proposed high level modeling 

of image processing algorithms using Xilinx-System-

Generator. Using XSG, the details of HDL 
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programming are avoided and the HDL code and/or 

the configuration code are automatically generated. 

The use of high-level tool allows the fast simulation of 

methods with the possibility of hardware 

implementation directly from this level (in-the-loop 

technique). 

- In various others works, various SoC and MPSoC are 

proposed for image processing algorithms based on 

Xilinx-MicroBlase [9] and PowerPC processors. These 

implementation are adapted for Xilinx platforms 

proposed before 2014 and does not contain the ARM 

processor. 

B. Paper organization  

The rest of this paper is organized as follows: in section 

II we present the proposed system based on ARM 

processor for real-time image processing. In this section 

image processing algorithms are implemented in software 

and running on the proposed system. In section III, we 

detailed hardware accelerators self-generated using the 

new XSG. Simulation end synthesis results are presented 

and commented in this section. The global 

hardware/software system is presented in section IV. 

Finally, we present the conclusions and outline future 

work in section V. 

2. THE PROPOSED SYSTEM BASED ON ARM PROCESSOR 

In this part of the present work, we use the software 

platform Xilinx-VIVADO2016 for the creation of the 

hardware part and the platform SDK (Software 

Development Kit) for the management of the software part 

(programs executed on the hardware part). VIVADO is a 

software-platform that encompasses various Xilinx tools in 

order to facilitate the creation of hardware accelerators 

and single-processor systems (SoC/SoPC) or multi-

processor systems (MPSoC). VIVADO also facilitates the 

combination of both Bitstream (software and hardware) as 

well as physical implementation on FPGA devices. We 

use the Xilinx-ZedBoard with a Zynq7000 FPGA chip for 

hardware implementations. This device contains the 

hardware resources necessary for the realization of the 

proposed system. 

2.1. EMBEDDED SYSTEM DESIGN FLOW USING VIVADO 

In recent years and in parallel with FPGA cards, Xilinx 

offers a variety of software and tools for the design of 

hardware accelerators (IP level vhdl and / or RTL level) 

and processor-based systems (SoC and MPSoC ). As is 

often the case with Xilinx, there are many ways to use the 

tools available. It should be noted that Xilinx to abandon 

its historical ISE tool to move to Vivado, ISE stopped in 

2013 with version 14.7 and allows to design Xilinx 

FPGAs up to the included series7, including the Zynq 

family. Vivado starts from the series7. We will use the 

most recent development flow: 

- VIVADO is used principally to set up the PS part 

(Figure 1). 

- To manage the overall project and to create the VHDL 

design, we will also use VIVADO. 

- To simulate, we will use the VIVADO internal 

simulator: Xsim. 

- To develop the ARM software application run using 

the PS part, we will use the Eclipse-based Software 

Development Kit (SDK). 

This development flow can also be used with the Xilinx 

softcore processor: Microblaze. Xilinx Vivado software 

supports HDL hardware description languages (Verilog 

and VHDL). This software essentially makes it possible to 

carry out the various steps of the design and the realization 

of digital circuits on FPGA. Among other things, it makes 

it possible to describe, simulate, synthesize and implement 

a circuit, and then program Xilinx FPGA devices. 

Although it is no help for the design that remains the most 

important step of the design flow, VIVADO accompanies 

you for all the other steps. It allows you to create projects 

and encode all related files. Then, VIVADO can help you 

quickly fix errors by compiling your code during an RTL 

analysis. 

VIVADO supports the implementation, generates the 

FPGA configuration file and communicates with the 

FPGA for programming. To validate the functionality, 

VIVADO can also perform different types of simulations: 

functional, post-synthesis and post-implementation, with 

and without propagation delays. 

 

Fig. 1. Vivado/SDK design flow [10] 

2.1. THE BASIC USED PLATFORM  

In order to create an image processing platform (Figure 

2) and with the large number of devices available in the 

Xilinx-ZedBoard platform, several solutions are possible 

for reading and/or displaying images: 

 For reading images we can use: the USB input; the 

HDMI input; the GPIO (General Propose 

input/output) or simply reading an image stored in an 

external memory (SD card for example). To carry out 

this work a ".C" code is developed to choose 

between these solutions. At each initialization, the 

ARM processor poses the question to the user on the 

chosen method. 
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 For displaying images we can use either the HDMI 

output or the VGA output available in the Xilinx-

ZedBoard board. We can also save the processed 

images in an internal memory (DDR3) or an external 

memory (SD card). The internal memory is also used 

for the temporary recording of processed images if 

we add a processing part. 

  

Fig. 2. System based on ARM processor for image processing [11] 

In order to implement the proposed system (Figure 2) 

we use the Xilinx-VIVADO2016 software, so we need to 

add the following IPs before the final configuration of the 

Xilinx-ZedBoard card: 

- Zynq Processing System: This will provide 

configuration and control of the image processing 

system, while its DDR is also used as an image buffer 

(Figure3  Step1). 

- PL Clock 0 = 200 MHz. 

- PL Clock 1 = 100 MHz. 

- HP 0 Slave enabled: used to transfer images to and 

from the PS-DDR. 

- GP 0 Master enabled: used to configure the image 

processing chain. 

- DVI2RGB: This converts the HDMI video stream into 

a 24-bit RGB bus with the appropriate vertical and 

horizontal synchronization. 

- AXI GPIO: A single output used to assert hot-plug 

detection on the HDMI source, if this is not possible, it 

may mean that there is no video received. 

- Video Timing Controller: Configured for detection, 

this will detect the mode of the video received from the 

HDMI source. 

- Video In to AXIS: This converts the parallel video and 

synchronizes to an AXI stream. With the image data on 

TDATA, the start of the frame is identified by the 

TUser signal while the end of the line is identified by 

the TLast signal. 

- AXIS Subset Converter: This component remaps the 

format of the 24-bit video output to the appropriate 

RGB format. Two of them are used before and after 

the VDMA. 

- Video Timing Controller: This is configured as a 

synchronization source, it is configured with the 

required timing according to the input video 

synchronization. This is used by AXIS to output video 

to generate the parallel video output and sync. 

- RGB2DVI: This converts the parallel video output and 

the vertical and horizontal synchronizations to HDMI. 

After the addition and the configuration of the used IPs, 

we obtain a final diagram (block design "Step3") which 

makes it possible to read, display and process images 

under the Xilinx-VIVADO2016.  

 
 

 

 

 

 

 

 

 

 

 

 

Step1 

Step2 

Step3 

Step4 

 

Fig. 3. The proposed block design using Xilinx-VIVADO2106 

1.2. THE PROPOSED SOFTWARE 

The proposed system consists of two parts: hardware 

part and software part. The software part performs the 

operation of image capturing from the video source and 

transferring it to the hardware part [8]. Several image 

sources can be used in the proposed system (Figure 2): 

such as USB camera, image sensor module with FMC 

Adapter, video file on SD card, etc. 

The software part of this work is performed in parallel 

with the hardware part while respecting the co-design flow 

proposed by Xilinx (Figure 1). Each hardware IP added in 

the proposed implementation is recognized by the 

processor through an automatically assigned address. In 

the proposed program, the processor accesses (write mode 

or read mode) to these hardware parts through their 

addresses. For this purpose, the proposed program consists 

mainly of the following parts [12]: 

 Reading images part ; 

 Saving images part ; 

 Image processing part ; 

 Viewing images part. 

3. SELF-GENERATION OF HARDWARE ACCELERATOR  

Actually, Matlab-Simulink® is enriched with features 

and templates that simultaneously enable big-data 

processing (using fixed-point precision) and ensure self-

generation of synthesizable HDL codes for FPGA devices. 

In addition to the easy modeling and simulation provided 
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by Matlab-Simulink, and using the new Xilinx System-

Generator (XSG tool newly added in Matlab-Simulink®), 

we can directly implement the proposed Simulink models 

on FPGA through the various simulation and co-

simulation steps, the Input /Output assignment, the 

temporary and spatial constraints and finally the synthesis 

and implementation. In this part of this paper, we present a 

study with hardware implementations of edge detection 

algorithms using the XSG tool. Firstly we compare 

Matlab-Simulink image processing results (using floating 

point precision) with XSG image processing results (using 

fixed-point precision). Then, we used the generated HDL 

codes as an accelerator in the proposed system based on 

ARM processor (the PL part).  

3.1. CO-SIMULATION USING MATLAB-SIMULINK & XSG  

In this section, we present several hardware 

implementations of some image processing algorithms 

using the XSG tool. First, we change the image format (bi-

dimensional matrix of pixels) into a one-dimensional 

signal manipulated by the processing modules provided by 

Xilinx [5]. Then, we implement the image processing 

algorithms using the Matlab-Simulink modules. After that, 

we cross-refer to the implementation of the same 

algorithms using Xilinx processing modules. In this 

second implementation, we copied the same Simulink 

model of the image processing algorithm using only the 

Xilinx Blockset. Several tests are carried out for: i) the 

good resizing of various variables, ii) the synchronization 

of the operating frequencies of the Simulink blocks and iii) 

the Xilinx blocks. The purpose of this part is to ensure the 

transition from floating-point precision (used by Simulink 

blocks) to fixed-point precision (used by Xilinx blocks) to 

make the results comparable. Figure 4 shows the flowchart 

of the proposed main idea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co-Simulation using Matlab-Simulink® 

 

Sensor 
 

Display 

Image processing 

algorithm (using 

Matlab-Simulink) 

Pre-

processing  

Image processing 

algorithm (using 

Xilinx blockset) 

Post-

processing 

 

Fig. 4. Co-simulation of image processing algorithms  

A co-simulation is necessary in order to compare 

simulation results and to correct errors in the proposed 

models [7]. Therefore, several adaptations and 

configurations are necessary for each Xilinx processing 

module. The advantage of these Xilinx-based models is 

the automatic transition to synthesizable HDL codes, 

which are used. We use these HDL codes for FPGA 

configuration. 

3.2. PRE-PROCESSING AND POST-PROCESSING MODULES   

Matlab® is software mainly adapted to matrix 

calculation. A simple scalar number is considered under 

Matlab as a matrix of size 1x1. An image in Matlab is 

saved as an N×M matrix (N×M pixels, where N and M 

represent the number of rows and columns, respectively). 

All operations used in Matlab are applicable on the image 

matrix. In hardware implementations using an HDL, the 

details of the operations applied to the simple data are 

necessary for optimizing the implementations. In order, to 

manipulate an image, it is necessary to convert the matrix 

into a vector of pixels. For the reading and the display 

images we use Matlab-Simulink modules and we compare 

the results. In this section, we will take advantage of the 

reading and display tools available in the Matlab-Simulink 

libraries while taking advantage of the Xilinx System 

Generator tool for the realization of hardware accelerators 

in HDL. 

As shown in Figure 5.a, to process a 2D image, it is 

first necessary to calculate the transposed image and then, 

it is necessary to convert the 2D matrix into a 1D vector 

using the "convert 2D to 1D" module. Next, we use the "to 

frame" and "Unbuffer" modules to read the vector with 

one pixel every time with a predefined scalar data format 

and at a higher sampling rate [5][6]. The post-processing 

module is used to convert the output of the image result to 

the original format. This module is used before the display 

of the processed image and to compare simulation results. 

The element modules are practically the inverse modules 

of the first chain, we start with the conversion of the 

floating point data using "Data type conversion" then, the 

"Buffer" and the "Convert 1-D to 2-D" modules for the 

conversion of pixels in the form of a matrix. Finally, we 

calculate the transposed matrix with the display of the 

image (Figure 5.b). 

 
(a) Pre-processing model 

 
(a) Post-processing model 

Fig. 5. The used pre-processing and post-processing models  

3.3. HARDWARE IMPLEMENTATION OF EDGE DETECTION 

ALGORITHMS  

In this section, we propose hardware implementations 

for several filters using Xilinx Blockset. We compare 

simulation results (co-simulation) and we discuss the 

synthesis results. Then, we show the "in the loop" 

execution of the proposed implementations. In order, to 

optimize these implementations, two large parts are 

proposed: 

- The first part concerning the memory management: 

this part is utilized for the preparation of pixels 

concerned by the treatment at each time. In fact, the 

filtering operation is adapted to a window of size 3×3 

or 5×5 pixels over the entire image matrix. 

- The second part is used to define the architecture of the 

used filter in order to calculate resulting pixel 

according to the coefficients of the filter window. 
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A. Memory management for the used filters  

To ensure the continuity of the pixels subject of 

processing, we used three (or more depending on the size 

of the filters) rows of flip-flops according to the number of 

pixels in the image. If we process an image of size N×M, 

we use M flip-flops in each line [1]. We have configured 

these three rows of flip-flops as a FIFO or a shift register. 

At the output of this block, we can recover 3×3 pixels 

being processed and each rising edge of the clock a pixel 

shift is made to recover the 3×3 pixels subject of the next 

processing. By shifting the pixels, we can recover the 3x3 

pixels processing subjects in the same position, which 

implies a significant gain in hardware implementations. 

Indeed, instead of shifting the window of the 3x3 pixels in 

the NxM size image, it is sufficient to shift the pixels of 

the image and recover the 3x3 pixels in the same place 

(Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

Window of 3x3pixels 

M-3 flip-flops (Shifting registers) D 

M-3 flip-flops (Shifting registers) 

M-3 flip-flops (Shifting registers) 

D D 

D D D 

D D D 

Input of  

pixels 

(Pixel/Pixel) 

 

Window of 3x3pixels 

Filters coefficients 

3x3 pixels 

3x3 coefs 

P
r
o

c
e
ssin

g
 P

a
r
t 

 
Fig. 6. Block diagram of the memory management strategy used for 

the implemented filters  

B. The processing module architecture  

This part starts with the point-by-point multiplication of 

the two windows (the window of 3×3 pixels and the 

window of coefficients). This multiplication is followed by 

a sum and in some cases by a division. The mathematical 

formula is given by: 

The pixel result = (1) 

In order to avoid multiplication and division operations 

(which are costly in terms of FPGA resources 

consumption) and since most filters have simple 

coefficients (-1, 0, and 1), this formula is replaced by 

another formula based on addition, subtraction and 

shifting operations. At the end of this part, we use a block 

for the adjustment of data (the value of the pixel to be in 

the domain 0-255). 

C. The proposed architecture for the 3x3 Sobel filter 

Figure 7 shows the proposed hardware implementation 

under System-Generator for the 3x3 Sobel filter. We also 

notice the presence of the main module (System-

Generator) to ensure the automatic conversion of models 

in 

are also necessary to ensure simulation results comparable 

with the initial filter and to ensure the self-generation of a 

correct and synthesizable HDL codes. 

D. Co-simulation results 

The proposed implementation based on Xilinx Blockset 

operates using fixed-point precision. The processing 

results are different from the results of the Matlab filter 

that operates using floating-point precision. Figure 8 and 

Figure 9 show the simulation results of the proposed 

implementations for the Sobel and Prewitt filters applied 

on two images extracted from Matlab library. 

 

Fig. 7. Hardware implementation of 3x3 Sobel filter Using XSG 

 
 

 

      
 

 

       
 

Original image (ball.gif) 

320x250pixels 

Matlab function  

Sobel 3x3 
The proposed filter 

Sobel 3x3 

Matlab function  

Prewitt 3x3 
The proposed filter 

Prewitt 3x3  
Fig. 8. Simulation Results of filters using Matlab-Simulink (the 

image foutball.gif). 

         
 

 

         
 

Original image (mri.tif) 

128x128pixels 
Matlab function  

Sobel 3x3 

The proposed filter 

Sobel 3x3 
The proposed filter 

Prewitt 3x3  
Fig. 9. Simulation Results of filters using Matlab-Simulink (the 

image mri.tif). 
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E. Synthesis results  

After self-generation operation of the HDL code using 

System-Generator from a Matlab-Simulink model, a 

synthesis step is required using one of the Xilinx tools. In 

this work, we use the Xilinx-ISE tool. This software 

allows editing, verification, behavioral and functional 

simulation as well as the synthesis and generation of 

FPGA configuration files. 

In this work, several filters were made under Matlab-

Simulink we have subsequently converted these models 

into VHDL. The synthesis results of these codes are shown 

in Tables 1. Two options are possible for the synthesis 

operation: synthesis using RAM blocks or without use of 

the RAM blocks. These results show the use around 300 

slices registers and around 270 slice LUTs as well as the 

use of 2 RAM block. The number of resources consumed 

depends on the filter used and the size of the processed 

image. 

TABLE I. SYNTHESIS RESULTS 

Filter & 

size 
Image & size 

Slice 

Registers 
Slice Luts 

Block    

RAM/FIFO 

Available on used FPGA device 106400 53200 140 

Sobel 3x3 
football.jpg 

320x256pixels 
343 264 2 

Sobel 3x3 
mri.jpg 

128x128pixels 
355 275 2 

Prewitt 3x3 
football.jpg 

320x256pixels 
249 227 2 

Prewitt 3x3 
Mri.jpg 

128x128pixels 
343 264 2 

4. HARDWARE/SOFTWARE IMPLEMENTATION OF IMAGE 

PROCESSING SYSTEMS 

In this part of the present work, we combine the two 

parts of sections 2 and 3 to obtain a global MPSoC 

specifically for real-time processing of images. The 

integration of a new hardware IP (made in HDL in section 

3) is performed in the PL part of the first system (the 

ARM processor-based SoC developed in section 2). The 

used hardware IP plays the role of a co-processor in the 

global system hence the term MPSoC. Indeed, 

VIVADO2016 allows the addition of hardware IPs in 

ARM processor-based system. The connection of the IP 

with the different parts of the system takes place 

automatically as well as the generation of the necessary 

addresses. So just add a software part for addressing the 

added IPs. 

In the new system, video frame is firstly obtained from 

the video source via software. Then, the software transfers 

the parts to be processed on the video frame to the 

temporary image memory on the FPGA (memories 

reserved in the used IP). The transfer of operation, on the 

hardware part, is controlled by Temporary Image Memory 

Controller (TIMC) module [11]. The processed image can 

be stored in external memories or or displayed directly on 

a screen through the HDMI output. Image Processing Co-

processor (hardware IP) module performs image 

processing algorithms. The original and processed forms 

of the image can be shown on the monitor by using the 

HDMI output of FPGA kit. 

5. CONCLUSION 

In this paper we have proposed a hardware/software 

implementation for image processing system. This system 

is developed around the ARM processor with two parts 

(hardware and software) in order to ensure a real-time 

image processing. The hardware part is realized in two 

parts: the PS / PL part of the basic system including the 

ARM processor (PS part) and the different standard 

peripherals (PL part implemented on the used FPGA); and 

the hardware accelerator part (HDL code) added to the PL 

part still on the used FPGA. Various software parts are 

proposed in order to read and processing and display 

processed and original images. The results of simulation 

and synthesis show the possibility of processing images in 

real time. 
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Abstract-- An improved median filter technique for color 

image denoising is presented. The approach is based on 

utilizing Interquartile Range Statistics method (IQR) along 

with standard median filter. The initial phase of this research, 

pixel values in current mask are sorted using the standard 

median filter. IQR is then used to decide whether the central 

pixel in the current mask is suspected. If it is then it has to be 

replaced by the central obtained from the operating median 

filter. Otherwise, the original value of the central pixel is kept. 

The procedure is repeated until the image is fully scanned. 

Simulation results indicate that proposed filtering technique 

is better able to remove the noise while preserves 2-D edge 

structures of the image. Least mean square error (MSE) is 

used to evaluate the proposed approach. Findings Also reveals 

that the proposed method delivers better performance with 

less computational complexity as compared to other denoising 

algorithms existing in literature. 

Index Terms--Impulse Noise, Median Filter, IQR, MSE. 

1. INTRODUCTION 

The principle object of image denoising is to filter 
a noisy image so that the resultant image is more suitable 
than the degraded image. Noise is the result of errors in the 
image acquisition process that results in pixel values, which 
do not reflect the true intensities of the real scene. Noise 
reduction is the process of removing noise from a signal. 
A prior knowledge of the nature of the noise can lead to 
a proper implementation of one of the filtering techniques. 
Impulse noise is one of the most commonly occurring types 
of noise. It can affect both grayscale and color images [1]. 
The expected result from the filtering approach is that the 
resultant processed image should be closer in similarity to 
the original noise free image [2]. 

Linear filters were the fundamental tools used to 
eliminate noise from digital images. Linear filters offered 
satisfactory performance in many applications. However, 
they have poor performance in the presence of non-additive 
noise and in situations where system nonlinearities or 
Gaussian statistics are encountered [3]. In many 
image-processing applications, linear filters have the 
disadvantage in which they tend to blur the edges and do 
not remove Gaussian and mixed Gaussian impulse noise 
effectively. The scenario might go worse when eliminating 
noise from color images. In other words, in color images; 
each individual channel of a color (RGB) can be considered 
a monochrome image.   

This paper studied the potential of combining a statistics 
method known as the Interquartile Range (IQR) [4-6] with 
standard median filter to improve color images. 
The adoption of IQR tighten the support of standard median 
filter. Color images affected by impulse noise have been 
used in the experimental work. Images were carefully 
decided to ensure different levels of brightness, contrast 
and sharpness communally encountered with color images. 
Impulse noise was also utilized to generate the degraded 
image. In this study, results of the proposed technique are 
measured by comparing with various noise removal 
techniques reported in the literature. 

2. LITERATURE REVIEW 

Different filtering techniques were proposed to remove 
salt and pepper noise, and the results of their performance 
were improved over time. These techniques are differ in 
calculations and efficient in smoothing images. However, 
their major disadvantage is that they tend to blur and 
destroy fine lines and edges. For instance, the standard 
median filter (SMF) has a high ability to remove salt and 
pepper noise, but the problem is that it removes the edges 
of the image for one or more pixels [7]. The median filter 
works by moving through the image pixel by pixel, 
replacing each value with the median value of neighboring 
pixels. The pattern of neighbors is called the "window", 
which slides, pixel by pixel over the entire image. The 
median is calculated by first sorting all the pixel values 
from the window into numerical order, and then replacing 
the pixel being considered with the middle (median) pixel 
value [8,9]. Weighted median filter (WMF) was then 
presented in order to improve the performance of noise 
elimination [10, 11]. In (WMF), weights are assigned to 
scanning window pixels [12]. (WMF) focused on the 
central pixel of the window for slightly corrupted images, 
but it fails when images are heavily corrupted. The reason 
is that these filters cannot distinguish between noise and 
noise-free pixels; this causes the blurring and loss of 
important information in the image.  

Later, the adaptive median filter (AMF) was fabricated. 
(AMF) is intended to eliminate the problems faced with the 
SMF and WMF [26]. The basic difference here is that, in 
the (AMF), the size of the window surrounding each pixel 
is variable. This variation depends on the median of the 
pixels in the present window. If the median value is an 
impulse, then the size of the window is expanded [13-15]. 
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Recently, certain filters, such as AMF and adaptive fuzzy 
filter were combined with median filter in order to produce 
better performance. AMF adjust the window size 
adaptively according to the noise density [16-18]. 
A disadvantage of the AMF method is that when the 
window size is enlarged, it moves away from the original 
pixel information [19]. Thus, image enhancement, filtering 
and denoising techniques have been contributing various 
image applications and still open area of research 
[19,20, 27].  In order to avoid this problem of incapability 
to distinguish between noise and noise-free pixels; 
“switching” strategy is usually used. This method 

distinguishes noise pixels from noise-free pixels. If a 
central pixel is considered to be noise, this pixel is replaced 
by the output of vector median filter (VMF) filter and if not, 
the pixel remains without change. Lately, filters are 
constructed based on the same technique. Examples might 
include but not limited to, the adaptive vector median filter 
(AVMF) [21], fast peer group filter (FPGF) [22,23], and 
vector lower-upper-middle smoother (VLUM) [24,25, 28]. 

The proposed method presents in this paper suggests 
a different way of running median filter. The technique is 
combination between IQR and median filter, which will be 
described in the following section. The quality of the 
proposed technique was determined by measuring mean 
squared error (MSE) for each particular undertaken image. 
MSE is calculated between filtered and ground truth 
images. The performance of the proposed technique was 
compared with some denoising techniques reported in the 
literature. 

3. METHOD 

The main methods comprise adding noise to an original 
color image; inspecting the central pixel value of 
a particular filter mask to observe if it is suspected; sort the 
mask values numerically and then decide whether the 
central value is replaced. Each of these aspects is discussed 
in the following sections. To produce degraded image; 
impulse noise was inserted to noise free color image. Noisy 
image was then used as an input image to the anticipated 
method. Mask of size 3X3 was used in this experimental 
work as it is assumed that the smaller mask size the better 
performance in enhancement. Assuming that mask shown 
in "Fig. 1," was taken from a noisy image. Initially, Pixels 
are sorted in ascending order according to the standard 
median filter. 

 !  "  # 

 $  %  & 

 '  (  ) 

Fig. 1.  Particular mask with central pixel of  %  

Standard median filter can be formulated as: 

*+(-, /) = 123-45 
(7,8)∈:; <

{>(-, /)}                             (1) 

Where  *+(-, /)   is the median filter output. >(-, /) is the 
degraded input image. (?, @) is the mask size and AB C is 

equal to 256 as the input image is 256X256. Taking into 
consideration pixels in "Fig. 1,", "Fig. 2," presents pixels 
sorted in ascending order by employing median filter. 

 !  $  "  &  '  (  #  )  % 

Fig. 2. Pixels in "Fig. 1," sorted in one-dimensional array 

Statistics method known as the Interquartile Range 
(IQR) was used to decide whether the central pixel in the 
current mask is suspected. If it is assumed then this pixel is 
replaced by the output of median filter and if not, the pixel 
remains without change. (IQR) is a method known in the 
literature as a statistic technique used to compute the 
variation between elements of a data set [17-19, 29]. (IQR) 
is used decide whether the central pixel is suspected. In 
order to apply IQR consider pixels revealed in "Fig. 2,", 
IQR algorithm can be condensed in the following 
equations: 

D! = ( $ +  ")/2                                                                 (2)  

D$ = ( # +  ))/2                                                                 (3)  

IDJ = D" − D!                                                                       (4) 

M = D" + (1.5 ∗ IDJ)                                                          (5) 

R = D! − (1.5 ∗ IDJ)                                                          (6) 

Considering the above  M and R values, central pixel in 
"Fig. 1," is considered to be suspected pixel if: 

>% < M     UJ      >% > R                                                       (7)  

Correspondingly, any central pixel that lies outside the 
range M and R is considered to be a suspected pixel and has 
to be replaced, otherwise it keeps its original place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Flowchart for the filtering procedure  
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Equally, if the pixel is counted as a suspected pixel then 
 % in "Fig. 1," is replaced by  ' in "Fig. 2,". This 
procedure is continued until the image if fully scanned. The 
flowchart presented in "Fig. 3," summarizes the algorithmic 
approach adopted in this work. Seven different structure 
images were used in this experimental work to cover the 
most of scenarios encountered with color images. Findings 
obtained from the experimental work are reported in the 
following section.  

4. RESULTS AND DISCUSSION 

To quantify the performance of the approach, impulse 
noises of 2%, 3% and 4 % were inserted to original color 
images and MSE was recorded for each individual image. 
Comparison between proposed technique and other 
existing filtering technique is reported in the following 
section. Images in "Fig. 4," (a) and (b) give a good example 
of original color image and its corrupted version effected 
by amount of 4% impulse noise.  

 

Fig. 4. (a) and (b) original and 4% noisy images respectively 

Images organized in "Fig. 5," represent original image 
with the results of average, median and proposed filters 
respectively. Image in "Fig. 5," (a) is the original image 
while (b), (c) and (d) are the results obtained from operating 
average, median and proposed filters correspondingly.  

 

Fig. 5. (a) original, (b), (c) and (d) are average, median and 
proposed filter results respectively 

From the visual inspection of the images in "Fig. 5," it is 
obvious that the proposed method performed better in 
discarding noise while preserving image details compared 
to the average and standard median filters. 

The suggested technique has almost discarded the 
impulse noise while preserved image details. This finding 
is supported by the MSE recorded for different 7 color 
images. The average MSE obtained from operating the 
seven images at different noise levels is revealed in the data 
lines presented in "Fig. 6,". 

 
 

Fig. 6. Average MSE obtained from different 7 color images at 
different noise rations 

It can be observed that there is a strong and consistent 
trend between the noise level and MSE. As the noise level 
grows, the average MSE increases. This observation was 
expected since in general, the dissimilarity between 
original and filtered images increases. It is also obvious 
from the data lines in "Fig. 6," that the proposed method 
has produced the least MSE. For instance, when the noise 
level was 3%, the average MSE produced by the average 
filter was almost “205”, this number was later reduced by 

nearly 40%, “121” when the proposed method was 
operated.  

5. CONCLUSIONS AND FUTURE WORK  

In this paper, a new approach for removing impulse noise 
from noisy images has been presented. Median filter 
combined with IQR method has produced better result 
compare to other techniques reported in the literature. The 
potential of the proposed approach to filter a noisy image is 
established and quantified for 7 different structure images. 
The appropriateness of the suggested technique 
is supported by the comparable result organized in 
"Fig. 5,", which demonstrate that Adapted filter performs 
better in discarding noise while preserving edge sharpness. 
MSE is used to numerically evaluate the anticipated 
method by the finding presented in the data lines of 
"Fig. 6,". Comparison between the new technique and other 
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existing methods indicate that the new approach produced 
the minimum MSE. The new approach was tested using 
256x256 color images. It is planned to develop a scheme 
whereby the current algorithm will be combined with other 
switching strategy in which the ability to distinguish 
between noise and noise-free pixels will be improved. 
Images of larger sizes will also be used to operate the new 
scheme. This work is left for future investigation.    
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Power Management and Energy Storage of  Solar Conversion System 

Connected to Grid 

 
Abstract-- This paper focuses on the power 

management of a photovoltaic conversion system 

connected to a distribution network. The different 

characteristics relating to each element of the system 

are first presented and then analyzed. Moreover, the 

operating specificities of a storage battery as well as, 

its insertion in the chain as a storage element which 

will be supposed to be loaded and unloaded is 

considered taking into account the operating 

conditions. 

 
Index Terms— Renewable energy, Storage, Power, 

grid connect, Simulation. 

 

I. INTRODUCTION 

Nowadays, the production of electricity based on 
renewable energies is a promising solution to 
cleanly produce and overcome the problem of 
global warming. Solar energy is inexhaustible on a 
human scale. However, the main disadvantage is 
their dependence on climatic conditions [1]. Thus, 
the objective of this work is the study of a 
photovoltaic conversion system connected to the 
distribution network connected with a storage 
system. So, solar panels generate power during the 
day depending, mainly, weather conditions 
(irradiation, temperature) but not at night [2]. Since, 
there are times when the load requires less energy 
than the solar panels provide, it is then necessary 
and advantageous to provide an energy storage 
system. So, the excess of energy produces 
compared to that which needs the load would be 
stored (charging the batteries) and when the energy 
demanded by the load and higher than that can 
provide the panels, the stored energy would be used 
as a complement (unloading batteries) so that the 

load receives the requested energy whatever the 
conditions. In the end, the stored energy can be 
consumed by the load at the appropriate times. 
However, the status of their charge expressed as a 
percentage (acronym is SOC of the English state-
of-charge) informs about the battery charge level to 
avoid deep discharges or excessive charges that will 
spoil the batteries [3, 4]. This observation aims to 
slow down the degradation of the battery in order to 
extend its life span to the maximum. 
In literature, two (2) types of accumulators are 
distinguished [5], in particular: those containing an 
irreversible chemical reaction and therefore non-
refillable and those whose reaction is reversible are 
rechargeable. There is, the most popular model 
rechargeable batteries. The use of a storage system 
(battery) in solar systems leads to the choice of 
batteries with low self-discharge (<5%), low 
maintenance and a lifetime greater than 5 years [6]. 
Since they are permanently connected to the 
photovoltaic system it is necessary to provide a 
charge / discharge regulator to avoid the problem of 
overload, limit the depth of discharge and therefore 
extend the life of the battery. To this end, a charge 
controller must be mounted in the photovoltaic 
system to maintain the battery in a state near the 
full load 80% of the load capacity. On the other 
hand, the depth of discharge must be limited to 
increase the service life, so do not go below the 
capacity of the battery [7]. 

 

II. CONFIGURATION OF THE CONVERSION 

SYSTEM 

The configuration of the overall system studied 
includes, mainly, a photovoltaic system, chopper, 
DC bus, battery, inverter, network, load) where the 
inverter and the network are simultaneously 
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connected to a three-phase load of active power 
10KW. Figure.1 shows the structure of the global 
conversion chain. In this case, the storage system 
must be properly charged and discharged and 
therefore requires a charging and discharging 
system. 

Fig. 1 Schematic diagram of the conversion system 

This being the case, a study of the behavior of the 
whole under metrological conditions chosen so as 
to show the power exchange between the different 
elements of chain is presented and validated by the 
analysis of the simulations carried out under the 
MatLab / Simulink environment. 

III.  MODELISATION 

A. Photovoltaic cell 

In the study, two (2) models: two-diodes model and 
one-diode model of a photovoltaic cell are 
processed [6-10].In this work,  for the model of the 
cell it is considered that of a single diode whose 
equivalent circuit is represented by Fig. 2. 

Fig.2 Equivalent circuit of a photovoltaic cell  

Where, Rp (Ω): Parallel resistance;  Rs (Ω): Serial 

resistance. 

From which we deduce the expressions of the 
output current are, respectively, given by the 
following equation [8-12]. 
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With, 

ICC (A): short circuit current of the cell depending 
on the sun and the temperature; I0 (A): saturation 
current of the diode; K:  Boltzmann constant; Tc 
(K): effective temperature of the cell (T (K) = 273 = 
T (° C)); q: (1.602 × 10-19 C), the charge of the 
electron; n: non-ideality factor of the junction of the 
diode; I (A): current supplied by the cell; V (V): 
voltage across the cell; RP (Ω): parallel resistance; 
RS (Ω): series resistance. 
 
From Figure 2, we can deduce: 

pRdcc IIII --=                               (2) 

I!!(A):"Short"circuit"current"(Photovoltaic) 
which"depends"on"the"sun"and"the"temperature;!

I_d"(A):"Current"through"the"diode; 
I(Rp)"(A):"Current"through"the"parallel"resistor. 
 

With different conditions and assumptions, the 
current-voltage equation of cell is written [13,15 ]: 
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The  characteristic quantities in this case the short 
circuit current and the open circuit voltage can be 
determined from the characteristic I = f (V). 

In a group of ns cells in series, the resulting 
characteristic of the group is obtained by adding the 
elementary voltages of each cell, while the current 
flowing through the cells remains the same. 

 

B. Battery Model  

A battery is represented by its equivalent circuit [3] 
shown in Fig.3 

Fig.3 Model of the battery 
 
 

ISBN: 978-9938- 9937-2-1                                                                      Editors: Tarek BOUKTIR & Rafik NEJI
89



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

 

where, Vc: ideal input voltage source; Vbat: voltage 
across the battery; Ibat: current developed by the 
battery; Rv: variable internal resistance of the 
battery. 
 
 With, 

    

ò-
+=

t

bat
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kRR
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Ri: internal resistance;k: bias voltage;C: battery 
capacity. 

 
From Figure 3, we deduce the equation of the 
voltage across the battery

    
)()( tIRVtV batvcbat -=                                (5) 

And, the state of charge (SOC) of the battery is:

  

bat

d

C

Q
SOC -=1                                                 (6) 

With, 
Cbat: nominal capacity of the battery; Qd: amount of 
charge missing from Cbat. 
 
Moreover, the percentage of the state of charge is 
given by [16]: 
 

     #$% =
&'*'+,-é"/,0*12,345"[67]

&'*'+,-é"218,2'45"[67]
9 <>>?        (7) 

 

C.Buck-Boost converter 

In this paper, we consider a storage type reversible 
(loading, unloading) is a bidirectional converter 
(Buck- Boost) which operates in mode Boost when 
the battery is discharging and it is operating in 
Buck to load [17, 18]. It allows the reversal of 
current or voltage. Its mounting circuit is shown in 
Figure 4. 

 
 
 
 
 
 
 
 
 
 

Fig. 4 Schematic diagram of Buck –Boost 

 
To regulate the current, a proportional integral 
regulator (PI) whose transfer function of the 
regulator is given by: 

    
S

K
KSC i+=)(                                       (8) 

The input that represents the regulator output is: 

   
dt

di
Lu L= LSiL.=                                       (9) 

So, we get: 

     
LSiLu .=                                                     (10) 

However, the transfer function (G) of the open-loop 
current is expressed by the following relation: 

      LSu

i
G L

.

1
==                                          (11) 

A controller develops the control of the converter 
from the signal of the difference between the 
reference ILref and the current in the inductor IL.At, 
the control law is given by: 

      
dt

di
LVV L

cin +=                                     (12) 

According to the state model, we get 

cin
L VDV

dt

di
Lu )1( --==                      (13)                                      
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The MLI technique is used to generate the control 
pulses corresponding to D determined (see Fig.5). 
The circuit operates in Boost mode when the 
battery is discharging and in Buck mode when it is 
charging. 

Fig. 5 Buck-Boost Converter Control Diagram 
 

From a controlled voltage source Vin, the Buck-
Boost converter is controlled by comparing the 
measured current with the reference current. 
However, when the reference current is negative, 
the battery is discharged and when it is positive, it 
is recharged. 
D. Inverter 

Figure 6 shows a three-phase inverter with voltage 
structure [19]. 

Fig.6  Inverter structure  

The storage of the energy on the DC side is done by 
means of a capacitor Cdc of voltage Udc or two 
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capacitors with a midpoint Cdc1, Cdc2 [20]. The 
usually first-order passive filter (Lf, Rf) is inserted 
to connect the voltage inverter to the distribution 
network. 

Then, 

        
[ ] [ ]TVV dcabc .=                                        (15) 

with, [Vabc] is the system of balanced alternating 
voltages; 

       
[ ] [ ]t
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VVVV =                        (16) 

 [T] is the transfer matrix of the inverter; 
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The PWM control algorithm for a two-level 
inverter is given by: 
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E. Grid, filter and PLL 

The system of equations of the voltages of the 
electrical network is given by:
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The loads are consumers of electrical energy 
according to their characteristics and the connection 
of this inverter to the network is carried out through 
a filter RL, the schematic diagram of which is 
shown in Fig.7. 

 
Fig.7  Schematic diagram of the RL filter 

 

The application of the mesh law for each phase at 
the point of connection of the filter gives the 
following equations: 

ï
ï
ï

î

ï
ï
ï

í

ì

++=

++=

++=

c
cr

fcrfcr

b
br

fbrfbr

a
ar

farfar

E
dt

di
LiRV

E
dt

di
LiRV

E
dt

di
LiRV

                   (2.20) 

In order to synchronize the inverter with the 
electrical network, a PLL structure, the principle of 
which is illustrated in Fig.8. 

Fig. 8.  Schematic diagram of a PLL 
 

 

IV. SIMULATION RESULT 

 

The chain as a whole has been programmed in the 
MatLab / Simulink environment. This simulation 
test is performed to analyze the operation of the 
conversion chain with a storage element (battery). 
In this context, under the meteorological conditions 
(see Figure 9), by analyzing the corresponding 
figure 10 to the evolution of the powers that during 
the interval from 0 to 0.5s the irradiation is 1KW / 
m2, so the panel produces a power of 11000W, 
which ensures the power demanded by the load 
(10KW) so neither the power of the network nor 
that of the battery are used for the load, and in this 
case we note that the battery is charged thanks to 
the excess power of the panel, which explains the 
increase in the SOC and the presence of a negative 
current of the battery (see Fig. 11). Concerning, the 
second interval of 0.5s-1s, as a consequence of the 
reduction of the irradiation up to 650W / m2 the 
power produced by the panel is of 7KW. In this 
case the battery intervenes to discharge and 
complete the lack of the power demanded by the 
load, which explains the decrease of the SOC and 
its positive current. Finally for the last stage 1s-1.5s 
the irradiation level is at 0W / m2, so the power 
produced by the panel is zero, which requires the 
complete exchange of the power supply of the load 
from the battery. 
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Fig. 9  E : variable and T : constant) 

 

 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 

 
Fig. 10  Power exchange between panel and battery 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11  SOC and battery current during charging and discharging 
 
 
 

V. CONCLUSION 

 

The analysis of the operation of the conversion 
chain under different profiles of the irradiation was 
considered. The study without considering the 
storage system has shown the feasibility of 
connecting the photovoltaic chain to the distribution 
network supplying a three-phase AC load of power 
required. However, the energy produced by the 
panel surplus to that consumed by the load could 
advantageously be stored in a battery and be used 
when necessary when weather conditions no longer 
allow the panel to develop the power demanded by 
the load . 
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Abstract-- While the modernization of machines and the 

development of data acquisition systems in the industrial 

sectors have increased the rate of returns qualitatively and 

quantitatively, a number of challenges in both data 

management and analysis require new approaches to handle 

the huge amounts of generated data. In this context, this paper 

describes the design of an energy acquisition and data 

management system implemented in our industrial partner 

MPBS. The system’s main goal is to design a smart algorithm 

based on machine learning to make an effective interpretation 

for the data. As application, the paper will focus on the 

product’s quantity by counting the number of energy 

consumption peaks. Regarding the data management 

algorithms, a comparative study between the threshold and 

the artificial intelligence methods is presented which showed 

that the threshold method is very sensitive over the threshold 

variation while the Artificial intelligence is stable over the 

learning rate variation. 

Index Terms-- Energy Acquisition System, Wireless Sensor 

Network, Industry 4.0, Data Management, Machine learning. 

 
1. INTRODUCTION 

A huge effort in electrical engineering was launched in 
the framework of modernization and automation of 
electrical installations in the industries. A remarkable 
intelligence continues to grow in order to develop the 
control of industrial processes and manufacturing chains 
which helped to increase the rate of returns qualitatively 
and quantitatively [1]. Therefore, the management of 
electrical energy in the industrial scale, turns out to be a 
theme that must be well developed by engineering and 
scientific research in order to find specific and effective 
solutions for the industry. In fact, scientific research has 
shown its effectiveness in constructing solutions applicable 
for industries but still suffers from the lack of specific 
solutions that must be applicable to optimize the energy 
efficiency in the industrial networks. One of the most 
important objective of manufacturing industry is to produce 
high quality product. Another objective is to produce in the 
least expensive way possible as many goods as possible. 
Improving efficiency while controlling cost is another 
objective of manufacturing process [2]. 

A major actor in the industrial field of the wood 
processing, MPBS (Manufacture des Panneaux Bois du 
Sud) is specialized in the manufacture and ennoblement of 
a wide range of wood panels. MPBS also offers services 
and contract work that meet the most international standard 
demands [3]. 

Therefore, the system’s objective is to design a smart 
data management algorithm based on machine learning to 
make an effectual exposition for the large amount of 
electrical data generated from the MPBS industry. And the 
intention of the application presented in this paper is to 
determine the number of produced wood panels by 
counting the number of energy consumption peaks.  

 
2. PROPOSED SYSTEM DESIGN 

This paper introduces the design of an Intelligent Energy 
Management System; a whole chain that starts with the 
energy data acquisition, through the backup and the 
construction of a database to reach the analysis part of the 
data and diagnosis of problems, in order to begin the search 
for solutions. As shown in the Fig. 1, the system consists of 
an energy analyzer of type Carlo Kavazzi who acquires and 
monitors the electrical quantities on a three-phase network 
as well as the characteristics of the different machines and 
installations in the industrial sectors. This analyzer is 
capable to establish communications using the MODBUS 
protocol and measure the following parameters; voltage, 
current, power and factor of power cosΦ. 

 

 
Fig. 1.  System Design. 

 
These parameters are then passed to an acquisition node 

that consists of JN5148 chip; the main component in the 
creation of the Wireless Sensor Network where its 
implementation is displayed in Fig. 2. 
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Fig. 2.  Acquisition Node. 

 
The JN5148 is pre-qualified high power 2.4 GHz radio 

frequency module characterized by ultra-high performance. 
After receiving the energy values, the sensor node JN5148 
must return these values to a second wireless node via 
Zigbee protocol. After receiving the information, the 
second sensor node will send them to a Raspberry Pi 3; a 
computing and processing unit via a UART serial port 
through an interfacing card between the wireless sensor 
network and the JN5148 node as represented in Fig. 3. 
 

 
Fig. 3.  Embedded Server. 

 
The system is equipped with a Human Machine Interface 

allowing the acquisition and the real-time analysis of data 
and the control of anomalies that can be generated. 
For the calculation and processing stage an algorithm is 
developed to extract the electrical data from the received 
data. Data acquired are then stored in a MySQL database at 
the embedded server to be used for graphical supervision 
and data management processes. The design and 
development of a supervision application is applied using 
the LabVIEW platform connected to the database. Thus, 
with LabVIEW, graphical monitoring interfaces for the 
electrical data are generated and interpreted in order to 
check the peaks, hallows and phase unbalance. Then, the 
system must determine the number of products generated 
by the industry from the energy consumption by using the 
threshold method as first level, and the machine learning 
method as second level. 

3. IMPLEMENTATION TOOLS 

A. SQL Database 

MySQL is one of the best relational database 
management used for the development of web-based 

software applications [4]. It is used in this application to 
ensure the management for any person who intervene to use 
the system.  

As shown in Fig. 4, the communication between 
LabVIEW and the MySQL database is provided by the 
WampServer server and this is done through PHP scripts 
created to meet the needs of the application that allows to 
insert or retrieve data from the database. 

 

 

Fig. 4.  Database Architecture. 
 

WampServer is not a software but an environment 
including two servers (Apache and MySQL), a script 
interpreter (PHP) as well as phpMyAdmin in the local host 
for web administration of MySQL database which is shown 
in Fig. 5 [4]. By local host it means that the parent computer 
is treated as web server and the electrical are collected and 
inserted into the database by using MySQL [5]. 

This database consists of: a human interface allowing the 
interaction between the application and the user and a 
server allowing the routing of PHP scripts constituting the 
gateway between LabVIEW and the database.  
 

 
Fig. 5.  The SQL Database. 

 
B. LabVIEW 

LabVIEW is a graphical programming language that 
features a graphical user interface for the users [5]. It is used 
in this system to design and develop the supervision 
application in order to interpret the data. 

In order to assure a rapid connection to the database the 
LabVIEW Database Connectivity Toolkit is used without 
performing SQL programming. 

Fig. 6 shows a sample of the data acquired from the 
MPBS industry which comprises two different stopping 
modes during them only some motors stop while others are 
still working. 

Fig. 7 illustrates the phase unbalance of the three-phase 
system where the three lines of current are mismatched. 
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Phase unbalance may be caused by the unequal spacing 
between conductors of the primary and second lines or 
sometimes due to the amount of single phase load relative 
to the three-phase load [6]. 

 

 
Fig. 6.  Data Acquisition. 

 

 
Fig. 7.  Phase Unbalance. 

 
Moreover, every second represents a point and every 

peak represents the production of one wood panel. Thus, 
the system will determine the total number of wood panels 
produced by the industry by discovering the total number 
of peaks.  

4. PROPOSED DATA MANAGEMENT METHODS 

In order to fetch the number of peaks which will 
constitute the number of wood panels produced by the 
industry, the system supposed two data management 
methods. The first one is the threshold method; comparing 
the data with respect to a preselected threshold. The second 
one is the Artificial intelligence Machine learning method. 

 
A. Threshold Method 

The system applies the threshold method as a first level 
in order to count the number of products generated by the 
industry by comparing the current values to a selected 
threshold. This method takes the current as an array of 
values and a user-input threshold value and returns the 
number of peaks in the signal. 

As shown in Fig. 8, after having the data acquired from 
the database an appropriate threshold value is selected.  

The algorithm will check if the current value is greater 
than the threshold value. If yes, it will then check if this 
peak has already been counted by examining the previous 
current value if it is also greater than the threshold value so 
that it will not increment the count of peaks since this peak 
has already been counted. Otherwise, the peak count will 

be incremented by 1. While if the current value is less than 
the threshold, the number of peaks will not be incremented.  

Thus, based on the value of the user-input peak 
threshold, the VI will return the number of peaks in the 
signal and peaks will only be counted if they are above the 
threshold. 

 
Start

Increment the peak count by 1

Threshold Selection

Data Acquisition

Get the number of peaks

X > Threshold ?

End

Yes

No

Iteration =0

Iteration=number of points?

Yes

Increment 
Iteration by 1

No

 
Fig. 8.  Flowchart of Threshold Method. 

 
In this method, the selection of an appropriate threshold 

is very important in order to achieve the expected results. 
 
B. Machine Learning Method 

Artificial Intelligence Machine learning methods are the 
trends that transform the industrial sectors to get a precise 
business analysis and operation optimization. The machine 
learning method is used to handle the large amount of data 
generated by the industry and to make logical decisions [7]. 
The system applies the machine learning method to achieve 
the same goal as the threshold method which is the 
detection of the number of wood panels produced generated 
by the industry. 

In this method, a LabVIEW program is written 
implementing a neural network that learns to count the 
numbers of wood panels. 

Fig. 9 shows the neural network architecture used in this 
system where x1, x2… x30 are the inputs that represent the 
industrial data and wij are the weights that are real random 
numbers expressing the importance of the respective inputs 
to the output.  

The main model used is the sigmoid function where the 
output will be 0 or 1 based on the result of Eq.1 whether it 
is less or greater than a certain threshold [8]. 

 !" 
$%

"&'
("                                               Eq. 1  
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Thus, both perceptron 1 and 2 are made by 30 inputs (the 
number of points to have a complete cycle). 

 

 
Fig. 9.  Proposed Neural Network Architecture. 

 
The inputs are divided into 100 samples with 30 

dimensional vectors. As illustrated in the flowchart of Fig. 
10 after intializing the input sample and the desired output 
the system will initialize the random weights. Then, it will 
compute the output of the proposed neural network. After 
that,  the error )(i) will be calculated as it is the difference 
between the actual output generated by the network and the 
desired output assigned by the user. The goal here is to 
reduce the error function gradually with time until it tends 
towards zero. Then, the weight will be updated according 
to the gradient of the error function and based on Eq. 2 [9]. 

*(, + 1) = *(,) −  µ 02(3)
04 .                                 Eq. 2 

Where µ is the learning rate that represents the most 
important parameter to tune the neural network in order to 
achieve good performance. As long as this rate is small the 
model will learn a more optimal set of weights and thus it 
will produce accurate results [10]. 

Now, the algorithm have to check whether the error tends 
towards zero or not. If so, the corresponding weights will 
be stored to be used for the count of peaks. Otherwise, the 
algorithm will repeat until reaching the goal. 

 
 

Start

Get the weights

Initialize the random weights

Is error à0?

End

Yes

No

Iteration =0

Increment 
Iteration by 1

Initialize the input samples 
and the desired output

Compute the output

Calculate the error

Update the weights

 
Fig. 10.  Flowchart of Learning Process. 

 
The learning process was constructed using LabVIEW 

to yield the block diagram shown in Fig. 11. 
 

 
Fig. 11.  LabVIEW Block Diagram for Learning Process. 

 
Once finishing the learning process, the system must 

count the number of peaks according to the algorithm of 
Fig. 12 where the initialized weights are those correponding 
to the minimum error. 
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Fig. 12.  Flowchart of Peaks Count. 

 
Afterwards, the algorithm will check if the neural 

network decision was true to increment the number of 
peaks. When the number of iterations reaches the number 
of points, the total number of peaks will be counted and this 
number must correspond to the number of wood panels 
produced by the industry. 

5. RESULTS AND DISCUSSION 

A. Threshold Method Results 

As mentioned earlier, the objective was to detect the total 
number of wood panels produced by the MPBS industry. 
The goal was successfully achieved by applying the 
threshold method where the selected value of the threshold 
was 68 A. 

Fig. 13 shows the variation of peaks count in function of 
data points where the total number of peaks attained was 
1668 peaks representing the total number of produced 
panels.  

Thus, the threshold method produces the expected results 
where only peaks above 68 A were counted. 

 

 
Fig. 13.  The Peaks Count Using the Threshold Method. 

                       

B. Machine Learning Method Results 

The first goal within the machine learning method was 
to minimize the difference between the output produced by 
the neural network and the target or desired output by 
changing the weights in the suitable direction. This was 
prosperously attained as represented in Fig. 14. The 
learning algorithm starts to converge when reaching 290 
iterations until the error tends towards zero with a picked 
learning rate of 0.0033 value. 

 

 
Fig. 14.  Error Correction. 

 
Whenever the function of error reaches the minimum, the 

algorithm of learning will stop the correction and save the 
corresponding weights. After that, the total number of 
peaks will be computed as illustrated in Fig. 15 which 
corresponds to 1667 peaks. 
 

 
Fig. 15.  The Peaks Count Generated By the Machine Learning 

Method. 
 

C. Comparison between Threshold and ML. Methods 

Fig. 16 shows the variation of peaks count in function of 
data points by using the threshold method with four 
threshold values; 65 A, 68A, 80 A and 90A. 

 

 
Fig. 16.  Threshold Variation Effect. 
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The variation of threshold from 68 to 65 exhibits a 
significant change in the number of peaks as it increases 
from 1668 to 2800. 

Thus, a trend is interfered that as the threshold amplitude 
decreases for 4.5 % the number of peaks increases for 
around 40.5 %. 

The graph of Fig. 17 demonstrates the variation of peaks 
count in function of threshold values with a maximum of 
3000 and a minimum of 0. 

 

 
Fig. 17.  Peaks Count Variation in Function of Threshold Values. 
 

This variation exposures that the performance of the 
threshold method depends on the selection of the threshold 
value and the user must be aware to select a convenient 
threshold otherwise the method will not work properly. 
On the other hand, the peaks count produced by the 
machine learning method in function of iterations using 
four learning rates; 0.001, 0.0033, 0.01 and 0.015 is 
displayed in Fig. 18. The peaks count achieved by using the 
learning rate of 0.0033 was almost similar to that produced 
by using the learning rate of 0.01. 
 

 
Fig. 18.  Learning Rate Variation Effect. 

 
Therefore, the machine learning method is insensitive to 

the change in learning rate as the number of peaks 
decreases only about 0.3% once the learning rate increases 
about 67%.  

6. CONCLUSION 

The paper discussed the design of an intelligent 
management system applied in the MPBS industry; able to 
read the parameters of the electrical energy from an 
analyzer and transmits them by radio frequency to an 
acquisition and supervision node.The online database has 
increased the flexibility of the system by updating the 
industry parameters over a common server. 

The design and development of a supervision application 
is applied using the LabVIEW platform connected to the 
database where the electrical data was stored. The 

LabVIEW software enabled a straightforward applicability 
with an easy graphical user interface platform.  

Two data management methods were used to detect the 
number of wood panels produced by MPBS and the 
improved method was the machine learning as it produced 
the most complete peaks lists regardless the change in 
learning rate while the threshold method is deeply affected 
by the variation of threshold.  
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Abstract-- This paper proposes a novel approach for 

palmprint representation, which is based on multi-scale 
framework. Such representation allows capturing the texture 
information at different scales and it contains the following 
steps. First, for a given palmprint image, a set of multi-scale 
response images are calculated using the bank of Binarised 
Statistical Image Features (BSIF) filters. Second, the 
obtained response images are summarized by concatenating 
their normalized histograms, which are obtained at each 
scale. Finally, a discriminative palmprint image 
representation is build by projecting the above mentioned 
histograms into a linear discriminant analysis subspace. The 
proposed representation is applied on two contactless 
palmprint databases: IIT Delhi and CASIA. The obtained 
recognition accuracy confirms its performance than the 
recent existing methods. 

Index Terms-- BSIF descriptor, multi-scale analysis, 
texture descriptor, K-NN classifier, palmprint identification. 

1. INTRODUCTION 

Biometrics plays an increasingly important role in 
authentication systems. Their recognition process allows 
individuals to be recognized according to their physical or 
behavioural characteristics. Various biometric 
technologies have been developed such as: fingerprints 
[1], iris [2], face [3] and hand signature [4]. The latter 
method is based on a study of the shape of the hand and 
the texture of the palm. It has many advantages over other 
technologies. Moreover, the capture device is less 
expensive than the iris recognition system and the 
characteristics of the hand are more numerous than those 
of fingerprints and can be determined with low resolution 
images. In addition, this system is well accepted by 
persons. Due to its importance in practical application 
fields, palmprint as a physiological biometric trait has 
received great attention in recent years. 

In the literature, palmprint is represented using 
structural features which includes extraction of principle 
lines, wrinkles, datum points, minutiae points, ridges and 
crease points. These approaches are also known as line-
based approaches. In these methods, either these structures 
are matched directly or mapped in other format for 
matching.  

The second type of approach is subspace-based 
approach which includes Principle Component Analysis 
(PCA)[5], Linear Discriminant Analysis (LDA) [6], 
Independent Component Analysis (ICA) [7], in which the 
coefficients are used as features in these subspace. 

Due to the presence of textures and lines, palmprint 
carries rich distinctive orientation. Gabor transform-based 
feature extraction methods extract certain orientation 
feature of palmprint images such as palm codes [8], 
Competitive Code (Comp C) [9], Ordinal Code (Ord C) 
[10], Double Orientation Code (DOC) [11] and 
Discriminative and Robust Competitive Code (DRCC) 
[12].  

Moreover, due to their high representational ability 
local texture descriptors-based method have been used 
extensively in many fields of computer vision. Among 
them: Local Phase Quantization (LPQ) [13], Local Binary 
Pattern (LBP) [14], and Binarized Statistical Image 
Feature (BSIF) [15]. The reason for employing local 
texture descriptors for palmprint recognition is the 
possibility of treating the palmprint image as micro-
patterns compositions that are properly characterized by 
such descriptors. BSIFs have shown to perform better than 
the other descriptors in texture classification, face 
recognition, and other biometric traits.  

To this effect, we can extend the BSIF texture 
descriptor to a multi-scale texture analysis that codes each 
pixel of the given palmprint image based on the filtering 
responses at each scale. After that, the histograms are 
calculated and normalized in range [0,1]. Next, these 
normalized histograms are concatenated together to create 
the final feature vector of palmprint image, named Multi-
Scale BSIF (MS-BSF) representation. Then, a Reduced 
MS-BSIF feature vector called RMS-BSIF is constructed 
using Whitened Linear Discriminant Analysis (WLDA) 
[16]. Finally, the KNN classifier is used for MS-BSIF and 
RMS-BSIF features vectors in matching step. 

The rest of this paper is summarized as the following. 
Sec. 2 explains the essential steps of the proposed feature 
extraction and matching process. Then, Sec. 3 reports and 
discusses the experimental results of palmprint 
identification system. In the end, Sec. 4 sets out some 
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conclusions. 

2. PROPOSED METHOD 

The extension of the BSIF descriptor from a single scale 
to multiple one allows to extract several features that are 
contain much information for different scales. This 
increases significantly its descriptive power. We present in 
the following sub-sections the principle of single and 
multiple scales of BSIF descriptor for palmprint 
representation. 

A. Single scale BSIF (SS-BSIF) descriptor 

The BSIF descriptor has been mostly employed to 
extract a local image texture where its good performances 
are justified in the computer vision. For the learning 
process of the BSIF filters, the training set is sampled from 
a few natural images. It consists of the following three 
steps. Preprocessing step based on subtracting the average 
of each patch to remove the mean luminance. Then, the 
whitening transformation, usually accomplished via PCA 
method which is used to reducing the dimension of the 
feature vector. Finally, the statistical independent filters 
are estimated using ICA method. 

 

 

 

 
 
Fig.1. SS-BSIF filter 11x11x11.  

 
Let wi a pre-learned linear filter with the same size of 

an image patch X of size lxl pixels, the filter response si 
that corresponds to the bit value bi
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Where vectors x and wi contain the pixels of X and 
elements of Wi respectively, while (.)t denotes the 
transpose of the vector (.) and Wi is the ith learnt filter. 

A useful post-processing step is to binarize si by 
thresholding at zero, to produce the binarized features bi
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Finally, the BSIF image response r is built, using the 
following binary coding: 

∑
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Where, n is the bit string (number of filters). 

Figure 1 presents an example of single scale BSIF (SS-

BSIF) filter. 

B. Palmprint representation based on Multi-Scale BSIF 
(MS-BSIF) descriptor 

The main goal is to propose a new 2D palmprint 
representation based on the MS-BSIF descriptor using the 
following steps. First, a ROIs palmprint images are 
convolved with the B-BSIF filter, yielding therefore many 
image responses at different scales. Second, according to 
these responses, the corresponding histograms are 
extracted, providing therefore the MS-BSIF histograms. 
They are normalized within the range [0,1] for each scale 
and then concatenated together. Third, the obtained MS-
BSIF histograms are projected in the LDA subspace using 
the WLDA method, which provides the Reduced MS-
BSIF (RMS-BSIF) histograms. Each obtained RMS-BSIF 
vector is characterized by a small dimension where their 
components become more discriminants. The above 
mentioned steps are used in both training and testing 
phases where the resulting feature vectors are used to feed 
the K-NN classifier. An overview of the proposed method 
is depicted in Figure 2. 

The multi-scales analysis consists of using a B-BSIF 
filter, which containing a set of filters with same length of 
the bit string and different window sizes. So, the B-BSIF 
filter is applied to ROI palmprint image. Then, for each 
scale s, the BSIF image is obtained. The corresponding 
pattern normalized histogram hs

[ ] Ssforhhhh M
ssss ,...,2,1   ,..., , 110 == −

 is computed using the 
following equation: 

                   (4) 

Where S indicates the number of scale used in the BSIF 
filter bank, and each elementary normalized histogram hi

s
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L and M denote, respectively, the number of pixels and 
gray levels in the coded or BSIF image. 

According to Equation (5), all normalized histograms hs

[ ]ShhhH ,...,, 21=

 
are concatenated together to obtain the MS-BSIF 
histogram vector H as: 

                                                       (7) 

Then, the whitened LDA method is used to project the 
obtained MS-BSIF histograms into a discriminant 
subspace providing therefore the RMS-BSIF histograms. 
Moreover, each palmprint image in the training and testing 
sets is presented by its corresponding RMS-BSIF 
histogram. Finally, the classification stage is used and can 
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be summarized as follows: 

 

 

 

 
Fig. 2. An illustration of palmprint representation based on the proposed 
method: (a):ROI palmprint image, (b): MS-BSIF filters, (c): Response 
images MS-BSIF, (d): Multi-scale histogram representation. 

 
MS-BSIF histogram representation: 

Given a MS-BSIF histograms representation H1 and H2, 
a nearest neighbor (NN) classifier is used with Chi-square 
distance χ2 
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Where, N is the number of bins. 
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RMS-BSIF histogram representation: 

In this case, a nearest neighbor (NN) classifier is used 
in the LDA subspace, with Cosine distance. This distance 
is given by: 

                                       (9) 

3. EXPERIMENTAL RESULTS 
To show the effectiveness of the proposed method, we 

have applied it to contactless palmprint IIT Delhi [17] and 
CASIA [18] databases. This is in order to compare it with 
other methods using the same databases and to ensure 
repeatability in the experiments. 

A IIT- Delhi database 

In IIT Delhi touchless palmprint database, images were 
collected from 230 users using both hands (i.e., 460 
distinct palms). Each user has at least five palmprint 
samples for each hand used in the experiments. These 
images are acquired in severe variations of distortion, 
rotation, and translation ROI images of the palms and are 
publicly available in the database, in which they were 
extracted using the algorithm described in [19]. 
Consequently, there are 460 classes of palm in the IIT 
database, each one with about five palmprint images. 
Figure 3 shows some ROI examples of palmprint images 
from two different subjects. The three images in the first 
row (Fig. 3(a)) were captured from the first subject, where 
as the images in the second row (Fig. 3(b)) were captured 
from the second subject. 

During all experiments, the first three samples are 
selected as the training set and the remaining samples as 
the test set. Thus we have 1380 (460x3) training samples 

and 920 (460x2) test samples. 

o Experiment #1 
In the current part, we examine the most appropriate 

parameters of the proposed method. First, we study the 
number of BSIF filters and the corresponding filter 
dimension. There are two parameters of single scale BSIF 
(SS-BSIF) filter. The first one is the filter size k (i.e., 
scale). The second one is the number of filters n (i.e., 
length of the bit string). Both parameters have an influence 
on the performance of BSIF descriptor; their optimal 
choices improve the performance of the proposed 
algorithm. To find the optimal parameters for the BSIF 
method, we conducted experiments using the set of filters 
supplied by the authors [20]. For each combination of the 
number of filters and filter size, we assign a number Y, 
and the filter is called BSIF_Y. For example, the filter 
BSIF_1 has 11 × 11 filter size and the number of filters 
equals 10. Table I summarizes these filters and their 
settings for different combinations of bit string length and 
filter size. 

 

 

 

 

 
Fig. 3. Some palmprint images from IIT Delhi database. 
 

TABLE I 

The SS-BSIF filters and their settings. 

BSIF 
Filter 

3×3 5×5 7×7 9× 9 11× 
11 

13× 
13 

15× 
15 

17× 
17 

5 33 40 48 56 4 12 20 28 
6 34 41 49 57 5 13 21 29 
7 35 42 50 58 6 14 22 30 
8 36 43 51 59 7 15 23 31 
9 - 44 52 60 8 16 24 32 
10 - 37 45 53 1 9 17 25 
11 - 38 46 54 2 10 18 26 
12 - 39 47 55 3 11 19 27 

 

 

 

 

 

 

 
Fig. 4. Identification rates using SS-BSIF palmprint representation. 

In Figures 4 and 5, we present the identification rates of 
the first and the second proposed systems, respectively, 
using the Single Scale (SS-BSIF) BSIF descriptor. We use 
different combinations of filter size and number of filters 
in order to effectively evaluate the BSIF descriptor for 

(a) (b) 
(c) 

(d) 

(a) 

(b) 

ISBN: 978-9938- 9937-2-1                                                   101                                 Editors: Tarek BOUKTIR & Rafik NEJI



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019  

palmprint identification and select the optimal parameters. 
It was applied for the whole ROI palmprint image using 
the K-NN classifier. 

Figure 4 shows five SS-BSIF filters give identification 
rates greater than 97% which are BSIF_11, BSIF_18, 
BSIF_19, BSIF_26 and BSIF_27. Moreover, in the case 
of Reduced Single Scale BSIF (RSS-BSIF) representation 
(Fig.5), there are seven SS-BSIF filters give identification 
rates greater than 99% which are BSIF_2, BSIF_3, 
BSIF_10, BSIF_11, BSIF_18, BSIF_19 and BSIF_27. In 
both cases, These filters are characterized by a large 
window size and a bit string of 11 or 12. It should be 
noted that an SS-BSIF filter with a high bit string can 
extract much more high frequency information, such as 
sudden variations. In addition, a large window size of the 
SS-BSIF filter allows for coarse image analysis. Based on 
this setting, multi-scale analysis experiments are 
performed, in the next sub-section, using only the B-BSIF 
filter of the bit string 11 and 12 by varying the window 
size from 11x11 to 17x17. 

 

 

 

 

 

 
Fig. 5. Identification rates using RSS-BSIF palmprint representation. 

o Experiment #2 
In this experiment, two representations are proposed 

which are: MS-BSIF and RMS-BSIF histogram 
representation. They will be compared in terms of Error 
Identification Rates (EIR). In the Figure 6, the notation 
(y,z)xw means that the MS-BSIF filter bank contains two 
BSIF filters which are yxyxw and zxzxw. 

 

 

 

 

 

 
Fig. 6. Error Identification rates using MS-BSIF palmprint 
representation on IIT Delhi database. 

Based on multi-scale representations, six filter banks 
are built. For example, the MS-BSIF filter bank 
(15,17)x11 contains two BSIF filters which are: 
15x15x11, 17x17x11.  The image responses obtained from 
the MS-BSIF filter bank described previously give a 
histogram of 2.211

o Experiment #3 

=4096 dimension. The histograms 
obtained at each scale are normalized within the range 
[0,1], and then concatenated together to form the global 

histogram, which is the feature vector representation of an 
palmprint image. The lowest error identification rates are 
1.2% and 0.43%, using the MS-BSIF and RMS-BSIF 
histogram representation, respectively, with (15,17)x12 
MS-BSIF filter. 

For a more comprehensive assessment, the proposed 
approach is also compared with other recent methods 
applied to the IIT Delhi database. Table II summarizes this 
comparative study. Over the entire IIT D database 
(460classes); our two algorithms gave, respectively, 
identification rates of 98.80% and 99.57%, which are 
better than those of the other methods except the 
RPBSIFD and DGLSPH representation proposed in[15] 
and [21], respectively. The results also indicate that our 
methods are more efficient than the comparative methods 
based on the texture descriptor. The main reason is that the 
systems we propose exploit the full power of the BSIF 
texture descriptor at different scales. 

B. CASIA database 

CASIA palmprint image database has been created by 
“China Academy of Sciences Institute of Automation 
(CASIA)” and gathered 5502 images from 312 subjects 
(i.e., 624 distinct palms). More than eight palmprint 
images are collected from the left and the right hands for 
each subject. All images of this database are captured by a 
CMOS camera without any pegs. These images are 8-bit 
gray-level JPEG files. Examples of some images from the 
databases cited above are shown in Fig. 7. 

 

 

 

 

 
 
Fig. 7. Some palmprint images from CASIA database. 
 
 
 
 
 
 
 
 
 
 
 
Fig.8. Identification rates using SS-BSIF palmprint representation. 
 
 
 
 
 
 
 

 

 
Fig. 9. Identification rates using RSS-BSIF palmprint representation.  
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TABLE II 

Comparative results showing recognition rate of the proposed schemes and recently proposed methods on IIT Delhi database. 

Methods 
Nbr 

classes 
Protocol 

Descriptors IR(%) 
Training  Test 

[15] 460 First 03 images  RPBSIFD 99.57 

[21] 460 First 03 images  DGLSPH 99.57 

[22] 460 Three  images 
randomly selected 

 
Remaining 

samples 

Texture Pattern+ Principal lines shape 97.98 

Fractal (FDBC) 95.80 

[23] 460 First 03 images Neighboring Direction Indicator 89.20 
[24]  460 First 03 images HOG-BSIF fusion 79.10 
[25] 460 Randomly 04 images LDDBP 98.70 

Proposed1 
460 First 03 images 

MS-BSIF 98.80 
Proposed2 RMS_BSIF 99.57 

 

TABLE III 

Comparative results showing recognition rate of the proposed schemes and recently proposed methods on CASIA database. 

Methods 
Nbr 
classes 

Protocol 
Descriptors IR(%) 

Training  Test 

[15] 620 First four images 

Remaining 
samples 

RPBSIFD 99.34 

[22] 310 First five images Texture Pattern 96.52 

[26] 620 First five images 
Principal lines 
Texture-Pattern 

Intra-modal 

92.98 
96.00 
98.00 

[27] 620 First four images LLDP_GABOR 
ResNet50 

93.00 
95.03 

Proposed1 
620 First four images 

MS-BSIF 97.78 
Proposed2 RMS-BSIF 99.30 

 

o Experiment #1 
Figure.8 shows five SS-BSIF filters give identification 

rates greater than 97% which are BSIF_11, BSIF_18, 
BSIF_19, BSIF_26 and BSIF_27. Moreover, in the case 
of RSS-BSIF representation (Fig.9), there are seven SS-
BSIF filters give identification rates greater than 99% 
which are BSIF_2, BSIF_3, BSIF_10, BSIF_11, BSIF_18, 
BSIF_19 and BSIF_27. In both cases, These filters are 
characterized by a large analysis window size and a bit 
string of 11 or 12. 

o Experiment #2 
In this experiment, we use the error identification rates 

to evaluate the performance of MS-BSIF representation on 
CASIA database. The Figure.10 shows that the lowest 
error identification rates are 2.22% and 0.70%, using the 
MS-BSIF and RMS-BSIF histogram representation, 
respectively, with (11,13,15,17)x12 MS-BSIF filter. 

o Experiment #3 
For a more complete study, the proposed approach is 

also compared to other recent methods applied to the 
CASIA database. Table III shows that, the RMS-BSIF 
representation recorded a recognition rate of 99.30%. 
While the identification rates of other methods are less 
than 99% with the exception of the RPBSIFD 

representation proposed in [15]. 

In addition, the proposed approach explores and 
extends the local patterns obtained by the BSIF texture 
analysis operator to several scales compared to the last 
mentioned work, where only a single scale is used. 
 

 

 

 

 

 
Fig. 10. Error Identification rates using MS-BSIF palmprint 
representation on CASIA database. 

4. CONCLUSION 
In this paper, a new approach for palmprint 

representation based on multi-scale framework is 
presented in which the feature extraction of the BSIF-
texture descriptors from the intensity space is extended to 
the multi-scale space. Using the learned BSIF filters, two 
new features representations are proposed (MS-BSIF and 
RMS-BSIF) and evaluated on two contactless palmprint 
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databases. In addition, the RMS-BSIF feature 
representation achieves  rank-1 identification rates of 
99.57% and 99.30% for IIT Delhi and CASIA databases, 
respectively. It confirms its performances than the state-of-
the-art in terms of recognition accuracy. Its dimension is 
also very small, which is good for combining with other 
features to further improve performance. 
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Abstract— In this work we propose the improvement of the 

electrical power system networks by a multi-objective of power 

flow optimization by considering the integration of FACTS 

systems and wind farms. This work is devoted to the 

development of methods to find a set of optimal solutions 

constituting a Pareto front representing the compromise 

between minimizing the investment cost of wind turbines and 

FACTS devices, minimizing active power losses and 

maximizing the voltage stability and security  according to 

given equality and inequality constraints. To solve this 

problem and to ensure convergence towards the best optimums 

we have opted for a comparison between two meta-heuristic 

methods known by their robustness in the literature that are: 

The Ellitist Non Dominated Sorting GA (NSGA) class II and 

III (NSGA-III). The results obtained are tested on the 

equivalent Algerian network (GRTE) of 114 nodes. The 

simulation results obtained from the proposed algorithm 

shows that this algorithm is capable to give higher quality 

solutions to solve the multi-objective optimal reactive power 

flow problem. 

Index Terms-- Optimal reactive power flow, equivalent 

Algerian network (GRTE), wind power and FACTS devices 

cost, NSGA II and III. 

1. INTRODUCTION 

Industrialization and population growth are the first 

factors for which electricity consumption is steadily 

increasing. There are many factors attributed to the 

successful operation of this energy system, one of which is 

the price of electricity. The latter is influenced by three 

factors: production costs (centralized or decentralized), 

transmission costs and distribution costs [1, 2]. 

In addition, the demand for electrical energy is 

increasing day after day, which represents a major risk for 

grid balance and stability. Optimizing the total losses or 

voltage profile of the network can give us a solution for 

this problem but with an increase in the production costs 

of active or reactive powers, which is a contrast for the 

system operator. It is therefore necessary to plan these 

powers well in order to optimize the operation of the 

electricity grid, in other words it is necessary to vary the 

active and reactive powers of generators within certain 

limits in order That is to say, to vary the active and 

reactive powers of generators within certain limits in order 

to satisfy the load demand with a minimum of the 

production cost, the minimum sizes of control devices or a 

by minimizing a physical phenomenon such as : active 

power losses, power transmission lines, etc[3-5].  

For the purpose of satisfying energy consumption 

demand and improving the electrical performance of the 

network on the one hand and on the other hand to reduce 

the negative effects of fossil resources. The solution is 

therefore in the use of renewable energies for the 

production of active energy and FACTS devices to 

provide the reactive energy needed for demand [6, 7]. 

This work is based on the multi-objective NSGA III [8, 

9] optimization technics of power flow with the integration 

of SVC "Static Var Compensators" devices which is a 

very efficient device for the control and compensation of 

reactive energy and wind power supply system that 

performs very well in large electrical networks compared 

to other renewable energies. 

This paper is structured as follows: In the section 

‘problem formulation’, the optimization problem of ORPF 

using SVC devices and wind energy, is developed. Section 

‘Proposes Method’ introduces a methodology (NSGA III 

method) to accommodate wind power sources for 

minimizing energy losses. Section ‘wind power & SVC 

devices modeling ‘describes the SVC and Wind power 

modeling. Section ‘Simulations results’ presents the 

simulation results on an Algerian 114-bus test system [10] 

with 15 thermal generator units, one wind-powered 

generation containing 80 unit of 6 Mw and one SVC 

devices and discusses the impact of wind power and SVC 

devices on the minimization of the active power losses and 

maximizing the voltage stability and security. 

2. PROBLEM FORMULATION 

In this article, the program is formulated as an 

optimization problem with two objective functions and 

constraints. The first objective function is to ensure a 

minimum of the average investment cost of FACTS 

devices the cost of active losses and the cost of integrated 

wind turbines. The second function considers the 

improvement of stability and voltage safety. 
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a. Minimizing real power losses cost  

( ) ( ), , * *kPl Plf Cost fU X U X C F=                              (1) 

With, 

( ) 2 2( , )( 2 cos( ),
Li

Pl k i j i j i j

i N

f GU X i j V V VV q q
Î

= + + -å   (2) 

Where fPlCost is the objective function of real power 

losses cost, problem; 
,i jV V

 are the voltage magnitudes. 

Gk, is the conductance of branch k; 
,i jq q

 are the voltage 

angel at buses i and j; NLi the number of transmission 

lines. kC
 is the cost of active losses in $

MWh

æ ö
ç ÷
è ø

. Fr is the 

loss reduction factor is given by
8760

D
hFr = . Dh is the 

counting period of active losses in hours (one year = 

8760h). 

b. Minimizing the investment cost of wind turbines 

Considering the impact on power system caused by the 

uncertainty of wind power, the operating cost of wind 

power can be divided into three parts: overestimated 

unbalance cost ,KcosWOV t
, underestimated unbalance 

cost ,KosWUEc t
and direct cost ,KosWDc t

. Then, the total 

cost of wind power generator yw is represented using 

Equation. (3), which is already derived and implemented 

in [11,12]. 
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     (3) 

 

where ,KwPy
represents the operating cost of the kth 

wind power generator; Nw is the total number of wind 

turbines in a wind farm; ,KcosWOV t
 is the overestimated 

unbalance cost for kth wind turbine ; ,KosWUEc t
is the 

underestimated unbalance cost for kth wind turbine;  

OV,KC
 is the cost coefficient for overestimation of kth 

wind turbine; UE,KC
is the cost coefficient for 

underestimation of kth wind turbine; ,K( )E OVY
is the 

expected value of wind power overestimation for kth wind 

turbine; ,K( )E UEY
is the expected value of wind power 

underestimation for jth wind turbine; ,KosWDc t
 is the 

direct cost of wind power purchased from wind farm 

operator; Kg
is the direct cost coefficient for kth wind 

turbine [11]. 

 

 

c. Minimizing the investment cost FACTS devices  

The SVC costs in US$/kVAr installed are given by the 
following [10]: 

1

$
( , ) (1771.59 5314.8 )

SVCN

SVC SVC

I

f U X Q
kVars=

æ ö= + ç ÷
è ø

å                        (4) 

      where SVCQ : SVC reactive power ; f SVC : Cost function 

of SVC; NSVC: Set of numbers of SVC installed. 

d. Minimization of voltage safety 

   ( ) ( )max max
( , )

( ) ( )
min min

if V V F V Vi i i iVSta
F X UVs if V V F V Vi iVStai i

> = -
=

< = -

ì
í
î

                (5) 

Where, Vi is the voltage magnitude of node i; Vimax is 

the maximum value of the voltage magnitude of node i; 

Vimin is the minimum value of the voltage magnitude of 

node i;  
( , )F X UVs is the objective function of the voltage 

safety problem. 

e. Maximisation de la stabilité de tension 

      
( )

2

2

2
1

4
,

LiN

i
FVSI

i i

Z Q
F U X

V X=

=å                            (6) 

Where, Z is the line impedance, X is the line reactance 

Qj is the reactive power at the receiving node, and Vi is 

the voltage at the bus I, FVSIF
is the objective function of 

the voltage stability problem, NLi the number of 

transmission lines[10]. 

f. Physical and operational limitations constraints           

(Equality and Inequality constraints) 

· Equality constraints 

       Equality constraints represent typical load flow 

equations as follows: 

 

1

( cos sθ θ ) 0in
Nbus

Gi Di i j ij ij ij ij

j

P P V V G B
=

- - + =å  1, 2... busi N=        (7) 

1

cos( sinθ θ ) 0 
Nbus

Gi Di i ij ij ij ij

i

jQ Q V V G B
=

- - - =å  1,2... busj N=        (8) 

 

Where PDi , QDi are real and reactive power at bus i ; 

PGi ,QGi are real and reactive powers of the ith generator; 

Vi is the voltage magnitude at bus i; NBus is the number 

of buses; Gij , Bij are the conductance and susceptance 

between i and j; ijq  is the phase angle difference between 

the voltages at i and j; jiq
 is the phase angle difference 

between the voltages at j and i , Nbus is the number buses; 
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· Inequality constraints 

1-Wind Generator constraints: 

 min maxW W W£ £             1, 2,... Wi N=                          (9) 

2-Generator constraints: 

Gi

min max

Gi GiV V V£ £               1, 2,... Gi N=                          (10) 

 
min max

Gi gi GiQ Q Q£ £                                                          (11) 

3-FACTS device constraints: 

min max

SVCi SVCi SVCiQ Q Q£ £               1, 2,... SVCi N=                 (12) 

4-Transformer constraints: 

min max

i i iT T T£ £                       1, 2,... Ti N=                   (13) 

5-Security constraints: 

Li

min max

Li LiV V V£ £                     1,2,... Npqi N=                (14) 

{ } max,from to i

t tS S S£                    1, 2,... Lii N=                  (15) 

Where Wg is the power of wind generators ;VG is the 

generator voltages, QG is the reactive power outputs, NG 

is the number of generators. SVCiQ
is the SVC reactive 

power, NSVC is the number SVC’s devices;  iT
 is the 

transformer tap settings , NT is the number of 

transformers. VL  is the voltage at load bus and { Stfrom  , 

Stto }is the transmission line loading , Nload is the 

number of load buses and NLi the number of transmission 

lines. 
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        In the above objective function Vilim, QGilim and 

PGilim are defined in the following equations. 
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                     (17) 

Where, iVs
, GiQs

and GiPs
are the penalty factors which 

are respectively 200, 500 and 500. 

 

3. PROPOSED METHOD 

NSGA-III is a new method proposed by Deb and Jain 

[9]. The basic framework sound is similar to that of the 

NSGA-II [13], both they use a cross and mutation operator 

to generate their offspring and apply a rapid and non-

dominated sorting approach to divide individuals into 

different non-dominated grades. The important 

improvement of the NSGA-III is developing the reference 

point to replace the congestion distance, which values the 

diversity and diffusion of Pareto solutions [14]. 

NSGA-III algorithm start randomly with N initialized 

population, and distributed by M-dim problem, with 

reference points H on plane have hyper with a normal 

vector that cover entire regions RM + region. Each 

reference point in hyper-plane is put such of manner its 

intersect every objective function arises at one that called 

Das and Dennis’s technique where 

1M p
H

p

+ -æ ö
= ç ÷
è ø each 

Range have (p + 1) points and N is multiple of 4 greater 

than H both have desired conditions. Representation of the 

NSGA-III algorithm step by step illustrated in (Figure 1); 

 

Figure 1.  Aflow chart of the NSGA-III algorithm[9]. 

1- NSGA-III algorithm cannot have required another 

selection operator for Pt to create a new Qt operator. On 

the other hand, the NSGA-II selection operator uses an 

undominated rank and a congestion distance value to 

select a winner from two possible individuals of Pt. It 

should be noted, however, that the NSGA-III makes a 

selection if and only if at least one of the two persons 
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being compared is not feasible.  In this case, NSGA-III 

prefers feasibility to impracticability, and fewer violations 

than more violent individuals. To maintain better coverage 

of Pareto solutions, NSGA-III uses a mechanism to 

maintain uniform coverage[14]. 

2-To maintain better coverage of Pareto solutions, 

NSGA-III uses a mechanism to maintain uniform coverage 

[14]. 

The proposed method uses a pre-allocated reference set 

mechanism to choose various better solutions in the size of 

the free space population, while the NSGA-II algorithm 

does not require any pre-allocation method on the 

objective space. Thus, more time taken to generate the 

first solution in the spaces, NSGA-III easily generated the 

first solution so NSGA-III better than NSGA-II algorithm 

to solve many objective problems. 

a. Advantage of the NSGA III method 

- It has a relatively better ability to handle many 

objectives (up to 50 objectives).  

- It has a uniform diversity to obtain an optimal Pareto 

front in a set of non-dominated solutions. 

4. WIND POWER & FACTS DEVICES MODELING 

a.   Wind Power modeling 

The Weibull's PDF is used for the wind speed 

estimation, the probability of wind speed being V during 

any time interval can be defined as [11]: 

1

( ) .exp
h hs s

hs v v
f v

s s s

- æ öæ ö æ ö= -ç ÷ç ÷ ç ÷ç ÷è ø è øè ø
                                  (18) 

Where Fv (v)  is the distribution probability of the wind 

speed (v); s and sh  are scale parameter and shape 

parameter of Weibull distribution model, respectively.  

Based on the Weibull PDF of wind speed, the 

corresponding cumulative distribution function Fv (v) is 

derived as below. 

( ) 1 exp
hs

v
f v

s

æ öæ ö= - -ç ÷ç ÷ç ÷è øè ø
                                              

(19) 

 
The wind power output can be calculated according to 

wind velocity. In this paper, a liner model to describe the 
relation of wind power output and wind velocity. 
Therefore, the wind turbine generated power at different 
velocities is calculated as [11]: 

( )
0

in out

ro in

in r
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W v v
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(20) 

Where W is the active  wind power output ; Wro is the 
rated output of wind power;  vr is the rated wind speed; 

vin is the cut-in wind speed ; vout is the cut-out wind 
speed. 

b. FACTS devices (SVC Model) 
In this paper, the SVC is modeled as a reactive power 

Qsvc installed at the node i. 

 
Figure 2.  SStatic VAR compensator (SVC) Equivalent model[11]. 

5. SIMULATIONS RESULTS 

In order to verify the effectiveness of proposed 

approach, the NSGAIII has been tested for the Algerian 

electric power system 114-bus. For comparison purpose, 

the NSGAII method is also implemented for solving the 

problem. The programs have been written in MATLAB-7 

language and executed on a 2.6 GHz i5 CPU with 4 GO 

RAM.  

a. Description of the test system and simulation results 

The electrical network tests 114 buses, this network 

consists of 114 nodes ,15 generators at node n° 

4,5,11,15,15,17,19,19,22,52,80,83,98,100,101,109,111,99 

load nodes through 175 transmission lines, and 16 load 

balancing transformers. The limits on transformer load 

controllers are 0.90 and 1.10 pu. In this study 80 wind 

turbines of 6 MW are installed in the Adrar region, the 

vector of control variables is composed of voltage 

modules and active powers of the generators, the ratios of 

the 16 Tap transformers, the reactive powers of the SVCs 

device and wind turbines speed.  

The lower and upper voltage module limits for all load 

nodes are between 0.90 pu and 1.1 pu, and the total active 

and reactive power are 3146.2 MW and 1799.4 MVAR 

respectively. After a power flow calculation, we record 

active impairment losses of 98,902MW. 

TABLE I.  RESULTS OF THE CONTROL VARIABLES WITH THE NSGA-
III METHOD 

NSGA III 

Nodes Pg Vg Qsvc PWind 

4 -0.871 1.07   

5 6.5 1.05   

11 1 1.05 64.380 250.13 

15 1 1.04   

17 5 1.08   

19 1.5 1.03   

22 1.5 1.05   

53 2 0.9992   

80 2.5 1.039   

83 2 1.0702   

99 2 1.0702   

101 2 1.0600   

102 2 1.0396   

110 3.5 0.9928   

112 3 0.9848   
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TABLE II.   RESULTS OF OBJECTIVE FUNCTIONS WITH NSGA-II 
AND NSGA-III METHOD 

 NSGA-II NSGA-III 

F1_1 ($) 5.1565 e+05 4.5695 e+05 

F1_2 ($) 1.2192 e+03 1.2335 e+03 

F1_3 ($) 3.5994 e+05 3.1077 e+05 

Sum ($) 8.7681e+05 7.6895e+05 

F2 (pu) 1.0470 1.1102 

 

Figure 3.  RESULTS OF THE OPTIMAL POWER FLOW OF VOLTAGES WITH 

NSGA-III METHOD. 

Tables 1 show the optimal settings of control variables 
obtained with the proposed method. From these tables we 
can see that all the control variables obtained by the 
proposed method are within the safe range. Thus, the load 
voltages obtained by NSGAII and NSGAIII are given in 
Figures 3. Also the load voltages obtained are within the 
permissible limits. 

 

 

Figure 4.  PARETO CURVE FOR THE 114 NODE NETWORK BY 

USING NSGA III. 

Figure 5.   

The minimum of wind farm, active power losses and 

investment of FACTS devices costs respectively obtained 

by the application of the proposed and NSGA II methods 

are listed in Tables 2. From these results we can show that 

the minimum font by proposed methods is higher than the 

other compare method (NSGA III).  For example, the 

result of the first objective function obtained by using the 

proposed method are 7.6895e+05 ($) and by using NSGA 

II the same minimum are 8.7681e+05. This shows that the 

main objective of the study has been achieved, which is to 

have the minimum investment cost of FACTS devices and 

wind turbines, and the minimum cost of active power 

losses.  Which concerning the second objective method, 

the obtained results shows that the two methods gave very 

close results, 1.1102(pu) using our method and 1.0470(pu) 

for NSGA II. Which prove the effectiveness of the 

proposed method.  

The PARETO curve for of the proposed objective 

functions over iteration of the proposed method, are 

presented in Figures 4. 

6. CONCLUSION 

In this study, we presented a multi-objective method 

allowing the resolution of the problem of the optimal 

reactive power planning using FACTS devices, including a 

large penetration of wind energy sources for the equivalent 

Algerian transmission power system. An NSGA III 

algorithm is proposed and has been successfully 

implemented to solve the proposed ORPF problem. 

Simulation results show that the NSGA III algorithm has 

apt to better solution and possesses superior performance 

as compared to other approaches. 
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Abstract-- The purpose in this present work, the 
multi-objective ant optimizer (MOALO) algorithm to 
solve dynamic economic environmental dispatch 
problems with and without ramp rate . The proposed 
method repository in first used to search for optimal 
solutions of the generated powers and then calculate 
the cost, emission functions. The dynamic problem of 
economic distribution (CDEED) is a major problem in 
power systems. This consists of a valve point effect, 
transmission losses, a load, a power balance and 
generator constraints. The proposed method was 
applied to two test systems with 5, and 10 generators 
with different constraints. The results are compared 
with those of the literature. All simulations are 
performed on the MATLAB-Simulink platform. 

Keywords: dynamic economic emission dispatch 
problem; ramp rate; solar power; wind power; 
MOALO; power systems; transmission losses; valve 
point effect. 

1. NOMENCLATURE 

• Thermal system 

� ���� ��� �� �   fuel cost function during the time interval t 

� ��� �
��

� �� �  emission function during the time interval t 

���� �     power output of ith generating unit at the tth time 

interval 
Nn         total number of generating units 
T            total number of dispatch intervals 

	 
 �� � �  fuel cost coefficients of ith generating unit 

� � �      coefficients for the valve point loading effect  

               of ith generating unit fuel cost function 

� � �α β γ  emission coefficients of ith generating unit 

� �ξ λ    coefficients for the valve point loading effect  

              of ith generating unit emission function 

���   total load demand power at ith time interval 

��
�   total transmission power losses at ith time interval 

������     minimum real power output of ith generating unit 

������    maximum real power output of ith generating unit 

����      ramp up limit of ith generating unit 

����      ramp down limit of ith generating unit 

Bgi,t  Bij Bgj,t   the loss coefficients of generating units 
pf               the price penalty factor. 
DEcDP  dynamic economic dispatch problem  
DEmDP dynamic emission dispatch problem 
CDEEDP Combined dynamic economic emission dispatch 
problem  
w             indicate the objective function 

• Wind turbine 

DG        Distributed Generation 
k            shape factor (dimensionless) of wind turbine 
c            scale factor of wind turbine (m/s) 
vwin       the current wind speed of wind turbine (m/s) 
pr          the rated power of wind turbine in MW 
Pwin     the output power of wind DG in MW 
vin          the cut-in of wind turbine (m/s). 
 vout          the  cut-out of wind turbine (m/s). 
 vr          the rated speed of wind turbine (m/s).  

• PV Solar  

G            solar irradiation forecast in W/m2 
 Gstd          solar irradiation in the standard environment set                              
W/m2; 
Rc          certain irradiation point set W/m2; 
PSr            equivalent rated power output of the PV generator. 

��� � the solar PV active power output/generation(MW) 

 ������ �  the available maximum active power generation  

1. Algorithm 

� �� �        the random/stochastic walks of ants 

������   the cumulative sum 

n            maximum  number of iteration 

� �� �         a stochastic function 

�             the step of random walk 
 

2. INTRODUCTION 

The dynamic economic emission dispatch problem 

(CDEEDP) includes DEcDP and EEmDP. DEcDP takes 

into consideration ramp rate limits, and EEmDP considers 

not only the economy but also the environment. CDEEDP 

has two objectives: the minimum total amount of pollution 

gases emission and the minimum total cost of the thermal 

power units during the total scheduling periods, which are 

mutual competing, namely, decrease of one objective with 

increase of another one[1]. Nowadays, scholars around the 

world mainly study CDEEDP on the aspect of solvers to 
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solve the multi-objective non-convex and nonlinear 

optimization problem.  

Dynamic economic dispatch (DEcD) is a method to 
schedule the online generator outputs with the predicted 
load demands over a certain period of time so as to 
operate an electric power system most economically [1–2]. 
It is a dynamic optimization problem taking into account 
the constraints imposed on the system operation by 
generator ramping rate limits. The DEcD is not only the 
most accurate formulation of the economic dispatch 
problem but also the most difficult to solve because of its 
large dimensionality. Normally, it is solved by dividing the 
entire dispatch period into a number of small time 
intervals, then a static economic dispatch has been 
employed to solve the problem in each interval. Since 
DEcD was introduced, several methods have been used to 
solve this problem.  Several strategies to reduce the 
atmospheric pollution have been proposed and discussed 
[2]. These include installation of pollutant cleaning, 
switching to low emission fuels, replacement of the aged 
fuel burners with cleaner ones, and emission dispatching 
[2].  

The CDEED problem is more intractable then the EEcD 

and DEmD problems [2], since it adds both the generating 

unit ramp-rate constraints and the emission function to the 

original economic load dispatch problem. Moreover, all 

the power outputs should be suitably determined so as to 

achieve the best compromise solution while keeping all the 

constraints satisfied [3]. To obtain high quality CDEED 

solutions, both the performance improvement of heuristic 

algorithm and the design of constraint handling strategy 

are involved in this paper. The main contribution of our 

work can be stated using Multi-objective ant lion 

optimizer (MOALO). 

Many works are in literature to solve the CDEED 
problem. There were a many methods to solve this present 
problem such as In summary, particle swarm optimization 
(PSO) [3], hybrid differential evolution (DE) and 
sequential quadratic programming (DE-SQP) [4], particle 
swarm optimization (PSO) and sequential quadratic 
programming (PSO-SQP) [4], multiobjective differential 
evolution (MODE) [5], multi-elite guide hybrid 
differential evolution with simulated annealing technique 
(MOHDE-SAT) [5], harmony search (HS) method with a 
new pitch adjustment (NPAHS) [6], Evolutionary 
Programming (EP) [7], simulated annealing (SA) [8] and 
pattern Search method (PS) [8], new enhanced harmony 
search (NEHS) [9], chemical reaction optimization (CRO) 
[10] and hybrid CRO (HCRO) [10], modified adaptive 
multiobjective differential evolution (MAMODE) 
algorithm [11], improved bacterial foraging algorithm 
(IBFA) [12], nondominated sorting genetic algorithm-II 
(NSGA-II) and real-coded genetic algorithm (RCGA)[19], 
modified real-genetic algorithm (MRGA) and modified 
NSGA-II (MNSGA-II) [20], In this present work multi-
objective ant lion optimizer (MOALO) is proposed to 
solve for solving  DEcDP, DEmDP and CDEEDP. 

3.   DYNAMIC ECONOMIC EMISSION DISPATCH 

The traditional EED problem assumes that the amount of 
power to be delivered by a given set of units is constant 
for a given interval of time and attempts to minimize the 
cost as well as the emission of supplying this energy 
subject to various constraints on the static behavior of the 
generating units. The CDEED problem can be 
distinguished from the traditional, static EED by the ramp 
rate limit constraints. 

The CDEED cannot be solved for a single value of the 
load as these ramp rate constraints involve the evolution of 
the output of the generators [10]. 
 

4.  OBJECTIVE FUNCTION 
4.1. THERMAL COST AND TOTAL EMISSION 
FUNCTIONS. 
The equation (1) represents the fuel cost minimization: 
The traditional fuel cost function is assumed to be 
quadratic function and may mathematically be expressed 

as:   

	 � � � �
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             (1)                 

The sequential valve-opening process for multi-valve 
steam turbines produces ripple-like effect in the heat rate 
curve of the generator. To analyze CDEED problem with 
this effect, a rectifed sinusoidal component superimposes 
the basic quadratic fuel cost characteristics to give the 
completeness of the CDEED problem. Then, the fuel cost 
function of each generating unit is expressed in the sum of 
quadratic and sinusoidal form with the value point effect 
taken into account. The inclusion of the valve point 
loading effects makes the representation of the incremental 
fuel cost function of the generating units more practical 
[12]. Thus, the total generation cost is expressed as 
follows (2):  
	 � �

	 ���
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                (2) 

Equation (3) illustrated emission minimization: The total 
emission of atmospheric pollutants such as SOx and NOx 
caused by fossil-fueled thermal units can be expressed as 
follows:


 � � ��� �

� � ��� ���� � � � �

��
� �� � � � �� � � � � �� ��� �

= = γ + β + α + ξ λ        (3) 

4.2.  MODEL OF RENEWABLE SOURCES 
In recent years, development of Renewable Energy 
Generation (REG) has received great attention by the 
power engineers. In power system, the conventional 
generating stations are nowadays integrated with REG in 
order to decrease the use of fossil fuel. [13] 

4.3. WIND POWER MODEL AND COST 
FUNCTION 
Wind power generation is mainly dependent on the 
variation in wind speed. Various techniques have been 

118



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

ISBN: 978-9938- 9937-2-1                                     Editors: Tarek BOUKTIR & Rafik NEJI 

 

used to describe the uncertain behaviour of wind speed 
characteristics. In this paper, Weibull Probability Density 
Function (PDF) [14] is used to model the wind speed 
characteristics. Generally, the Weibull Probability Density 
Function method is commonly used to describe the 
stochastic characteristic of wind speed profile. The PDF 
can be expressed by equation (4) [15]:  

( )
� �−

� � � �� �
� � � �= − >� �� � � �

� �� � � �
� �
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� �
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The shape factor k changes the look of the PDF. The 
large-scale factors shift the curve towards higher wind 
speeds. Once the uncertain nature of the wind is 
characterized as a random variable, the output power of 
the wind DG may also be characterized as a random 
variable through a transformation from wind speed to 
output power. The output power of wind is calculated 
based on the wind velocity and can be determined using its 
speed–power curve can be expressed by equation (5): [13] 

� ≤ > 0	
� �−		 � �= ≤ ≤

� �−	 � �

	 ≤ ≤	�

�� � �

�
� �

� � �

��� ���� � � 	�� ���� � ���

� ���� � ��
���� �� ��� � ���� � ��� �� �� ��

�� ��� � ���� � ��

  

From Eq. (5), it is seen that wind DG has: 
* No power output up to cut-in wind speed. 
* A linear power output relationship between cut-in and 
rated wind speeds. 
 * A constant rated power output between the rated wind 
speed and cut-out wind speed. 
 * No power output with wind speed greater than the 
cutout speed. 
The cost wind expressed by equation (7) [31] 
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4.4. PV POWER MODEL AND COST FUNCTION 
A primary section heading is enumerated by Arabic The 
solar irradiation to energy conversion function of the PV 
generator or power output from PV cell is given by [16].  
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Where it is noted that PV cell temperature is neglected. 
The solar PV active power generation can either be 
controlled by the power tracking control scheme or to be 
charged into batteries. Therefore, the maximum 
penetration of PV to system is given by 

≤ ��� ���� �� �� � � �

 

The output of PV mainly depends on irradiation. The 
distribution of irradiation at a particular location usually 
follows a bimodal distribution, which can be seen as a 
linear combination of two unimodal distribution functions. 
The unimodal distribution functions can be modeled by 

Beta, Weibull, and Log-normal PDFs [17]. Here, the 
Weibull distribution is employed and is explained by 
equation (8): 
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lowercase Where � is the weighted parameter, and its 
range is 0 < � < 1; k1, k2, c1, and c2 are the shape factors 
and scale factors. For the Weibull PDF equation (8), the 
corresponding cumulative distribution function (CDF) is 
given by equation (10) 
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According to the transformations of random variables, the 
linear transformation accomplished with G as the solar 
irradiation random variable is given by equations (11) and 
(12): 
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Where g is a transformation function, ps is a solar power 
random variable. That is 
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The quadratic transformation accomplished with solar 
irradiation random variable (G) is given by 
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Therefore, using (17), the Weibull PDF of solar PV power 
output random variable then takes the form equation (19) 
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The cost PV solar expressed by equation (7) [31] 
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4.5. LOAD DEMAND UNCERTAINTY MODEL 
The future system load is uncertain at any given time. Two 
commonly used PDFs are the normal PDF and uniform 
PDF. Here, normal PDF is used to model demand 
distribution. The PDF of the normal distribution for 
uncertain load l is given by [18] 
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Where � is the mean value of the uncertain load. It is also 
called the location parameter. � is the standard deviation 
of the uncertain load. It is also called the scale parameter. 

5.  MULTI-OBJECTIVE FUNCTION. 
 The multi-objective CDEED problem can be formulated 
by considering more than one objective simultaneously 
and it can be expressed as (4): 

( )� 
= � �
� �

� � 	� �� 
� �� �� �� � �� � � � � � ����� � � � � � � � � ��� � �� � �� � ��� � � �" � �  (22)         

The EED problems determine optimal real power 
generations that minimize the two conflicting objectives of 
fuel cost and emissions while satisfying several equality 
and inequality constraints. The EED problem becomes 
CDEED problem when it is solved for a given time 
interval, which is divided into discrete subintervals [12]. 
Aggregating the objectives and constraints, the CDEED 
problem can be mathematically formulated as a nonlinear 
constrained multi-objective optimization problem, which 
can be converted into a single-objective optimization 
using the weighting method as (5), where F1 from 
equation (2) subject to constraints [4]: 

= + −	 �	 � 
���� �� �� � �                                                     (23) 

Where pf is the price penalty factor is as flows equation   
(6). 

	� �

� � � �


� �

� �

�� � ���

� �

�	$
���	$

� �� �	$
��

=                                            (24) 

Where w � [0, 1] is weighting factor. It will be noted that, 
when w = 1, the dynamic economic dispatch problem 
(DEcD) look equation (2) determines the optimal amount 
of the generated power by minimizing the cost. If w = 0, 
then the dynamic emission dispatch problem (DEmD) 
problem determines the optimal amount of the generated 
power by minimizing the emission. If w=0.5   the dynamic 
economic emission dispatch determines the optimal 
amount of the generated power by minimizing 
simultaneously the economic and emission [12]. 

6. PROBLEM CONSTRAINTS 
The problem of unit commitment is subject to many 

constraints depending on the nature of the power system 
under study. The constraints taken into account can be 

classified into two main groups: system constraints and 
unit constraints. System constraints, sometimes referred to 
as coupling constraints, also include two categories: the 
load demand and the spinning reserve constraints [12]. 

• Real power balance equation:      
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• Real power generation limit 
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• Generating unit ramp-rate limits 
Ramp rates are the maximum rates specified for each unit 
at which the power output of a unit can be increased (ramp 
up rate) or decreased (ramp down rate) at a time interval. 
Violation of the unit ramp rates will shorten the life of the 
power generation facilities. Thus, ramp rate limits should 
be satisfied as the power load demand changes [30]. 
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Where (10.1) if if generation increases and (10.2) if 
generation decreases. If the unit ramp-rate limits are taken 
into account, the real power generation limits (9) can be 
modified as equation (27): 

��� � ��� ���� ���
� 	 � � 	� � �� � � � ���� � �� �� � �� � ���� ��
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− ≤ ≤ +� � � �

� � � �
� � � �

− −
(29)      

7. MULTI-OBJECTIVE ANT LION OPTIMIZER  
A algorithm called Ant Lion Optimizer (ALO) inspired by 
nature, proposed by Seyedali Mirjalili in 2015. 
The fundamentals of this algorithm should be discussed 
first. An algorithm should follow the same search 
behaviour to be considered as an extended version of the 
same algorithm. The ALO algorithm mimics the hunting 
mechanism of antlions and the interaction of their 
favourite prey, ants, with them [19]. 
The Ant Lions belongs to the class of insects with wings 
and nerves (neuroptera). The life cycle of the ants includes 
two main phases: larvae and adults. A natural shelf life can 
take up to three years, which occurs mainly in larvae (3 to 
5 weeks into adulthood). The Lion Ant undergoes a 
metamorphosis into a cocoon to become an adult [20, 21, 
22]. They hunt primarily on larvae and the adult period is 
for breeding. A larva of lion ant massive jaw. After 
digging the trap, the larvae hide under the bottom of the 
cone and wait for the insects (preferably ants) to be 
trapped in the well. The edge of the cone is sharp enough 
so that the insects fall easily into the bottom of the trap. 
Once the ant realizes that a prey is in the trap, it tries to 
catch it. This is one of the algorithms that are also used for 
EELD, and it is one of the most recent discoveries [23, 
24]. 
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The original random walk utilized in the ALO algorithm to 
simulate the random walk of ants is as follows equation 
(28) [25]. 
� � ��� �
 � 	� 	� 	�� �
 � 
� 	������ �
 � � 	�� � ������ � � ������ � � ������ � ��= − − − −  (30) 

Where r(t) expressed by equation (13) 
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Where (rand) random number generated with uniform 
distribution in the interval of [0,1], and t shows the step of 
random walk (iteration in this study). 
 
To keep the random walk in the boundaries of the search 
space and prevent the ants from overshooting, the random 
walks should be normalized using the following equation 
(14) [24]: 

� � � �� 	 � �
� �


 	

� � �
�� �� � �

� �
� �

− × −
= +

−
                                              (32) 

To simulate the trapping of ants the mathematical 
expression of the trapping of the ants to the given by 
following equations (15) and (16) [23]: 

� � �� (�� #��� �� �= − −                                                    (33) 

� � �� (�� #��� �� �= − −                                                   (34) 

To construction of trap, the fittest ant lion is selected using 
the roulette wheel method. 
To simulate the sliding ants towards ant lions, the 
boundaries of random walks should be reduced adaptively 
as follows equations (17) et (18) [26]: 

����
)

=                                                                        (35)    
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=                                                                       (36) 

Where 	� � � ��) � �= , t is the courant iteration, S is the 

maximum number of iterations and w is a constant whose 
value is given by system (19)[23]: 
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To catching the ants by ant lion and re-building the pit can 
be mathematically described by equation (20) [21]: 

� � � � �� � � �(��#��� (�� �� � (�� � (��#���% � � %= >                     (38) 

Where �(��#��� % indicates the position of selected jth 

antlion  at ith iteration and �(�� �  shows the position of ith  

ant at ith iteration. t shows the current iteration. 
Finally the last operator in ALO, that is elitism, calculated 
using roulette wheel as follows equation (21) [26]: 
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+
=                                                         (39) 

Where ��( the random walk nearby the ant lion is chose 

by means of the roulette wheel at ith iteration, ��� is the 

random walk nearby the elite at tth iteration,  �(�� �  is the 

location of ith ant at tth iteration. 

8.  IMPLANTATION OF MOALO TO SOLVE 

CDEEDP 

The steps for an ant lion optimization application are as 
follows: 
Step 1: Initialize random walks on ants using Eq (28) and 
save generation scheduling of generating units as ant 
position using matrix (38) described below: 
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Where�
(��

, is the matrix for saving the position of each 

ant, �(�� � %  shows the value of the jth variable (dimension) 

of ith ant, n is the number of ants, and d is the number of 

variables. 

Step 2: For evaluating each ant (i.e., generating units), 

the following objective functions described in equation (2) 

and equation (3) are utilized during optimization and 

following matrix (23) stores the fitness value of all ants : 
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Where �
*(

is the matrix for saving the fitness of each ant, 

�(�� � % shows the value of jth dimension of ith ant, n is the 

number of ants, and f is the objective function. 

Step 3: Save the optimal cost and generation scheduling 

using matrix (40) and (41) described below: 
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         (42) 

Where�
(�

 is the matrix for saving the position of each 

ant lion, 
�� %(� shows the  jth  dimension’s value of  ith 

ant lion, n is the number of ant lions, and d is the number 
of variables (generators). 
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Where 
*(�

� the matrix for saving the fitness of each ant 

lion is, 
�� %(�  shows the jth dimension’s value of ith ant 

lion, n is the number of ant lions, and f is the objective 
function. 
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/// Appendix-A: MATLAB codes for the function B 
proposed by Seyedali Mirjalili [33]: 
 function [MAnt, MAL] = B(MAnt, MAL)  
for i = 1: n; 
Antlion = RouletteWheelSelection; 
(MAnt, 1/MOAL) 
Update c and d using Eq (33) and (34) 
c = Antlion + c; 
d = Antlion + d; 
celite = Elite + c; 
delite = Elite + d; 
for j = 1: d; 
RA = normalize(RA, c, d); 
RE = X(t) ; 
RE = normalize(RE, Celite,delite) ; 
MAnt (i,j) = (RA ? RE)/2; 
End; 
End; 
MOA = FitnessFunction(MAnt); 
Mcombined = concanenation of  MAnt and MAntlion  
Mcombined = sort(Mcombined) 
MAntlion = the first n rows of Mcombined 
If fitness function (MAntlion(1,:))\f(Elite) 
Elite = MAntlion(1, :) 
End ; 

9.  FRONT PARETO AND BEST COMPROMISE 
SOLUTION 
Decision maker (DM) may presume fuzzy or imprecise 
goals for each objective function. The fuzzy sets are 
defined by equations called membership functions. The 
DM evaluates the membership function, µFk in a 
subjective manner [28, 29] and is defined strictly 
monotonic decreasing and continuous function as defined 
below:  
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The procedure is as follows: 
First find the maximum of each objective function and 
save them, second Add one of the objective functions 
(here emission function F2) to the constraints as follows: 

= ≤ ε
 � ��� ���� �
��

� �� �                                                      (45) 

The � value will be varied from F2
Max

 to F2
min

   and then F1
 
  

(cost function) is minimized. 
A conservative decision maker tries to maximize minimum 
satisfaction among all objectives or minimize the 
maximum dissatisfaction. The final solution can then be 
found as equation 44. 
Where nS number of total solution and nF number of 
objective functions. 

Max min( F )k

� �
� �

µ� �
� �
� �

	� 	��� ��

                                                              (46) 

 

10.  ANALYSIS AND DISCUSSION OF RESULTS 
 
In this work, two test systems with the valve point effects, 
with different numbers of generating units are used to 
comprehensively measure the performance of the 
proposed algorithm with two cases each case contains 3 
situations: 
- Situation 1: DEcD Problem; Situation 2: DEmD 

Problem; Situation 3: CDEED Problem.  

Case 1: Test 5-unit system, the generators’ input data, load 

demand for 24 hours and the transmission loss coefficients 

of this system are given at table XVI, XVII and XVIII, 

respectively. 

Case 2: Test 10-unit system, the generators’ input data, 

price penalty factors for hourly load demands and the 

transmission loss coefficients of this system are given at 

table XVIV, XX and XXI, respectively. 

All the simulations are done using in MATLAB 

R2013a and executed with i3-2310M CPU @ 2.10 GHz 

2.10 GHz and 6 GB RAM PC. The system data for all 

cases are given from. The proposed algorithm was 

employed with the population size is 100 and the 

maximum iteration number max 100 for the two test 

system under consideration. 

To have a better result, we turned algorithm for each 

power demand value. The convergence characteristic of 

the proposed MOALO algorithm for case 1 and case 2 

respectively is depicted in fig. 2 and fig.3. It can be 

observed that MOALO only takes 100 iterations to 

converge to the best solution nearby. This reflects the 

complexity of the CDEED problem especially when we 

take into account the transmission loss and valve point 

effect. 

The numerical results for Pareto front and compromise 

solution for DEEDP of 5-unit system and 10-unit system 

are given by tables I and II, respectively. When for case 1 

the best cost is 51731 $ and the best emission is 27576 lb , 

for case 2 the best cost is 2592900 $ and the best emission 

is 292100 lb. Figures 4 and 5 shows the Pareto and 

compromise solution for the two cases situation 3 obtained 

from the proposed method.. 
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Fig .1: Flow-chart of combined environmental economic 

dispatch using MOALO algorithm. 
Tables III and IV VI gives the results of dynamic 

economic dispatch, dynamic emission dispatch, and 

combined economic emission dispatch and power losses 

for 24-h period for 5-unit system and 10-unit system with 

renewable energy. Similarly Tables V and VI gives the 

results of dynamic economic dispatch, dynamic emission 

dispatch, and combined economic emission dispatch and 

power losses for 24-h period for 5-unit system and 10-unit 

system, respectively, with, without rampe rate and without 

renewable energy.  

10.1. CASE 1 SITUATION 1: 5-UNIT SYSTEM 

DECDP 

In this case the DEcDP is considered to minimize only the 
fuel cost where w =1 and pf =1. To test the effectiveness 
of the proposed method, table VI present  the dispatching 
results (MW) and the power losses using MOALO, for 
verification, and Table V shows the summary results 
obtained by MOALO and literature methods, its show that 
The DEcD solution obtained by MOALO gives the best 
total cost among all methods. Comparing the proposed 
method MOALO with that (NEHS) and  (NPAHS) for 
example we notice that MOALO takes more time of 
calculation, but it realizes a much better total cost 
($763.0731 of less than the best method in the literature 
NEHS). The total emission not minimize is equal to 23837 
Ib. But the power losses is more than the other method 
(SA) with 3,9721 MW, where this method have a $47 356 
in cost function.   

10.2. CASE 1 SITUATION 2: 5-UNIT SYSTEM 

DEMDP 

In this situation we taking into account the transmission 

loss and valve point effect, the total emission only is 

minimize where w =0 and pf =1.Table VIII illustrate the 

dispatch results and the power losses using MOALO. It is 

clear that the proposed method gives the best solution 

compared to the other method with a fable minimum 

difference of cost and losses. Compared to case 1 situation 

1 the total cost in this situation worth $ 51982 it’s 

absolutely this value is higher than, because we minimize 

only emission. But the emission value 17853lb is lower by 

5984lb.   

10.3. CASE 1 SITUATION 3: 5-UNIT SYSTEM 

CDEEDP 

The 3rd situation test case 1 we used the equation (5) 

where w =0.5 and pf is computed using Equation (6), 

minimizing simultaneously the economic and emission. 

The cost value obtained by MOALO, in TABLE VIII, 

equal $ 44 942 it’s best than literature methods. As a 

consequence, MOALO can better equalize fuel cost but 

more pollutant emission, by 41,66284 lb, as the multi-

objective functions than the NEHS method.  

10.4. CASE 2 SITUATION 1: 10-UNIT SYSTEM 

DECDP 

We compare the minimum fuel cost firstly obtained by 
different methods. In table X, MOALO give the best value 
(2455700$) than the value obtained by different methods. 
Secondly, we compare the minimum emission obtained by 
different methods. The minimum emission obtained by 
MOALO (17853 lb) is same value obtained by the best 
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method in literature, same remark for the value of power 
losses. 

10.5. CASE 2 SITUATION 2: 10-UNIT SYSTEM 

DEMDP 

The second situation test case 2 concerns a 10-unit 

system where w= 0 and variable values of pf for 24 hours, 

the transmission loss is not considered with valve point 

effect. Table IX given the dispatch and a comparative 

result obtained by MOALO and literature methods in this 

situation case. Table XI shows the best results of the 

proposed method compared to that of literature. The 

emission is 291610 lb lower than the NEHS method. 

Compared with last situation in this case the cost 

increased.     

10.6. CASE 2 SITUATION 3: 10-UNIT SYSTEM 

CDEEDP 

The equation (5) used in this case situation where the 

price penalty factor pf is computed using Equation (22). 

The minimum cost obtained by the proposed MOALO 

method is $2529000/h among 100 trials in economic 

dispatch problem and considered as the ever best solution. 

It is also clear from the simulation results that the 

proposed approach provides better statistical results as 

compared with many other available methods given in 

Table XII.The corresponding emission and loss are found 

to 18434 lb and 189,2309 MW respectively.  

11.  Extended of DEEDP by ramp rate constraint. 

Respect the equations (26.1) and (26.2) to solve DEEDP 
with the two case test systems with the three situations. 
Tables V and VI give summary results, and then the 
corresponding results are listed in Tables VII, VIII and IX 
for case 1 and X, XI and XII for case 2. Results show that 
when the best cost dispatch is taken into account, the 
system is faced with the minimum amount of cost for a 
24h time interval, where  without ramp rate, it is 42303$ 
for case 1 and 2455700 $ for case 2. On the other hand by 
considering the best emission, the system is operated at its 
lowest amount of emission, 17853 lb for case 1 and 
291610 lb for case 2. For the combined minimum fuel cost 
and emission case, the fuel cost and pollutant emission 
obtained by the proposed method can be reduced about 
44942$ and 18434 lb for case 1 and 2529000$ and 
295490 lb for case 1.  
Then with ramp rate it is 50781 $ for case 1 and 2462400 
$ for case 2. On the other hand by considering the best 
emission, the system is operated at its lowest amount of 
emission, 17885 lb for case 1 and 303920 lb for case 2 lb. 
For the combined minimum fuel cost and emission case, 
the fuel cost and pollutant emission obtained by the 
proposed method can be reduced about 51664 $ and 
17956 lb for case 1 and 2546000 $ and 293440 lb for case 
1. The ramp up/ramp down values of each unit for each 
hour in the optimization problem of the DEED is shown in 
figure 6 case 1 and figure 7 case 2. It can be seen that the 
unit ramp rate constraints and in particular the constraint 

(10) have been respected. However, for the conventional 
DEED problem, from the obtained simulation results of 
the ten-unit system using CRO [10], HCRO [10], DE-SQP 
[4], PSO-SQP [4], MAMODE [11], IBFA [12], RCGA 
[13], MRGA [1], NEHS [9] methods, it is clearly seen that 
the proposed method given the best solution for each cases 
five and ten units systems than those reported in literature.  

The generation of each unit over 24h for the best 

compromise solution is shown in Figure 5. It can be seen 

that the generators 5, 6, 7, 8, 9 and 10 reach their 

maximum production from a total load demand greater 

than or equal to 1258 MW since they are the least 

powerful machines, but the generated power by the 

committed units 1, 2, 3 and 4 follow the profile of load 

demand PD and work with their full capacities in peak 

demand times.   

12.  Integrated Wind and Solar Energy Systems for 

dynamic dispatch with ramp rate constraint. 

 The rating of wind power generator is pr =150MW.  

The cut-in, cut-out and rated wind speeds are vin=4m/s, 

vo=25 m/s and vr=15 m/s respectively. The direct cost 

coefficient Kwin for the wind power generator is taken 3.25. 

The rating of solar PV generator is PS=150 MW. The 

direct cost coefficient Kpv for the solar PV generator is 

taken 3.5. The solar radiation in the standard environment 

Gstd and a certain radiation point Rc are taken as 1000 

W/m2 and 150 W/m2. The forecasted wind velocity and 

solar radiation table XXII are taken from [32].  

Tables III and IV illustrate the best solutions for multi-

objective wind, solar and thermal dispatch with ramp rate 

using MOALO for case 1 and case 2 respectively. From 

case 1 it's clear that the cost with renewable energy 

increase but the emission values decreases, so the 

integration of renewable energy in this case is useless, to 

because the cost wind and PV solar added increases the 

global cost look equations (6) and (20). But for case 2 the 

effect of the integration of renewable energy is influential, 

the cost and the emission for situation 1, situation 2 and 

situation 3 equal 2307100 $, 283100 lb; 2501000 $, 

257230 lb; 22415600 $, 253580 lb respectively, are it is 

lower than without energy renewable.  

13. CONCLUSIONS AND PERSPECTIVES  

In this work, Multi-objective ant lion optimizer used to 

solve combined dynamic economic emission dispatch 

problem with valve point effect and transmission loss. To 

tackle this non-convex problem, linear approximation is 

applied to the non-smooth cost function and the 

transmission loss, and consequently the original CDEED 

problem is converted into MOALO problem. 

The DEED problem for the test system is carried out to 

determine the hourly generation schedule using MOALO 

for the minimum fuel cost case 1 and 2 situation 1 , 

minimum emission case 1 and 2 situation 2 and combined 

minimum fuel cost and emission case 1 and 2 situation 3. 
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Simulation results show that MOALO is more efficient 

than the other method for the DEcD, DEmD and CDEED 

problems and has the potential to find desirable solutions 

in 100 iterations. 

The economic emission effect, computation efficiency 

and convergence property of MOALO are demonstrated. 

Therefore MOALO optimization is a promising technique 

for solving complicated problems in power systems. 

Applications of the proposed algorithm to multi-objective 

problems in power system integrated with wind farms, PV 

system, hydro and ESS operation are a future work. 

TABLE I 

The numerical results for Pareto front and compromise 

solution for DEEDP of 5-unit system 

S 

n° 

�  

(104) 

Fu 

(104) 

Em 

(104) 

µFu  µEm min 

(µFu, µEm) 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

2.7538 
2.7542 
2.7547 
2.7552 
2.7556 
2.7561 
2.7565 
2.7570 
2.7575 
2.7579 
2.7584 
2.7588 
2.7593 
2.7598 
2.7602 
2.7607 
2.7611 
2.7616 
2.7621 
2.7625 
2.7630 

5.1844 
5.1804 
5.1788 
5.1775 
5.1764 
5.1755 
5.1746 
5.1738 

5.1731 
5.1724 
5.1717 
5.1711 
5.1705 
5.1699 
5.1693 
5.1688 
5.1683 
5.1678 
5.1673 
5.1668 
5.1663 

2.7539 
2.7543 
2.7548 
2.7553 
2.7557 
2.7562 
2.7566 
2.7571 

2.7576 
2.7580 
2.7585 
2.7589 
2.7594 
2.7599 
2.7603 
2.7608 
2.7612 
2.7617 
2.7622 
2.7626 
2.7631 

0 
0.2192 
0.3092 
0.3798 
0.4399 
0.4931 
0.5412 
0.5853 
0.6264 
0.6653 
0.7022 
0.7373 
0.7710 
0.8032 
0.8342 
0.8641 
0.8929 
0.9209 
0.9480 
0.9743 
1.0000 

1.0000 
0.9500 
0.9000 
0.8500 
0.8000 
0.7500 
0.7000 
0.6500 
0.6000 
0.5500 
0.5000 
0.4500 
0.4000 
0.3500 
0.3000 
0.2500 
0.2000 
0.1500 
0.1000 
0.0500 

0 

0 
0.2192 
0.3092 
0.3798 
0.4399 
0.4931 
0.5412 
0.5853 

0.6000 
0.5500 
0.5000 
0.4500 
0.4000 
0.3500 
0.3000 
0.2500 
0.2000 
0.1500 
0.1000 
0.0500 

0 

TABLE II 
The numerical results for Pareto front and compromise 

solution for DEEDP of 10-unit system 
S 

n° 

�  

(106) 

Fu 

(106) 

Em 

(106) 

µFu  µEm min 

(µFu, µEm) 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

0.3147 
0.3150 
0.3153 
0.3156 
0.3159 
0.3161 
0.3164 
0.3167 
0.3170 
0.3173 
0.3176 
0.3179 
0.3182 
0.3185 
0.3188 
0.3191 
0.3194 
0.3197 
0.3200 
0.3203 
0.3206 

2.6646 
2.6357 
2.6244 
2.6159 
2.6090 
2.6030 
2.5977 

2.5929 
2.5886 
2.5846 
2.5809 
2.5775 
2.5743 
2.5712 
2.5684 
2.5656 
2.5631 
2.5606 
2.5583 
2.5560 
2.5539 

0.2900 
0.2903 
0.2906 
0.2909 
0.2912 
0.2915 
0.2918 

0.2921 
0.2924 
0.2927 
0.2930 
0.2933 
0.2936 
0.2939 
0.2942 
0.2945 
0.2948 
0.2950 
0.2953 
0.2956 
0.2959 

0 
0.2607 
0.3632 
0.4394 
0.5023 
0.5566 
0.6046 
0.6475 
0.6866 
0.7226 
0.7558 
0.7869 
0.8161 
0.8435 
0.8694 
0.8939 
0.9169 
0.9393 
0.9606 
0.9808 
1.0000 

1.0000 
0.9500 
0.9000 
0.8500 
0.8000 
0.7500 
0.7000 
0.6500 
0.6000 
0.5500 
0.5000 
0.4500 
0.4000 
0.3500 
0.3000 
0.2500 
0.2000 
0.1500 
0.1000 
0.0500 

0 

0 
0.2607 
0.3632 
0.4394 
0.5023 
0.5566 
0.6046 

0.6475 
0.6000 
0.5500 
0.5000 
0.4500 
0.4000 
0.3500 
0.3000 
0.2500 
0.2000 
0.1500 
0.1000 
0.0500 

0 
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Fig. 2: Convergence characteristic of MOALO for case 

1/situation 3 
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Fig. 3: Convergence characteristic of MOALO for case 

2/situation 3 
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Fig.4: Pareto and compromise solution for case 1/situation 3 
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Fig. 5: Pareto and compromise solution of MOALO for 
case 2/situation 3 
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TABLE III 

Best solutions for multi-objective wind, solar and thermal dispatch case 1 with ramp rate using MOALO 
 Without wind and solar With wind and solar 

 DEcD DEmD DEEDP DEcD DEmD DEED 

Cost ($) 50781  51877  51664  52479 55860 55624 

Emission (lb) 31189  17885  17956  17854 13916 14022 

Total cost ($)  34810   37670 

Ploss 196.1821 188.1285 189.2309 147.7911 143.0931 143.0622 

 

Table IV 

Best solutions for multi-objective wind, solar and thermal dispatch case 2 with ramp rate using MOALO 
 Without wind and solar With wind and solar 

DEcD DEmD DEEDP DEcD DEmD DEED 

Cost ($) 2462400 2658900 254600 2307100 2501000 2415600 

Emission (lb) 322740 303920 293440 283100 257230 253580 

Total cost ($)  2633400   2368600 

Ploss 1282.8 1315.3 1299.6 1089.7 1129.4 1112.5 

 
TABLE V 

The DEcD, DEmD and CDEED results of different algorithms for case 1 with and without ramp rate 
  without ramp rate with ramp rate 

P Loss 
(MW) Problem type Method 

function values 

Cost  ($) Emission (lb) Cost  ($) Emission (lb) 

DEcDP 

PSO [3] 47 852 -- -- -- -- 
DE-SQP [4] 43 161 -- -- -- 194,1988 
PSO-SQP [4] 43 263 -- -- -- 193,3194 
MODE [5] 46 747 -- -- -- -- 
MOHDE-SAT [5] 46 478 -- -- -- -- 

NPAHS [6] 43 072,99 -- -- -- 194,6059 

EP [7] 46 777 -- -- -- -- 

SA [8] 47 356 -- -- -- 192,21 

PS [8] 46 530 -- -- -- -- 
NEHS [9] 43066,0731 -- -- -- -- 

MOALO 42303  23728 50781 31189 196,1821 

DEmDP 

PSO [3] -- 19 094 -- -- -- 

MODE [5 -- 17 944 -- -- -- 
MOHDE-SAT [5] -- 17 884 -- -- -- 
NPAHS [6] -- 17 853 -- -- 188.1340 
EP [7] -- 17 966 -- -- -- 
PS [8] -- 18 192 -- -- -- 
NEHS [9] -- 17 853,0029 -- -- -- 

MOALO 51982 17853 51877 17885 188.1285 

CDEEDP 

PSO [3] 50 893 20 163 -- -- -- 

DE-SQP [4] 44 450 19 616 -- -- 192,6101 

PSO-SQP [4] 44 542 19 772 -- -- 191,7028 

MODE [5] 47 330 18 116 -- -- -- 

MOHDE-SAT [5] 48 214 18 011 -- -- 188,4360 

NPAHS [6] 45 196 18 630 -- -- 190,0686 

EP [7] 48 628 21 154 -- -- -- 

SA [8] 48 621 21 188 -- -- -- 

PS [8] 47 911 18 927 -- -- 191.73 

NEHS [9] 45 398,0163 18 392,3371 -- -- -- 

MOALO 44 942 18434 51664 17956 189,2309 

Total cost = 31688 $ Total cost = 34810 $  

 
 
 
 
 
 
 

TABLE VI 
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 The DEcD, DEmD and CDEED results of different algorithms for case 2 with and without ramp rate 

Problem type Method 

without ramp rate with ramp rate 
P Loss 
(MW) 

function values 

Cost ($) Emission (lb) Cost ($) Emission (lb) 

DEcDP 

CRO [10] 2 481 613,3800 -- -- -- 1292,9583 

HCRO [10] 2 479 931,3800 -- -- -- 1292,5292 
DE-SQP [4] 2,4659 × 106 -- -- -- 1289,7 
PSO-SQP [4] 2,4668 × 106 -- -- -- 1289,7 

MAMODE [11] -- -- 2 492 451 315119 1297,6 

IBFA [12] 
-- -- 2 

481 733,25 
327501 1295,2561 

RCGA [13] 
-- -- 2,5168 × 

106 
317400 -- 

MRGA [1] 2,497 × 106 -- -- --  

NEHS [9] 2 463 500,8404 -- -- --  
MOALO 2 455 700 337360 2462400 322740 1282.8 

DEmDP 

CRO [10] -- 298 664,4802 -- -- 1300,2801 

HCRO [10] -- 298 456,2683 -- -- 1300,2707 

MAMODE [11] -- 295 244 -- 295 244 -- 

IBFA [12] -- 295 833,0308 -- 295 833,0308 1319,9481 

RCGA [13] -- 3,0412 × 105 -- 3,0412 × 105 -- 

MRGA [1] -- 2,924 × 105 -- -- -- 

NEHS [9] -- 291 849,4686 -- -- -- 

MOALO 2592900 291 610 2658900 303920 1315,3 

CDEEDP 

CRO [10] 2 517 821,0349 301 941,9173 -- -- 1298.4666 

HCRO [10] 2 517 076,3921 299 065,5049 -- -- 1299,8723 
DE-SQP [4] 2,4688 × 106 3,1564 × 105 -- -- 1290,0 
PSO-SQP [4] 2,4701 × 106 3,1507 × 105 -- -- 1290,3 
MAMODE [11] -- -- 2 514 113 302742 -- 

IBFA [12] 
-- -- 2 517 

116,74 
299 036,7059 1299,8760 

NSGA-II [13] 
-- -- 2,5226 × 

106 
3,0994 × 105 -- 

RCGA [13] 
-- -- 2,5251 × 

106 
3,1246 × 105 -- 

MRGA [1] 2 555 180,88 299 140,86 -- -- 1305,4 

MNSGA-II [1] 2 517 711,43 308 674,15 -- -- 1299,3 
NEHS [9] 2 533197,19888 295 120,86162 -- -- -- 

MOALO 
2 529 000 295 490 2546000 293440 1299.6 

Total cost = 2633800 $ Total cost =2633400 $ 

 
 

TABLE VII 

The best solutions obtained by MOALO for case 1 situation 1 without wind and solar 

PD Dynamic Economic Dispatch (DEcD) PLoss 
Without ramp rate With  ramp rate 

     P1                      P2                      P3                        P4                 P5      P1                      P2                      P3                        P4                 P5 

410 11.6383   20.0000  112.6735   40.0000  229.5196 15.0048   73.3463   58.3656  120.0388  146.6925 3.6242 

435 51.2609   98.5398   30.0000  209.8158   50.0000 16.0797   76.2125   65.5311  128.6374  152.4249 3.8314 

475 75.0000   23.1604   32.4635  209.8159  139.7598 17.8017   80.8047   77.0116  142.4140  161.6093 4.6165 

530 55.4691   98.5398  112.6735   40.0000  229.5196 20.1744   87.1317   92.8292  161.3950  174.2633 5.1996 

558 10.0000   92.8437  112.3382  209.8157  139.7598 21.3844   90.3584  100.8960  171.0752  180.7168 6.2020 

608 50.2066   98.5398  112.6735  124.9079  229.5196 23.5488   96.1301  115.3252  188.3902  192.2601 6.7574 

626 67.0809   98.5398   30.0000  209.8158  229.5196 24.3292   98.2113  120.5282  194.6339  196.4226 7.8474 

654 12.7090   98.5398  112.6735  209.8158  229.5196 25.5442  101.4512  128.6279  204.3535  202.9023 8.9561 

690 49.6196   98.5398  112.6735  209.8158  229.5196 27.1089  105.6236  139.0590  216.8708  211.2472 9.2577 

704 64.0108   98.5398  112.6735  209.8158  229.5196 27.7184  107.2492  143.1229  221.7475  214.4983 10.1683 

720 18.0402   98.5398  175.0000  209.8158  229.5196 28.4155  109.1081  147.7703  227.3243  218.2162 10.5595 

740 75.0000  124.7110  112.6735  209.8159  229.5196 29.2875  111.4334  153.5836  234.3003  222.8669 10.9154 

704 64.0108   98.5398  112.6735  209.8158  229.5196 27.7184  107.2491  143.1228  221.7474  214.4983 11.7200 

690 49.6196   98.5398  112.6735  209.8158  229.5196 27.1090  105.6240  139.0600  216.8720  211.2480 10.5595 

654 12.7090   98.5398  112.6735  209.8158  229.5196 25.5442  101.4513  128.6283  204.3539  202.9026 10.1683 

580 26.4485   98.5399  112.6735  209.8158  139.7598 22.3361   92.8964  107.2409  178.6891  185.7927 9.2577 

558 10.0000   91.8849  108.4107  124.8934  229.5169 21.3844   90.3584  100.8960  171.0752  180.7168 7.2375 

608 50.2066   98.5398  112.6735  124.9079  229.5196 23.5488   96.1300  115.3250  188.3900  192.2600 6.7059 

654 12.7090   98.5398  112.6735  209.8158  229.5196 25.5443  101.4515  128.6286  204.3544  202.9029 7.8474 

704 64.0108   98.5398  112.6735  209.8158  229.5196 27.7185  107.2493  143.1232  221.7478  214.4985 9.2577 
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680 39.3529   98.5398  112.6735  209.8158  229.5196 26.6740  104.4639  136.1598  213.3918  208.9278 10.5595 

605 52.0076   98.5398  112.6735  209.8158  139.7598 23.4188   95.7835  114.4587  187.3504  191.5669 9.9016 

527 56.8895   98.5398  112.6735  124.9079  139.7598 20.0448   86.7862   91.9655  160.3586  173.5724 7.7965 

463 10.0000   78.5142   30.0000  209.8149  139.7596 17.2848   79.4262   73.5654  138.2785  158.8523 5.7705 

Total Cost= 42303 $  , Em=  23728 lb Cost=50781 $, Em= 31189 lb 196.1821 

410 11.6383   20.0000  112.6735   40.0000  229.5196 15.0048   73.3463   58.3656  120.0388  146.6925 3.6242 

 
TABLE VIII 

The best solutions obtained by MOALO for case 1 situation 2 without wind and solar 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE IX 

The best solutions obtained by MOALO for case 1situation 3 without wind and solar 

 
PD 

Dynamic Economic Dispatch (DEmD) 

PLoss 
Without ramp rate With  ramp rate 

     P1                      P2                      P3                        P4                 

P5 
     P1                  P2                       P3                   P4                           

P5 

410 54.6786   58.2355  116.5717  110.5982    73.3640 54.6457   57.2415  119.8688  110.1403   71.5518 3.4480 
435 58.0671   62.3835  121.8514  117.9819    78.6016 57.9646   61.2242  125.5584  117.6079   76.5303 3.8855 

475 63.5261   69.0803  130.2208  129.7502    87.0639 63.2823   67.6054  134.6744  129.5726   84.5067 4.6413 
530 71.1205   78.4297  141.5516  145.8017    98.8901 70.6087   76.3972  147.2340  146.0572   95.4965 5.7936 
558 75.0000   83.2690  147.2412  153.9049    

105.0157 
74.3452   80.8809  153.6394  154.4642  101.1011 6.4308 

608 75.0000   93.3123  158.9125  170.4455   117.9841 75.0000   89.9865  166.6474  171.5373  112.4832 7.6544 
626 75.0000   97.5459  162.3634  176.6156   122.6003 75.0000   93.3125  171.3988  177.7734  116.6406 8.1252 
654 75.0000  102.5107  169.1904  185.4430  130.7349 75.0000   99.4101  175.0000  189.2064  124.2626 8.8790 
690 75.0000  110.8922  175.0000  197.2456  141.7717 75.0000  108.3872  175.0000  206.0384  135.4839 9.9095 
704 75.0000  115.4648  175.0000  202.9722  145.8994 75.0000  111.8846  175.0000  212.5961  139.8557 10.3364 
720 75.0000  120.2594  175.0000  209.2192  151.3559 75.0000  115.8841  175.0000  220.0952  144.8552 10.8345 
740 75.0000  125.0000  175.0000  217.3084  159.1633 75.0000  120.8871  175.0000  229.4758  151.1088 11.4717 
704 75.0000  115.1651  175.0000  203.2749  145.8961 75.0000  111.8845  175.0000  212.5960  139.8556 10.3361 
690 75.0000  111.5158  175.0000  197.5302  140.8671 75.0000  108.3880  175.0000  206.0400  135.4850 9.9131 
654 75.0000  103.0427  169.3807  185.1830  130.2740 75.0000   99.4104  175.0000  189.2070  124.2630 8.8804 
580 75.0000    87.7312  152.3940  161.2011  110.6290 75.0000   84.8189  159.2650  161.8479  106.0236 6.9553 
558 75.0000    83.2637  147.2404  153.9097  105.0169 74.3452   80.8809  153.6394  154.4642  101.1011 6.4307 
608 75.0000    92.8525  158.9007  170.7970  118.1036 75.0000   89.9864  166.6473  171.5371  112.4830 7.6538 
654 75.0000  104.0180  169.0839  184.4714  130.3084 75.0000   99.4107  175.0000  189.2076  124.2634 8.8817 
704 75.0000  115.5785  175.0000  203.0639  145.6948 75.0000  111.8848  175.0000  212.5965  139.8560 10.3372 
680 75.0000  108.7826  175.0000  193.5898  137.2449 75.0000  105.8921  175.0000  201.3601  132.3651 9.6173 
605 75.0000   92.8398  158.1106  169.4912   117.1367 75.0000   89.4326  165.8562  170.4987  111.7908 7.5783 
527 70.7033   77.9150  140.9393  144.9310    98.2388 70.2087   75.9171  146.5482  145.1570   94.8964 5.7274 
463 61.8832   67.0629  127.7207  126.2266    84.5139 61.6860   65.6899  131.9379  125.9811   82.1124 4.4073 

Total Em= 17850 lb, Cost=51982 $ Em= 17885 lb, Cost=51877 $ 188.128
5 
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 TABLE X 

The best solutions obtained by MOALO for case 2 situation 1 without wind and solar 

PD 

Dynamic Economic Dispatch (DEcD) 

PLoss        P1                     P2                        P3                   P4                 P5                      P6                     P7                          P8                          P9                    

P10 

1036   150.0000  135.0000   73.0000   78.6783  178.8655  156.5789  130.0000  120.0000   20.0000     
12.8773 

19.6249 

1110   150.0000  135.0000   85.6192   97.2553  210.0326  160.0000  130.0000  120.0000   25.7375     
17.9555 

22.3797 

1258   150.0000  135.0000  137.5956  141.4215  243.0000  160.0000  130.0000  120.0000   39.0892   
29.1936 

28.4343 

1406   150.0000  135.0000  208.5346  191.4215  243.0000  160.0000  130.0000  120.0000   57.3121   
44.5318 

35.3822 

1480   150.0000  135.0000  242.3994  227.9006  243.0000  160.0000  130.0000  120.0000   61.2520   
47.8480 

39.2493 

1628   150.0000  135.0000  322.3994  277.9006  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

47.8793 

1702   150.0000  173.6000  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

52.7257 

1776   172.8362  229.5638  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

58.1259 

1924   251.4362  309.5638  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

70.1073 

2022   287.9827  378.8173  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

78.9848 

2106   325.3528  432.6472  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

87.1780 

2150   344.9803  460.9197  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

91.6856 

2072   337.8411  383.1589  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

83.7461 

1924   257.8411  303.1589  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

70.1014 

1776   179.2411  223.1589  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

58.1165 

1554   150.0000  143.1589  270.7477  250.0000  243.0000  160.0000  130.0000  120.0000   73.2934   
55.0000 

43.4391 

1480   150.0000  135.0000  241.1619  220.9584  243.0000  160.0000  130.0000  120.0000   65.6934   
51.5863 

39.2598 

1628   150.0000  158.2587  306.0829  270.9584  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

47.9407 

1776   214.4413  238.2587  312.8858  277.0142  243.0000  160.0000  130.0000  120.0000   80.0000   58.4974 

 
PD 

Combined Dynamic Economic Dispatch (CDEED) 

PLoss 
Without ramp rate With  ramp rate 

     P1                      P2                      P3                        P4                 P5      P1                  P2                       P3                   P4                           

P5 

410 27.5030   98.5398   112.6735  124.9079   50.0000 43.1392   60.9232  115.0955  113.2353   81.2310 19.6037 
435 60.6073   90.8126   112.6735  124.9079   50.0000 45.8156   64.7893  121.0433  120.9674   86.3857 22.5181 

475 75.0000   98.5413   115.6561  125.9360   64.6147 50.1132   70.9968  130.5933  133.3825   94.6624 28.5796 
530 72.1679   86.3011   112.6735  124.9079  139.7598 56.0260   79.5375  143.7329  150.4639  106.0500 35.4408 
558 75.0000   98.8632   122.2839  128.5479  139.7598 59.0471   83.9013  150.4465  159.1915  111.8684 39.5279 
608 75.0000   98.5927   175.0000  127.2736  139.7598 64.4440   91.6969  162.4397  174.7828  122.2626 48.0139 
626 73.5279   98.5397   112.6735  209.8158  139.7598 66.4153   94.5443  166.8204  180.4776  126.0591 52.9470 
654 75.0000   98.5408   139.8574  209.8158  139.7598 69.4377   98.9101  173.5369  189.2090  131.8801 58.3973 
690 75.0000  100.3389  175.0000  209.8159  139.7599 74.3250  105.9694  175.0000  203.3277  141.2926 70.5512 
704 75.0000  114.7841  175.0000  209.8158  139.7598 75.0000  109.1471  175.0000  209.6831  145.5295 79.6379 
720 75.0000  125.0000  175.0000  210.0807  145.7794 75.0000  112.9549  175.0000  217.2987  150.6065 88.0681 
740 75.0000   98.5398   175.0000  209.8158  193.0103 75.0000  117.6870  175.0000  226.7629  156.9160 92.4355 
704 75.0000  114.7840  175.0000  209.8159  139.7598 75.0000  109.1471  175.0000  209.6831  145.5295 84.5157 
690 75.0000  100.3389  175.0000  209.8159  139.7599 74.3250  105.9694  175.0000  203.3277  141.2926 70.5512 
654 75.0000   98.5408   139.8574  209.8158  139.7598 69.4377   98.9101  173.5369  189.2090  131.8801 58.3973 
580 74.9999   98.5395   112.6753  161.0533  139.7599 61.4278   87.3402  155.7370  166.0693  116.4536 43.6277 
558 75.0000   98.8632   122.2839  128.5479  139.7598 59.0471   83.9013  150.4465  159.1915  111.8684 39.7190 
608 75.0000   98.5927   175.0000  127.2736  139.7598 64.4440   91.6969  162.4397  174.7828  122.2626 48.0501 
654 75.0000   98.5408   139.8574  209.8158  139.7598 69.4377   98.9101  173.5369  189.2090  131.8801 58.3973 
704 75.0000  114.7841  175.0000  209.8158  139.7598 75.0000  109.1471  175.0000  209.6831  145.5295 74.8699 
680 66.7042   98.5398   174.8135  209.8158  139.7598 72.9086  103.9236  175.0000  199.2361  138.5648 70.5512 
605 75.0000   98.5422   163.9459  135.2974  139.7598 64.1191   91.2276  161.7177  173.8441  121.6368 48.1273 
527 56.8895   98.5398   112.6735  124.9079  139.7598 55.7054   79.0744  143.0205  149.5377  105.4325 31.7705 
463 75.0000   98.5418   114.6977  124.9097   54.3867 48.8252   69.1363  127.7311  129.6615   92.1818 25.2377 

Total Cost = 44942 $ , Em=  18434 lb, Total cost = 31688 $ Em= 17956 lb, Cost=51664$,  Total cost = 34810 
$ 

189.2309 
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55.0000 
1972   294.4413  318.2587  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   

55.0000 
74.3441 

1924   266.0000  295.0000  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

70.1018 

1628   186.0000  215.0000  260.0000  250.0000  243.0000  160.0000  130.0000  120.0000   61.1421   
48.3579 

48.5413 

1332   150.0000  135.0000  180.0000  200.0000  234.2556  160.0000  130.0000  120.0000   31.1421   
21.9023 

31.6961 

1184   150.0000  135.0000  100.0000  150.0000  217.0170  160.0000  130.0000  120.0000   27.0895   
19.0935 

25.2238 

Total  Cost= 2462400 $, Em=322740 lb 1282.8 

TABLE XI 

The best solutions obtained by MOALO for case 2 situation 2 without wind and solar 

PD 

Dynamic Emission Dispatch (DEmD) 
PLoss 

 
      P1                     P2                        P3                      P4                       P5                         P6                       P7                       P8                     P9                   

P10 

1036   150.0000  135.0000    90.4860    90.4860  130.1630  130.1630    97.2510    97.2510   80.0000   55.0000    19.6752 
1110   150.0000  138.3230  100.7510  100.7510  145.3510  145.3510  108.4870  108.4870   80.0000   55.0000    22.4342 
1258   167.3650  167.3650  118.5530  118.5530  171.6920  160.0000  127.9730  120.0000   80.0000   55.0000    28.9267 
1406   204.4750  204.4750  141.3000  141.3000  205.3500  160.0000  130.0000  120.0000   80.0000   55.0000    36.6333 
1480   223.3720  223.3720  152.8830  152.8830  222.4890  160.0000  130.0000  120.0000   80.0000   55.0000    40.8827 
1628   264.4420  264.4420  178.0580  178.0580  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    50.2599 
1702   290.2950  290.2950  193.9050  193.9050  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    55.4354 
1776   314.8770  314.8770  208.9730  208.9730  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    60.9052 
1924   364.2890  364.2890  239.2610  239.2610  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    72.7593 
2022   397.3340  397.3340  259.5160  259.5160  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    81.2779 
2106   425.9150  425.9150  277.0350  277.0350  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    89.0057 
2150   440.9800  440.9800  286.2700  286.2700  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    93.2146 
2072   414.2900  414.2900  269.9100  269.9100  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    85.8288 
1924   364.2890  364.2890  239.2610  239.2610  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    72.7593 
1776   314.8770  314.8770  208.9730  208.9730  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    60.9052 
1554   242.2940  242.2940  164.4810  164.4810  239.6500  160.0000  130.0000  120.0000   80.0000   55.0000    45.4004 
1480   223.3720  223.3720  152.8830  152.8830  222.4890  160.0000  130.0000  120.0000   80.0000   55.0000    40.8827 
1628   265.7750  265.7750  178.8750  178.8750  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    50.2599 
1776   314.8770  314.8770  208.9730  208.9730  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    60.9052 
1972   380.4400  380.4400  249.1600  249.1600  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    76.8588 
1924   356.5170  356.5170  258.6060  235.4590  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000    72.4765 
1628   276.5170  276.5170  178.6060  185.4590  215.2000  160.0000  130.0000  120.0000   80.0000   55.0000    50.5153 
1332   196.5170  196.5170  119.1650  135.4590  172.5980  160.0000  128.6430  120.0000   80.0000   55.0000    32.8439 
1184   152.1870  152.1870  109.2490  109.2490  157.9250  157.9250  117.7890  117.7890   80.0000   55.0000    25.4995 

Total  Em=303920 lb, Cost= 2658900$  1326,5 

 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE XII 

The best solutions obtained by MOALO for case 2 situation 3 without wind and solar 

 
PD 

Combined Dynamic Economic Emission Dispatch (CDEED) 
PLoss 

 
      P1                      P2                      P3                     P4                       P5                        P6                   P7                         P8                     P9                       

P10 

1036   150.0000  135.0000   84.3950   86.2800  133.5830  129.8300  108.0530  108.0530   65.6050   55.0000 19.6725 
1110   150.0000  135.0000   93.8630   95.4340  148.0250  143.9370  119.1770  119.1770   72.8880   55.0000 22.4421 
1258   150.0000  135.0000  129.0350  129.4410  198.0250  160.0000  130.0000  120.0000   80.0000   55.0000 28.5067 
1406   150.0000  152.2500  176.3550  175.2950  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 35.5643 
1480   159.8870  175.4320  199.2160  197.4650  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 39.6174 
1628   219.2620  237.1970  214.8810  213.6590  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 49.1955 
1702   240.3320  261.0150  234.2980  232.7540  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 54.2048 
1776   260.3670  283.6630  252.7610  250.9100  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 59.5037 
1924   311.7400  336.6590  280.2610  278.4390  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 71.2634 
2022   343.5520  370.0820  300.9970  299.0690  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 79.6533 
2106   380.6250  406.7880  318.4860  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 87.5818 
2150   397.4580  425.0940  331.9480  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 91.8556 
2072   361.8550  390.2400  316.3040  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 84.2074 
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1924   311.7400  336.6590  280.2610  278.4390  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 71.2634 
1776   259.1720  280.8240  254.7940  252.9090  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 59.4569 
1554   179.1720  200.8240  216.2340  213.9690  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 44.0557 
1480   159.8870  175.4320  199.2160  197.4650  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 39.6174 
1628   220.3490  238.4250  215.8830  214.6440  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 49.1955 
1776   260.3670  283.6630  252.7610  250.9100  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 59.5037 
1972   329.0720  354.1340  288.8880  287.1060  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 75.3585 
1924   310.0000  326.9750  298.5180  271.6070  243.0000  160.0000  130.0000  120.0000   80.0000   55.0000 71.1255 
1628   230.0000  246.9750  218.5180  221.6070  215.2000  160.0000  130.0000  120.0000   80.0000   55.0000 49.3865 
1332   150.0000  166.9750  138.5180  171.6070  191.8000  160.0000  130.0000  120.0000   80.0000   55.0000 32.0171 
1184   150.0000  135.0000  102.4240  121.6070  159.8670  156.6940  129.2350  120.0000   79.4730   55.0000 25.3548 
Total Cost =2546000 $, Em  = 2933400 lb, , Total Cost=2633400 $ 1299,6 

TABLE XIII 

The best solutions obtained by MOALO for case 2 situation 1 with ramp rate with wind and solar 
PD Dynamic Economic Dispatch (DEcD) 

       P1                     P2                        P3                   P4                 P5                      P6                     P7                          P8                          P9                    

P10 
Pwind Psolar Ploss 

1036   150.0000  135.0000   73.0000   78.6783  178.8655  156.5789  130.0000  120.0000   20.0000   12.8773 0 0 18.9705 
1110   150.0000  135.0000   85.6192   97.2553  210.0326  160.0000  130.0000  120.0000   25.7375   17.9555 0 0 21.5866 
1258   150.0000  135.0000  137.5956  141.4215  243.0000  160.0000  130.0000  120.0000   39.0892   

29.1936 
0 0 27.3187 

1406   150.0000  135.0000  208.5346  191.4215  243.0000  160.0000  130.0000  120.0000   57.3121   
44.5318 

0 0 33.7717 

1480   150.0000  135.0000  242.3994  227.9006  243.0000  160.0000  130.0000  120.0000   61.2520   
47.8480 

0 0 37.3522 

1628   150.0000  135.0000  322.3994  277.9006  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 0 45.2518 

1702   150.0000  160.4790  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 12.3210 48.8406 

1776   155.6084  197.0416  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 46.6500 51.2802 

1924   223.5084  277.0416  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 56.2500 60.7987 

2022   254.6078  330.7422  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 75.4500 66.7555 

2106   284.1924  373.3576  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 92.5500 72.1072 

2150   299.1282  394.8718  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 102.9000 74.9029 

2072   288.0271  318.8229  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0 105.4500 68.3142 

1924   208.0271  238.8229  302.8074  269.0426  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   60.0000 110.4000 53.1388 

1776   150.0000  158.8229  297.0624  257.8601  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   80.4546 87.9000 44.1114 

1554   150.0000  135.0000  217.0624  207.8601  243.0000  160.0000  130.0000  120.0000   50.0000   
27.9457 

   83.1818 63.7500 33.7624 

1480   150.0000  135.0000  196.5503  191.6358  232.5278  160.0000  130.0000  120.0000   49.5088   
25.0000 

   77.7273 43.6500 31.5571 

1628   150.0000  135.0000  276.5503  241.6358  243.0000  160.0000  130.0000  120.0000   79.5088   
55.0000 

   70.9091 7.3960 40.9551 

1776   156.9676  207.7142  316.5456  279.9090  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   76.3636 0 49.5014 

1972   236.9676  287.7142  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   81.8182 0 62.4659 

1924   230.0000  243.1818  340.0000  300.0000  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   81.8182 0 58.9532 

1628   150.0000  163.1818  260.0000  250.0000  243.0000  160.0000  130.0000  120.0000   64.7508   
53.1674 

   75.0000 0 41.1191 

1332   150.0000  135.0000  180.0000  200.0000  193.0000  112.6272  130.0000  120.0000   34.7508   
23.1674 

   80.4546 0 27.0385 

1184   150.0000  135.0000  100.0000  150.0000  149.5751  122.0522  130.0000  120.0000   20.0000   
10.0000 

 117.2727 0 19.8918 

Total  Cost =2307100 $, Em  = 283100 lb 1089.7 
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TABLE XIV 

The best solutions obtained by MOALO for case 2 situation 2 with ramp rate with wind and solar 
PD Dynamic Emission Dispatch (DEmD) 

       P1                     P2                        P3                   P4                 P5                      P6                     P7                          P8                          P9                    

P10 
Pwind Psolar Ploss 

1036   150.0000  135.0000   90.3745   90.3745  129.9974  129.9974       97.1282   97.1282   80.0000   
55.0000 

19.0265 0 18.9705 

1110   150.0000  138.1557  100.6485  100.6485  145.1993  145.1993  108.3743  108.3743   80.0000   
55.0000 

21.6210 0 21.5866 

1258   167.1985  167.1985  118.4507  118.4507  171.5405  160.0000  127.8611  120.0000   80.0000   
55.0000 

27.6656 0 27.3187 

1406   204.2090  204.2090  141.1369  141.1369  205.1081  160.0000  130.0000  120.0000   80.0000   
55.0000 

34.8161 0 33.7717 

1480   223.0577  223.0577  152.6906  152.6906  222.2035  160.0000  130.0000  120.0000   80.0000   
55.0000 

38.7403 0 37.3522 

1628   265.1551  265.1551  178.4949  178.4949  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

47.2840 0 45.2518 

1702   285.4838  285.4838  190.9557  190.9557  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

51.1846 12.3210 48.8406 

1776   298.5873  298.5873  198.9877  198.9877  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

53.7843 46.6500 51.2802 

1924   344.4655  344.4655  227.1095  227.1095  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

63.4108 56.2500 60.7987 

2022   370.7215  370.7215  243.2035  243.2035  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

69.2786 75.4500 66.7555 

2106   393.0716  393.0716  256.9034  256.9034  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

74.4805 92.5500 72.1072 

2150   404.3396  404.3396  263.8104  263.8104  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

77.1736 102.9000 74.9029 

2072   377.3862  377.3862  247.2888  247.2888  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

70.8125 105.4500 68.3142 

1924   306.6005  306.6005  203.8995  203.8995  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

55.4084 110.4000 53.1388 

1776   258.4425  258.4425  174.3802  174.3802  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

46.0410 87.9000 44.1114 

1554   204.4916  204.4916  141.3102  141.3102  205.3645  160.0000  130.0000  120.0000   80.0000   
55.0000 

34.8711 63.7500 33.7624 

1480   192.1649  192.1649  133.7543  133.7543  194.1844  160.0000  130.0000  120.0000   80.0000   
55.0000 

32.4224 43.6500 31.5571 

1628   240.8647  240.8647  163.6057  163.6057  238.3541  160.0000  130.0000  120.0000   80.0000   
55.0000 

42.6431 7.3960 40.9551 

1776   288.7565  288.7565  192.9617  192.9617  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

51.8304 0 49.5014 

1972   351.9461  351.9461  231.6948  231.6948  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

65.0526 0 62.4659 

1924   330.0545  330.0545  236.3342  219.2387  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

61.5216 0 58.9532 

1628   250.0545  250.0545  159.5024  169.2387  222.0500  160.0000  130.0000  120.0000   80.0000   
55.0000 

42.9167 0 41.1191 

1332   170.0545  170.0545  111.8796  119.2387  172.0500  160.0000  120.6682  120.0000   80.0000   
55.0000 

27.3582 0 27.0385 

1184   150.0000  135.0000   94.8267   94.8267  136.5852  136.5852  102.0017  102.0017   80.0000   55.0000 20.0817 0 19.8918 
Total  Cost =2501000 $, Em  = 257230 lb 1129.4 

 
TABLE XV 

The best solutions obtained by MOALO for case 2 situation 3 with ramp rate with wind and solar 
PD Combined Dynamic Economic Emission Dispatch (CDEED) 

       P1                     P2                        P3                   P4                 P5                      P6                     P7                          P8                          P9                    

P10 
Pwind Psolar Ploss 

1036   150.0000  135.0000   83.3346   85.2551  134.3664  130.6300  108.0316  108.0316   65.3507   55.0000 0    19.0189    21.6447 
1110   150.0000  135.0000   92.7803   94.3877  148.8510  144.7050  119.1296  119.1296   72.6168   55.0000 0    27.3851    33.9614 
1258   150.0000  135.0000  128.0553  128.4937  198.8510  160.0000  130.0000  120.0000   80.0000   

55.0000 
0    37.6880    46.5256 

1406   150.0000  158.7411  172.0949  171.1640  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    50.3205    52.8491 

1480   164.0169  180.3836  193.4377  191.8619  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    62.4651    68.2884 

1628   226.2003  245.0400  208.1852  207.0744  243.0000  160.0000  130.0000  120.0000   80.0000   0    73.5754    76.2178 
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55.0000 
1702   242.7431  263.7403  223.4298  222.0659  243.0000  160.0000  130.0000  120.0000   80.0000   

55.0000 
0    69.7888    54.6458 

1776   253.3972  275.7840  233.2479  231.7209  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    45.3096    34.0148 

1924   301.8616  325.7097  258.1051  256.5736  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    31.7136    41.9468 

2022   327.8096  352.7445  273.9487  272.3472  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    50.9488    64.1540 

2106   354.7383  378.6351  283.5581  282.1184  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    60.6302    42.2344 

2150   364.5915  389.3508  291.4386  289.9191  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    27.1196    20.0904 

2072   333.5220  359.0356  278.7258  277.0666  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

0    19.0189    21.6447 

1924   269.8156  290.1917  230.6823  229.5103  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   60.0000    27.3851    33.9614 

1776   220.7548  238.8842  203.1670  202.1395  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   80.4546    37.6880    46.5256 

1554   150.0000  159.1041  172.4529  171.5112  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   83.1818    50.3205    52.8491 

1480   150.0000  142.8522  156.4261  155.9686  240.0758  160.0000  130.0000  120.0000   80.0000   
55.0000 

   77.7273    62.4651    68.2884 

1628   205.2551  221.3629  188.8836  188.0933  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   70.9091    73.5754    76.2178 

1776   245.4103  266.7554  225.8877  224.4830  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   76.3636    69.7888    54.6458 

1972   311.7439  335.0507  260.5133  259.0740  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   81.8182    45.3096    34.0148 

1924   298.4272  305.8567  266.5514  243.9464  243.0000  160.0000  130.0000  120.0000   80.0000   
55.0000 

   81.8182    31.7136    41.9468 

1628   218.4272  225.8567  186.5514  193.9464  225.4182  160.0000  130.0000  120.0000   80.0000   
55.0000 

   75.0000    50.9488    64.1540 

1332   150.0000  145.8567  114.6921  143.9464  179.1502  160.0000  130.0000  120.0000   80.0000   
55.0000 

   80.4546    60.6302    42.2344 

1184   150.0000  135.0000   86.6083   93.9464  139.1392  135.5082  111.8780  111.8780   67.8690   55.0000  117.2727    27.1196    20.0904 
Total  Cost = 2415600$ , Em=  25358 lb, Total cost = 2368600 $ 1112.5 
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Table XVI 

Characteristics of generators in 5-unit system 

 

Table XVII 
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(c) 

Fig 6. The ramp up/ramp down values of case 2 situation 

3: (a) units 1, 2, 3; (b) units 4, 5, 6; (c) units 7, 8, 9, 10 
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(c) 

Fig 7. The ramp up/ramp down values of  case 1 situation 3: 

(a) units 1, 2 ; (b) units 3; (c) units 4,5 

Unit   Pmin    Pmax            a               b                 c           d              e                  :              ;                  <               =               >           UR      
UD 
         (MW)    (MW)  ($/MW2h)   ($/MWh)       ($/h)      ($/h)     (rad/MW)      (lb/h)   (lb/MWh)   (lb/M2Wh)    (lb/h)       (MW-1)  (MW) ( 
MW)   
  1       10         75          0.0080          2.0               25        100         0.042            80        -0.805         0.0180        0.6550     0.02846       30       
30 
  2       20        125         0.0030          1.8               60        140         0.040            50        -0.555         0.0150        0.5773     0.02446       30       
30 
  3       30        175         0.0012          2.1               100      160         0.038            60        -1.355         0.0105        0.4968     0.02270       40       
40 
  4       40        250         0.0010          2.0               120      180         0.037            45        -0.600         0.0080        0.4860     0.01948       50       
50 
  5       50        300         0.0015          1.8               40        200         0.035            30        -0.555         0.0120        0.5035     0.02075       50       
50 

Ramp DR 

Ramp UR 

Ramp DR 

Ramp UR 

Ramp UR 

Ramp DR 

Ramp DR 

Ramp UR 

Ramp DR 

Ramp UR 

Ramp DR 

Ramp UR 

135



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

ISBN: 978-9938- 9937-2-1                                     Editors: Tarek BOUKTIR & Rafik NEJI 

 

Load demand for 5-unit system 

 
Table XVIII 

Transmission loss coefficients (B) of 5-unit system (1.e-04) 
0.4900                                                0.1400                                                0.1500                                            0.1500                                       
0.2000 
0.1400                                                0.4500                                                0.1600                                            0.2000                                       
0.1800 
0.1500                                                0.1600                                                0.3900                                            0.1000                                       
0.1200 
0.1500                                                0.2000                                                0.1000                                            0.4000                                       
0.1400 
0.2000                                                0.1800                                                0.1200                                            0.1400                                       
0.3500 

 
Table XVIVC 

Characteristics of generators in 10-unit system 

 
TABLE XX 

Price penalty factors for hourly load demands 10-unit system. 

 

TABLE XXI 

Transmission loss coefficients (B) of 10-unit system (1.e-04) 

0.4900    
0.1400    
0.1500    
0.1500    
0.1600    
0.1700    
0.1700    
0.1800    
0.1900    
0.2000 

0.1400    
0.4500    
0.1600    
0.1600    
0.1700    
0.1500    
0.1500    
0.1600    
0.1800    
0.1800 

0.1500    
0.1600    
0.3900    
0.1000    
0.1200    
0.1200    
0.1400    
0.1400    
0.1600    
0.1600 

0.1500    
0.1600    
0.1000    
0.4000    
0.1400    
0.1000    
0.1100    
0.1200    
0.1400    
0.1500 

0.1600    
0.1700    
0.1200    
0.1400    
0.3500    
0.1100    
0.1300    
0.1300    
0.1500    
0.1600 

0.1700    
0.1500    
0.1200    
0.1000    
0.1100    
0.3600    
0.1200    
0.1200    
0.1400    
0.1500 

0.1700    
0.1500    
0.1400    
0.1100    
0.1300    
0.1200    
0.3800    
0.1600    
0.1600    
0.1800 

0.1800    
0.1600    
0.1400    
0.1200    
0.1300    
0.1200    
0.1600    
0.4000    
0.1500    
0.1600 

0.1900    
0.1800    
0.1600    
0.1400    
0.1500    
0.1400    
0.1600    
0.1500    
0.4200    
0.1900 

0.2000    
0.1800    
0.1600    
0.1500    
0.1600    
0.1500    
0.1800    
0.1600    
0.1900    
0.4400 

Hr (h) 1 2 3 4 5 6 7 8 9 10 11 12 
PD (MW) 410 435 475 530 558 608 626 654 690 704 720 740 

Hr  (h) 13 14 15 16     17 18 19 20 21 22 23 24 
PD (MW) 704 690 654 580 558 608 654 704 680 605 527 463 

Unit   Pmin   Pmax            a               b                  c              d           e                  :             ;                <                 =                   >          UR      
UD 
         (MW)    (MW)  ($/MW2h)   ($/MWh)       ($/h)        ($/h)     (rad/MW)   (lb/h)   (lb/MWh)   (lb/M2Wh)    (lb/h)         (MW-1)  (MW) ( 
MW)   
  1       150    470        0.1524       38.5397       786.7988       450     0.041         103.3908     -2.4444     0.0312      0.5035       0.0207      80        
80 
  2       135    470        0.1058       46.1591        451.3251      600     0.036         103.3908     -2.4444     0.0312      0.5035       0.0207      80        
80 
  3       73      340        0.0280       40.3965        1049.9977   320     0.028         300.3910     -4.0695      0.0509      0.4968       0.0202      80        
80 
  4       60      300        0.0354       38.3055        1243.5311   260     0.052         300.3910     -4.0695      0.0509      0.4968       0.0202      50        
50 
  5       73      243        0.0211       36.3278        1658.5696   280     0.063         320.0006     -3.8132      0.0344      0.4972       0.0200      50        
50  
  6       57      160        0.0179       38.2704        1356.6592   310     0.048         320.0006     -3.8132      0.0344      0.4972       0.0200      50        
50 
  7       20      130        0.0121       36.5104        1450.7045   300     0.086         330.0056     -3.9023      0.0465      0.5163       0.0214      30        
30 
  8       47      120        0.0121       36.5104        1450.7045   340     0.082         330.0056     -3.9023      0.0465      0.5163       0.0214      30        
30 
  9       20      80          0.1090       39.5804        1455.6056   270     0.098         350.0056     -3.9524      0.0465      0.5475       0.0234      30        
30 
 10      10      55          0.1295       40.5407        1469.4026   380     0.094         360.0012     -3.9864      0.0470      0.5475       0.0234      30        
30 

Hr (h) 1 2 3 4 5 6 7 8 9 10 11 12 
PD (MW) 1036 1110 1258 1406 1480 1628 1702 1776 1924 2022 2106 2150 

Pf 3.6913 3.6913 3.6913 4.1162 4.1162 8.0606 8.0606 8.0606 10.3942 11.3477 13.6710 13.6710 

Hr  (h) 13 14 15 16     17 18 19 20 21 22 23 24 
Pf 11.3477 10.3942 8.0606 4.1162 4.1162 8.0606 8.0606 11.3477 10.3942 8.0606 4.1162 3.6913 

PD (MW) 2072 1924 1776 1554 1480 1628 1776 1972 1924 1628 1332 1184 
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TABLE XXII 

Forecast solar radiation and wind velocity 

 
 
  

 

Hr (h) 1 2 3 4 5 6 7 8 9 10 11 12 
Gt(W/m2) 0 0 0 0 0 0 111 311 375 503 617 686 

Vwint(m/s) 3.5 3.6 1.5 1.4 0.1 1.8 1.3 2.2 3.8 3.7 2.0 0.6 

Hr  (h) 13 14 15 16     17 18 19 20 21 22 23 24 
Gt(W/m2) 703 736 586 425 291 86 0 0 0 0 0 0 

Vwint(m/s) 0.4 8.4 9.9 10.1 9.7 9.2 9.6 10.0 10.0 9.5 9.9 12.6 
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Abstract--This paper studies a capacitor voltage 

regulation method connected to the rectifier output 

for a wind turbine based on a PMSG and 

synchronized with three-phase grid via a phase 

locked loop. The method is developed so that to 

obtain a sufficient DC-link voltage for supplying the 

power converter in the case of operation with 

variable wind-speed and maximum power point 

tracking. The simulation model is implemented in 

the Matlab/Simulink environment and the 

simulation result shows the high performances of 

the adopted control method. 

 
Index Terms—Renewable energy, PMSG, Wind 

power, grid connected 

 

I. INTRODUCTION 

In these recent days, the need of electrical energy is 

rising. In comparison to conventional energy sources 

like fuel which has an increased cost and adverse 

effects on the environment, renewable energy 

especially wind power will be an important source 

supply in worldwide in the near future because these 

energy sources are characterized of a negligible 

environmental toxic impact and most favorable source 

of electrical power generation[1,2]. The wind energy 

conversion system (WECS) allows converting the  

 

 

 

aerodynamic energy in the form of kinetic energy into 

electrical energy [3]. In general terms the (WECS)  

mainly based on different generator types [4,5].  

However, for wind turbine connected to grid driving a  

permanent magnet synchronous generator (PMSG) is 

one of the most favorable and reliable methods of 

power generation. Reliability variable-speed direct-

driven PMSG wind turbines can be improved 

significantly by comparing for example, with wind 

turbines based on fed induction generator (DFIG) with 

gearboxes. Noise, power loss, additional cost, and 

potential mechanical failure are typical problem for a 

DFIG wind turbine [6].This during; the objective of 

this work consists in the study based on numerical 

simulation and analysis of behavior of WECS 

connected to the grid under different relative 

conditions, particularly for variable wind speeds. 

Simulation and results study completed by the power 

system analysis using Matlab/Simulink software are 

presented. 

 

The rest of this paper is organized as follows: in 

section II we present the global wind energy 

conversion system (WECS). In section III we develop 

the adopted mathematical model. Section IV is 

dedicated to simulation and results. Finally the 

conclusion is presented in section V. 
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II. WECS STUDY 

In this work, the global configuration wind energy 
conversion system study is shows in Figure1. 

 

 

 

 

 

 

 

 

This structure is mainly composed of two essential 

parts: the first is limited from the wind turbine to the 

capacitor, its function is to regulate the dc-link voltage 

thanks to a DC controller block while the second chain 

insures a connection to the grid as well synchronization 

via a phase locked loop (PLL). In its entirety, the chain 

studied and presented in figure.1 is a variable speed 

wind energy conversion system based on PMSG which 

is connected to the grid through two power converters, 

respectively one on the generator side while the other is 

placed on the grid side and associated via a filter. The 

permanent magnet synchronous generator (PMSG) 

while the rotor is coupled to the wind turbine while the 

stator is connected to three-phase rectifier supplying a 

capacitor plugged in at its output. The maximum power 

point tracking (MPTT) [7, 8] provide the permanent 

magnet synchronous generator speed reference (Wg_ref) 

which is compared to the generator real speed (Wg). 

The MPPT control algorithm ensures that the 

maximum power is extracted at any time during 

operation. However, thanks to the blade orientation 

system "pitch angle control" power is limited in strong 

winds. . Moreover, the dc-link voltage and its reference 

respectively designed by (Vdc_ref) and (Vdc) are as well 

compared in order to control the converter. For the 

second part, the inverter is mainly used to adapt the 

voltage system and control the management of the 

power injected into the grid according a desired energy 

utility. For this purpose, the phase locked loop (PLL) 

provides the estimation, electrical network voltage 

angle in order to ensure synchronization of the 

common connection point (PCC) [9].   

III. WIND ENERGY CONVERSION MODEL 

The transient behavior of the global wind energy 

conversion system requires a mathematical 

development of each chain component. The wind 

generator (PMSG) needs to operate at the maximum 

possible aerodynamic [10, 11]. The mechanical power 

(Pm) extracted by wind turbine (Wt) is expressed by the 

following equation: 

                   !" = #$ %&(', )*. +. -. /01. 231               (1)              

With, 

     Cp: aerodynamic coefficient; 
    ': tip speed ratio; 
    +: air density;      /0: radius of wind generator;     23: ratio wind speed. 

 
The Cp expression is defined by: 

 

C4(λ, 5* = 6.77(##8
λ9 : 6.;5 : <*e>$# λ9?  @ 6.66ABλ       (2)                                                       

Where, 

   #
λ9 = #

λDE.EFG : E.E1H#DGI                                              (3) 

The torque produced (J0* from the wind turbine is 
given by: 

                  J0 = KLMN                                                    (4)     

Furthermore, the desired PMSG speed is calculated 
using the following equation [12]: 

 

               OPQRS = TUVW.MNXW                                           (5) 

The gear box is modeled by the following system: 

 

    YJRZ[ = \]^_`a"Rb = cẀ                                                          (6) 

 Where,   

   Jdfg : The gearbox output torque; 
  Jhdi : Aerodynamic torque; 
  ajdk :  Generator speed; 
  al    :  Turbine shaft speed  ; 

  m   :    gear box gain .  
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Fig.1. Schema of the WECS configuration 
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Furthermore, the PMSG model in the d-q 
synchronously rotating reference frame can be given by 
[13-14]: 

 
 !"

 #
=

$%

&"
. ' +

&(

&"
. ). *. ', +

-

&"
. /               (7)                       

 !(

 #
= 0

$%

&(
. ', 0

&"

&(
. ). *. ' 0

-

&(
. ). *. 12 +

-

&"
. /   (8) 

 Where, 

 p: Pole pairs number;  
 R a :  armature resistance;  
 L d , L q  : generator inductance components ; 
i d , i q : current components; 
u d , u q  : voltage components;  
 φ m  :  permanent magnet flux. 
 

The wind turbine generator drive can writing with the 

following equation [15]: 

333333333333333334# 0 452 = 6.
 Ω

 #
+ 78.Ω                           (9)                

  Where, 

      452: is the electromagnetic torque;  

      J:  moment of inertia; 

      !: is the turbine rotor friction; 

 

IV. SIMULATION AND RESULTS 

After the presentation and modeling of the studied 
wind energy system, this paper’s section presents the 
behavior of the significant quantities for the chosen 
wind profile (Fig. 2). In the standard domain, the wind 
varies by level (6, 10,8,12,10,8 then 6m/s).  As a result 
of this profile, Fig.3 shows the reference speed at the 
output of the MPPT block as well as the PMSG 
rotation speed. Moreover, Fig.4 demonstrates the 
reference power calculated with that produced by the 
wind turbine. Concerning, Fig. 5, it shows the torque’s 

way on the machine shaft. It follows the variations 
wind speeds. Furthermore, we are interested to the 
electrical parameters on the grid side. For this target we 
have presented, respectively, the waveforms voltage 
and current in Fig.6 and 7. Besides, the active power 
transmission (Fig. 8) for a wind speed estimated at 
10.8m/s is at zero, hence the load is completely 
powered by the wind turbine. Finally, Fig. 9 represents 
the reactive power which is forced towards a zero 
average value and therefore a grid of power factor unit.   

Fig.2 Wind profile 

            Fig. 3 Reference and  PMSG speeds 

          Fig. 4 Reference and  PMSG powers 

 

Fig. 5 Torque machine 

 

Fig.6 Grid voltage 
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Fig. 7 Grid Current 

Fig. 8 Active power 

Fig. 9 Reactive power 

 

V. CONCLUSION AND FUTURE WORK 

This research develops a control approach for two 
converters integrated in wind energy conversion chain. 
The first placed in machine side is checked in order to 
obtain a sufficient dc-link voltage. As long as the 
second one is synchronized to the grid via a phase 
locked loop. The simulation results prove the 
effectiveness of the developed method. Indeed, the 
PMSG rotation speed follows correctly in order to 
extract the maximum power point given from the wind 
profile. In addition, the power transit between the wind 
turbine and loads is optimized.    
In the future work, and due to the lack of the wind 
energy in permanent way. We are invited to integrate a 
hybrid system, for instance photovoltaic-wind power 
system. 

TABLE.I. PMSG PARAMETERS  

PMSG Parameters Value 

Nominal Active Power:    10!KW 

Number of Pole Pairs:" 4 

Stator Resistance:#$ 0.2!% 

Ld=lq Inductance 0.0085H 
Rotor magnetic flux:&' 0.089!Wb 
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Integration of Fault-Tolerant Approach in Voltage- PWM Inverter Fed 

AC Motor Drive Systems 

 
 
 

 

 

 

 

 
 

 

 

 

 

 

Abstract—This paper shows how to integrate fault 
compensation strategies into associate PWM inverter-

induction motor drive systems. The proposed strategies 

provide compensation for open-circuit failures occurring in the 

PWM inverter power devices. The fault compensation is 

achieved by reconfiguring the power inverter topology with the 

help of isolating and connecting devices. These devices are used 

to redefine the post-fault inverter topology. This allows for 
continuous free operation of the drive after isolation of the 

faulty power switches in the converter. A model of the system 

is built using MATLAB/SIMULINK. Simulation results are 

presented showing the monitoring approach performance 

under distinct operating conditions. 

Keywords- Monitoring; fault-Tolirant; Open circuit fault; 

Fuzzy logic; ;Simulation. 

I. INTRODUCTION 

 
Reliability of PWM voltage source inverter (PWM-SVI) 

is crucial to any advanced electrical system [1]. Inverters 
generate AC voltage from an AD power supply, PV solar 
system, battery, and fuel cell. They are considered as an 
important part of particularly electrical energy conversion 
system from small scale application to hybrid electrical 
vehicles, embedded system in aircraft, and high voltage 
power plants. Inverters are also usually in motor drive 
application to adjust the electric variable speed of industrial 
induction machines [2]. 

The electronic switches of any converter circuit can 
undergo either open or short circuit failures. [3], the open-
circuit faults switch are one of the most frequent failures in 
semiconductor switches. When an Open-circuit fault occurs 
the switch becomes open and remains in the off state 
regardless to the gate control signal [4]. Open-circuit fault do 
not necessarily lead to system shutdown and remain 
undetected for a long times, however, such faults can lead to 
secondary or successive faults in other circuit of converter 
component that can eventually lead to high repair costs   [5]. 

 

 
 
 
 
 
 
 
 
 

 
 
 

As a result, the power conversion systems diagnosis 
techniques are required integrated of fault tolerant approach 
for monitoring open circuit switch faults and reconfiguring 
the power inverter topology with the help of isolating and 
connecting devices [6].The optional approach in this work is 
based on the fuzzy inference  system (FIS), last that used as 
input to fuzzy inference system the average absolute values 
of currents (AAVC), in the aim to increase the efficiency and 
the reliability of the monitoring, detection, localization and 
correction the Faulty IGBT by reconfiguring the power 
inverter topology in case of open circuit fault  of PWM 
voltage source inverter (PWM-VSI). The global models of 
inverter, induction machine and monitoring system are 
implemented by using MATLAB®/SIMULINK software. 

 

II. MONITORING SYSTEM IN ASSOCIATION PWM- SVI-
INDUCTION MACHINE 

We choose a tow level IGBT Voltage Source Inverter 
(IVS) as shown in fig.1. The model of inverter associate with 
inverter and monitoring system was modeled using Matlab 
MATLAB®/SIMULINK [7]. 
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Fig.1.  Diagram of association PWM-VSI-IM  with monitoring approach 
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     The diagram of the suggested approach based on fuzzy 
logic, is shown in figure2, this approach used for monitoring 
the open circuit switches faults in PWM inverter (PWM-
VSI) associate with induction machine (IM). 
 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
The measured motor phase currents are normalized using 
the modulus of the Park’s Vector defined as [8-10]: 
 

��� =  ��
�  ! − #

√%  & − #
√%  '

 ( =  #
√�  & − #

√�  '
                                               (1)                                                                         

 
Where; 
 
ia, ib and ic: the stator phase current of the induction motor;  
id and iq: the components of the Park’ Vectors. 
 
The Park’s Vector modulus |ı*+|(PVM) is can be expressed 
by:  

|,-+| =  � .�       +  /�                                                                (2)                                                                                                

The normalized stator phase currents of induction motor are   
given by [11]: 
  01 =

23
|45+ |                                                              (3)                                                                                                        

 
Where; 6 = 7,8 769 : 
 

 Therefore, haughty that the induction motor is fed by a 
healthy inverter generating a perfectly balanced three phase 
sinusoidal current system, that can be given by: 
 

 0 =
⎩⎨
⎧  ! = >? sin(@-A+ B)

 & = >? sin C@-A − �D
� + BE

 ' = >? sin C@-A+ �D
� + BE

                                    (4)                                                                                 

Where;  
 
Im: currents maximum amplitude; @- , B :  motor currents frequency and initial phase angle. 
  Then the new expression of the Park’s Vector modulus can 
be defined by: 
 

|,-+| =  >?��
�                                                                        (5)                                                                                                      

The normalized stator currents will always get values within 

the range of±F2 3⁄ , independent of the measured motor 
phase current amplitude, as [12]: 
 

 01 =

⎩⎨
⎧  !1 = sin(@-A)

 &1 = sin C@-A − �D
� E

 '1 = sin C@-A+ �D
� E

                                            (6)                                                                              

 
The average absolute values of the three normalized motor 
phase currents 〈| 01|〉 are be given by: 
 

@- ∫ | 01|
KLMN 9A = #

D �O
�                                                        (7)   

                                                                                          
In the lastly, the three input monitoring variables in fuzzy 
system inferenceP0( P!, P&, P'), are obtained from the errors 
of the normalized currents average absolute values as:  
 P0 = Q − 〈| 01|〉                                                                 (8)  
                                                                                                                                
Where Q  is a constant value equivalent to the average 
absolute value of the normalized motor phase currents under 
normal operating conditions presented by equation (7), that 
given as:     
 

Q =  #
D �O

� ≈ 0.5198                                                           (9)  

                                                                              
The values taken by En and Sn allow generating a distinct 
fault signature which corresponds to a specific faulty 
operation condition, to achieve this, fault symptom variables 
can be formulated according to the following expressions 
[13]: 
 

S0 =  TUVWXP0 < 0YVWXP0 < 0
                                                         (10)                                                                                                  

Z0 = TUVWX〈 01 〉 < 0YVWX〈 01〉 > 0
                                                      (11)    

                                                                                                       
 

Fig.2. Diagram of proposed monitoring approach 
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III. INTEGRATED OF FAULT TOLERANT APPROACH 

Figure 3, shows the implementation of fault correction 
system based en control switches of connexions installed in 
the new topology of PWM inverter in high arm, using fuzzy 
logic techniques  

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

A.  Detection and localization of open switches fault  

 
  The values of En (Ea, Eb and Ec) and Sn(Sa, Sb and Sc) are 
selected as input variables of the fuzzy system of detection 
and localization of open switches fault on PWM inverter fed 
induction motor . 
 
The input variables (Ea, Eb and Ec) and (Sa, Sb and Sc) are 
also interpreted as linguistic variables, with:  
 t (Q) = {Positive (P), Zero (Z), Negative (N), as it is shown 
in figure 4. 
 

 
 
 
 
 
 
 
 

 
Figure 5, shows that DL_Op interprets the state (Detection 

and Localization of Open circuit switch) of the inverter as a 
linguistic variable, which could be: 
 
T (DL_Op) = { Op _TR1, Op _TR2, Op _TR3, Op _TR4, 
Op _TR5, Op _TR6, H-Inverter}. 

 
 
 
 
 

 
 

 
 
 

 
   The fuzzy rules membership functions for the input and 
the output. These rules are then defined, as follows: 

TABLE.1 FUZZY RULES MEMBER SHIP FUNCTION 

 

B.  Correction of open switches fault 

  The detailed  block of switches control (correction faults) 
model and diagram correction of Fault IGBT procedure , are 
shown in figure 6. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

P 

Fig.4. Membership functions for input variables 

0 
Input variable “En, Sn” 

 Z N 

Op-TR1 Op-TR2 Op -TR3 Op -TR4 Op -TR5 Op -TR6 H-Inverter 

Fig.5.  Membership functions for output variables 
(short circuit switch fault) 

        1       2      4        6        8      10      12        14        16         18     

Fig.3. New topology  of  arm  inverter with fault tolrant system 
 

Fig.6. Correction of  open switche fault in  TR1  

TR1   TR1’   

Switche of 

 correction  

Switche of 

 correction  
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  The fuzzy rules membership functions for the input and the 
output decision; we use the Sugeno model (0 or 1) in output. 
These rules are follows: 

TABLE.2 FUZZY RULES MEMBER SHIP FUNCTION FOR FAULT CORRECTION 

 

IV. SIMULATION AND DISCUSSION OF RESULTS 
 

    The three phase stator current ‘Isa, Isb and Isc’ in the 
faulty case of open switch fault in TR1 are presented in 
Figure 7.a, in this case of fault, it is noted that the stator 
phases currents are unbalanced at the moment of failure (t = 
0.4s), and the cancellation of the positive sequence of the 
phase current "a". 
In the figure 7.b, we note that the three diagnostic variables 
are taking the position (Ea = Positive, Eb = Negative, Ec = 
Negative).  
   The figure 7.c shows the stator currents average absolute 
values are taking the position 
(Sa = Negative, Sb = Positive, Sc = Positive).  
These positions of the input variables of En and Sn 
presented in the two preceding figures (figure 7.b and figure 
7.c) are corresponding to the rule number 1 of table 2, based 
on these position states, the fuzzy inference system made 
the decision that the TR1 is faulty as shown in Figure 7.d. 
  The figure 8.a present the three phase stator current ‘Isa, 
Isb and Isc’ in the faulty case of open switch fault in TR1,  
In this case of fault, it is noted that the stator phases currents 
are unbalanced at the moment of failure (t = 0.4s), the 
system of correction fault correct the fault in TR1 in (t = 
0.6s), by system of reconfiguration of inverter topology 
used transistor TR1’connected in parallel with TR1, we 
notice that the three phase stator current ‘Isa, Isb and Isc’ 
are stabilized at this instant. 
     In the figure 8.b, we note that the three diagnostic 
variables are taking the position (Ea = Positive, Eb = 
Negative, Ec = Negative) but they returned to zero after 
correcting the fault. 
The figure 8.c present the stator currents average absolute 
values are taking the position (Sa = Negative, Sb = Positive, 
Sc = Positive) and returned to initial position in this case.  
. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(b) Input diagnosis variables of fuzzy system 

 

(d) Output fuzzy values (case of fault in switch TR1) 

Fig. 7. case of open switch fault in TR1 

(c) Input currents average values of fuzzy system 

 

(a) Three stator phase currents 
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The positions of the input variables of En and Sn shown in 
figure 8.b and figure 8.c respectively are corresponding to 
the rule number 2 of table 2, so decision of the fuzzy 
inference system shown in Figure 8.d is open switch fault in 
the TR1 at t =0.4s in first step, and healthy case after 
correction fault by system of correction  t =0.6s. 

V. CONCLUSION 

The safe function of electrical conversion system can 
profit facilities. It is therefore important to develop 
diagnosis tools to detect early faults may appear on both the 
inverter on the machine. The rapid and accurate diagnosis of 
any system employing electrical systems remains one of the 
current problems. Comparing with conventional fault 
diagnosis methods of inverter associate at induction 
machine, in our work we are presented a reliable strategy for 
monitoring and integrated of fault tolerant approach for 
correction of open circuit switch faults and reconfiguring 
the power inverter topology with the help of isolating and 
connecting devices using the fuzzy logic approach by 
supervising the currents phase. 
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Abstract 

   

This paper surveys the torque trends while 

induction motor is operating in both cases healthy and 

unhealthy in order to differentiate and to reduce both 

unexpected failures and vehicle breakdown. Both 

techniques Fast Fourier Transform (FFT) and Total 

Harmonic Distortion (THD) used to locate the fault and 

take appropriate decisions using MATLAB and 

SIMULINK software. The motor is studied under 

healthy conditions. Subsequently eccentricity and inter-

turn faults are introduced and fault analysis are carried 

out. In the model of induction rotor bars are broken and 

the study is mostly based on stator current analysis of 

the motor under healthy conditions and under faulty 

conditions.  

Keywords: Eccentricity, Inter-turn, Electric Vehicle, 

Fast Fourier Transform, Total Harmonic Distortion. 

 

1. INTRODUCTION 

Electric Vehicle represents a veritable 

substituent of thermique Vehicle, since it is the most 

silent, flexible and non-pollutant [JK,15]… 

Different industrials structures automobiles 

try to augment the quality, the reliability and yield of 

their products essentially the motor of the chain train 

(CT) [JK, 13]…. 

In this context, Induction Motor (IM) is the 

most competitive choice for the chain drive (CD) 

because of robustness, power density and low price. 

Nonetheless, IM devises some limits to 

avoid in order being success in electric traction such 

as in degraded behavior. 

There are three types of defaults which can affect IM: 

mechanic (eccentricity of rotor, default couplings, 

bearing wear, … etc.), electric (short-circuit of the 

stator winding, breaker bar or ring, ... etc.), or 

magnetic. So the IM condition monitoring can 

significantly reduce the cost of maintenance and the 

risk of unexpected failures by allowing the early 

detection of potentially catastrophic faults. Various 

measurable quantities such as speed, current and 

temperature provide usable information on the default 

occurrence probability and parameters determination 

indicating the defect in the IM. Surveillance system 

should not only confirm the necessary data for control 

algorithms, but also to produce information on the 

operation of the CD drivers.  

Such safety device assembles 3 stages: 

detection, analysis, and defects control of machines 

which are represented in figure 1. 
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Fig.1. Main stages of designing an operational safety device 

[MK, 09] 

Indeed, it must manage the CD judgment in 

the case of obvious defects or permit to operate in 

degraded mode for all cases of defects which not 

require an immediate shutdown of the system, subject 

to avoid incorrect alarm generating unnecessary 

stops.  

There are two diagnostic methods: the first 

one is based on analytical models and the second one 

is the qualitative approach. The choice of such a 

method is founded on the acquisition of data on the 

system and the complexity of the latter. 

In our case of electric propulsion, methods 

without models are appreciated. Since they offer an 

efficient, simple, and cheap solution moreover it 

exploits the measured signals as a reference such as 

currents, voltages, residual voltage, speed, vibration 

and instantaneous power. 

2. FAILURES IN IM 

The IM is never immune to failures, though 

famous and strong. These failures affect and impair 

the proper functioning of the IM. The causes of these 

faults can be electrical, mechanical or 

electromagnetic. According to [Bar, 05], the defects 

can be classified according to their origins into two 

categories: internal and external.  

2.1.Rotor failure 

The eccentricity defect is the result of 

mechanical defects that commonly reveal the level of 

the gap. The eccentricity phenomenon exists from the 

production of IM and grows over time. According 

designers, they tolerate the existence of a maximum 

level of 5 or the 10% of the gap width that can be 

supported by the machine [TM 07], [B13].  

From design point of view, the gap of an IM 

is much smaller than in other varieties of machines 

with similar performance, making IM the most 

sensitive to the phenomena of eccentricities.  There 

are three varieties of eccentricity: static, dynamic and 

mixed eccentricity [UW, 12]: 

 

a) Healthy machine     b)  Static Eccentricity            

c)  Dynamic Eccentricity 

b) Fig.2. Eccentricity types 

The static eccentricity was introduced by placing 

an obstruction (electric- wire) in a stator slot. 

For dynamic eccentricity (DEC), a small 

fragment was removed from the rotor, between the 

two notches. Detecting line currents was performed 

by three clamps and flows have been explored 

through two coils placed near the machine for two 

positions: axially and transversely. The motor is 

powered directly by the supply voltage and the gate 

of the stator windings are connected in star 

connection without neutral. To adjust the signal 

frequency bandwidth scanned at the correct range, a 

low-pass filter has been implemented that cuts 

frequency 1 KHz. All outputs were differentially 

connected. A data acquisition (12 bits) has been 

performed using a sampling frequency of 5 kHz with 

a fixed duration of 10 sec. MATLAB ™ software was 

used  to analyze the data in the frequency domain 

[MS 14].  
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Fig.3. IM power spectrum under static 

eccentricity 

 

     

 
Fig.4. IM power spectrum under dynamic 

eccentricity (DEC) 

 

 

  In addition to the fundamental and harmonic time, 

the stator current spectrum of a IM running healthy 

state may contain other frequencies given by [KC, 04] 

[FJ, 09] [NS, 01] [SR, 95]: 

���� � ����� 	 ��     (1) 

Beyond the fundamental (� = 0), the higher 

frequency of the other frequencies called directors 

batch harmonics (PSHS) corresponds to � = 1.  

On the other hand, the conditions involve the 

appearance of eccentricity frequencies characterized 

by the following expression: 

�
���� � ������ 	 ��� 	 � � ����     (2) 

From the above equation, it seems that the 

IM under the condition of static eccentricity (� = 1), 

the stator current spectrum will not be affected (�
���� ������� However, observation of PSHS given by 

equation 1 is impossible for all P suits and Nr, gold 

static eccentricity can easily be detected for different 

cases of IM. 

However, around�� detection in most of the 

time is impossible (�= 0�� ��
��� � ���� 
In addition to (� = 1) that is to say the conditions for 

dynamic eccentricity, lateral frequency band around ± 

fr can be easily observed around the HSP component. 

Moreover, for � = 0 it seems that the dynamic 

eccentricity is able to provide frequencies around the 

frequency of feeding (��
��� � �� 	 ���. The observation 

of this frequency band is not possible for all 

parameters of the machine 

2.2. Stator failure 

Repeating starts of the IM increases the 

temperature at the copper stator windings. This 

alteration degrades the insulation through expansions 

and contractions repeated. Therefore, an inter-turn 

will take place [JK, 15]. 

Among the adverse effects of this failure are: 

� An over current in the stator affected phase. 

� A change in the amplitude of the currents of the 

other phases. 

� A change in the power factor. 

� An over current in the rotor circuit [Good 92, Xia 

00]. 

All these influences accelerate the 

degradation of the insulation and cause the 

occurrence of a second short-circuit, while the 

average electromagnetic torque remains unchanged, 

except for an increase in torque oscillations due to 

phase current imbalance begets by the failure [Jok 

00].  

An inter-turn is determined by the electrical 

resistance Rcc components in contact. The value of 

this depends on the evolution of the breakdown. 

The specification of such failure is extremely 

difficult mainly in the coil; but if the number of turns 

affected would be small, it leads to a dead short to 

Rcc which tends towards zero. 

In fact, equation 3 shows that the current 

lead to incomparable values relative to the nominal 

current because it is inversely proportional to the 

number of shorted turns. 

�	�
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Fig.5. Distribution of field lines of the IM under 

inter-turn 

 

Fig.6. IM power spectrum under inter-turn 

Figure 6 represents harmonic spectra of the 

stator phase current on a faulty operating point. It is 

found that the amplitudes of the different harmonics 

are very low and that the currents are nearly 

sinusoidal. This is not entirely true for lower fault 

resistances for current distortion becomes more 

important. However, we note the existence of the 

harmonic three defaulted presence, this harmonic 

does not appear when the stator currents are form a 

balanced system (sound machine) [JK, 15]. 

3. MONITORING METHOD 

We processed the monitoring of IM in the 

presence of defects in the CD of a VE. So the first 

step is to represent the geometric and default sizing of 

eccentricity using FEEM and MATLAB software. 

The second step is to simulate different types of 

eccentricity defects in the FEMM software. After that 

we acquire the different results of magnetic field 

(Distribution of the field lines is asymmetrical). 

Moreover, we analyze spectral using FFT in the 

Simulink interface. And finally we obtain the 

different results spectra and the THD Rating% of 

various defects. [K.C,16][K.C,18].   

The subject of the part of this paper is to 

expose two scenarios for monitoring signals reflecting 

the mixed eccentricity fault magnitude and short 

circuit between turns.  

3.1. Control of IM in electric drive mode 

     It is clever and resourceful as electrical 

transmission completes its operation, even in the 

presence of abnormality or defect especially in the 

automotive sector, provided that such changes do not 

reach blatant or irreversible damage to the engine 

(IM). Hardware redundancy remains the most 

answered solution to address this problem but it still 

very expensive. One way to ensure safe operation 

while minimizing cost we adopted the model 

unattended. 

 

  

Fig.7. Structure of the drivetrain developed with the 

model of the IM and the observer 

Dysmmetry of flux lines 
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� The mission block: Is the mission injected to the 

vehicle model that will be following by VE. 

� The block of drivetrain + vehicle dynamics: Are 

the different forces applied to VE and the 

various TC elements. 

� The control block: allows the enslavement of 

the monitored physical parameters. But in the 

open-loop monitoring, this block will be used to 

calculate the voltage set points for PWM from 

external instructions. 

� The measurement acquisition block: 

communicates with the measuring methods such 

as digital analog converter, speed sensor ... . In 

addition, this block treats binary results for 

transmission to the system. 

� The monitoring block: monitors constraints safe 

operation. In the case of CT control, it monitors 

any kind of short-circuit between phases or 

eccentricity problems. 

 

3.2. Dynamic Vehicle  

        The resultant force of the road load and 

resistance forces is expressed by equation [MH, 13]. 

(# � (�) * (�+ * (,� * (��   (4)                             

        The force F supplied by the VE engine must be 

greater than the resultant force Fw to allow the 

vehicle to accelerate if it decelerates. Therefore, the 

equation of motion is expressed as follows 

(- � ( � (# � ./- 0102  
  (5)                                                  

      The load torque is given by the following 

expression: 

34 � 3!#5

4�6�
� � %#5

4(76�
�   (6)                                                  

 

 The angular speed of a vehicle wheel is 

expressed by: 

 89:;;< � =>;?�8@                                          (7)                                                                 

Sliding of a vehicle wheel is defined by the 

relative movement between the wheel and the 

road surface on which it moves. Expression of 

sliding is given as follows. 

            A9:;;< � BCDEEF�GCDEEFHIJ
IJ                              (8)                                                                            (8)      

                                                   

In the case where the adhesion of the road surface is 

high, then �#5

4 generally is low and can be 

neglected. The moment of inertia on the motor shaft 

is expressed by: 

                                        /K �L
M.�%#5

4M

�N�
�M � � �#5

4) 
 

 (9)                                                  

The total moment of inertia of the vehicle in the 

engine repository is expressed by (10). 

/ � /7 * /�  (10)                                                  

        Therefore, the movement of each driving wheel 

is described by the mechanical equation in the 

repository engine which is at the same time the torque 

given by: 

O@ � P QB@
QR * OS * OT������������������������������������������������(11)                                                  

3.3.Model  Simulation 

We distinguish three main functions in the 

online monitoring system which are "Seeing", 

"Understanding ", "Action". These functions are 

essential to a better supervision. The function of 

perception is based on data which they were stored in 

the base given. The operator analyzes the acquired 

information and decides which action should start via 

actuators acting on the IM. 

These actions can be: 

� Training the IM in operation timed MT 

mode. 

� Training IM MD operating in degraded 

mode. 

� Stopping the IM and the judgment result of 

the CT AR 

The results of these detections permit to take the 

required decision in order to minimize the threats that 

may affect the IM and therefore CD. Figure 8 shows 

the simulation block diagram used to detect, locate 

and assess the fault and its influences on the electrical 

quantities such as currents, voltages and the 

electromagnetic torque. 
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Fig.8. Simulink Simulation bloc 

3.2 Implementation Scenario  

      The monitoring system will go through a stage of 

installation of these parameters from the model of the 

MEF in memory, and signal generation in conjunction 

with the acquisition. To implement the monitoring 

system we will use the chart of figure 9. It uses 

exactly the characteristics of the test scenario. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Signal monitoring scenario reflecting the extent 

of the defect 
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Fig.10. Simulation results (a) The stator voltage 

signal (b) The stator current signal versus time before 

and after default appearance of eccentricity mixed 

Figure 10 (a, b) show the evolution over time of the 

stator voltage and stator current before and after 

appearance of eccentricity default. 

 

 

 

 

 
 

 

 

Fig.11. IM Torque after (a) and before (b) 

mixed eccentricity default occurrence  

 

   
 

Fig.12. Torque superposition of healthy IM 

and defective IM 

       According to the two changes we can note the 

alteration of the electrical signals that result in 

imperfections and the IM operation degradation, 

affecting the CD commissioning. 

     At the end of the two torque curves specific to the 

two operations; healthy and defective, we can see that 

the pair fluctuates around its nominal value �20 N.m 

except that it has a slight deformation due to default. 

In order to evaluate the effect of the defects that may 

affect the operation; IM in the CD, we must calculate 

the harmonic distortion THD presented by the 

following expression: 

3UV � WXY Z[ 
Z\ 

L]^_M ` � �'' � XY Z[ \a 
Z\ � ��''     (12)                                         

With: 

Ih: Effective value of the harmonic order h of tension. 

I1: Fundamental component of the voltage. 

H: harmonic order. 
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                        Harmonic Order 

Fig.13. Harmonic spectrum of healthy IM 
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                                       Harmonic Order 

Fig.14. Harmonic spectrum of IM affected by mixed 

eccentricity 

         These imperfections are converted to percent of 

distortions and generating alarms adequate enabling 

operators or drivers to take the appropriate decision. 

Indeed, it is the high-order harmonics (k = 2 to k = 

19) generates the shape of stator current. 

�2� � � bcY L
M^�L

d̂_e fghiN * ��j2  with     

h � iN * �    (13) 

Figure15 (a, b) show the changes in currents and 

stator voltages over time following the occurrence of 

short circuit between turns. 

Fig15. (a) The stator voltage signal 

vs time 

 

 

 

 

 

 

Fig16.Simulation results (b) The stator current signal 

versus time before and after occurrence of short-

circuit fault between turns 

According to figure 16, the stator current is multiplied 

by 3 and reaches values above the normal operation 

of the IM 

         

  
 

 

Fig.17.Torque under inter-turn fault 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


#  


"  


!  

 

!  

"  

#  

$  

�   

 � ! 

U
 (V

)


" 


+ 


! 


� 

 

� 

! 

+ 

 � ! 

(b)

C
u
rren

t (A
)

T
o

rq
u

e (N
.m

) 

Time (s) 

A
m

p
litu

d
e��A

��

161



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019�

ISBN: 978-9938- 9937-2-1                    Editors: Tarek BOUKTIR & Rafik NEJI�
�

 

 

Fig.18.Torque superposition of healthy 

and under inter-turn fault 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Torque variation over time affected by the short 

circuit between turns is much smaller than that 

required for normal operation of the machine. From 

the curve of figure 18 we superpose IM healthy torque 

and affected torque by the inter-turn fault and we 

notice that the torque fluctuates around a value lower 

than the nominal value about 2N.m. 

 

                                         Harmonic order 

Fig19. Harmonic spectrum after occurrence of 

the inter-turn fault  

        In the case of static and dynamic 

eccentricity THD is around 58%; the variation of 

the stator current concerns the decentering of the 

motor rotation axis. In this case the block 

decision authorizes the monitoring operation but 

in timed mode and the driver can continue his 

journey for a period of definite time. 

        While in the case of a short circuit between 

turns, the THD of the stator current exceeds 62%. We 

note that the fundamental harmonic (f = 50 Hz) 

corresponds to 9 times the rated current. 

The diagnostic unit monitors the stator currents of the 

various anomalies and referring to the reference value 

it allows selecting the appropriate mode of operation 

that is to say: 

� Degraded operating mode in the case of 

mixed eccentricity. 

� Stopping in the case of short circuit. 

Table2.Summary fault signatures 

 The superposition of three healthy and faulty currents 

reveals the intensity of each defect and the difference 

between stator currents [NR 13]. 

        Thus, the continuity of the system is based on 

the nature of the defect and its degree remains a 

desired goal for all automotive engineers that is to 

say, maximizing the reliability and credibility of the 

automated process. 

4. CONCLUSION 

        Although IM remains the most robust machine, 

but it cannot be free of faults. It becomes imperative 

to reduce the causes and effects of defects in these 

components. As well as for embedded autonomous 
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Fig.20. Superposition the three spectra of stator currents 
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systems those are used in harsh environments where 

failure can cause critical damage for both people and 

vehicle. So in this paper, we proposed a monitoring 

method for an IM within an EV which is based on 

THD evaluation of stator current for three operation 

cases which are healthy, mixed eccentricity and inter-

turn faults. We success to select the defected mode 

and to choice the most appropriate mode functioning 

for CD after analyzing THD rate. Namely when the 

THD overcome 62% we stooped the CD. 
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Abstract— Observing and diagnosis fault in the Induction 

Motor is a subject that has been widely discussed in the past. This 

was motivated by the search for a reliable machine operation 
which are sought continuously for long periods. Also, in the case 
of an intervention due to a defect, the response time can be 
greatly reduced if we know the pattern, severity and location of 
the fault. 

 In a three-phase Induction Motor eccentricity is a common 
fault that can make it necessary to remove the motor from the 
production line. However, because the motor may be inaccessible, 
diagnosing the fault is not easy. We have implanted a program 

using FEMM software based-on Finite Element Method. The last 
identifies static, dynamic and mixed eccentricity by analysis, 
without direct access to the motor. It simulates the spectrum of 
the stator current of an Induction Motor and compares it to the 

spectrum of a healthy motor to detect eccentricity types. 
Keywords— Induction Motor; diagnostic; fault; static, 

dynamic and mixed ; eccentricity. 

1.  INTRODUCTION  

Electric vehicles are more and more using Induction Motors 
because of their robustness, power density and cost. Their 
diagnosis and maintenance thus become an economic issue. 
Abrupt damage of an IM may result in stopping the whole 
vehicle. Therefore, on-time diagnosis of faults is imperative in 
order to prevent a fault from spreading over the traction drive 
and, consequently, stopping the vehicle. Diagnosis and fault 
detection have for long mobilized many researchers 
everywhere in the world, generating several research groups 
investigating surveillance, diagnosis ([1], [2]) and generating 
detection algorithms and fault isolation and reconfiguration 
algorithms for tolerance fault. The first, famous by the 
expression Fault Detection and Isolation (FDI), mainly consist 
in comparing the actual behavior system with reference 
behavior describing the operation (detecting defects) or 
describing the different types of defects (analysis or isolation 
failures) while reducing false detections, non-alarms, and 
delays in the detection of a fault to permit IM to continue to 
operate in degraded mode or stop in case it is impossible to 
remain working. Multiple failures may appear in the IM. They 

can be predictable or untimely; mechanical, electrical, 
magnetic or hybrid. Their causes are widely varied [1], [3]. 

The study of IM defects has a dual purpose: 

- Understanding their origins so as to provide their severity 

and development. 

- Analyzing their impact on the behavior of the machine and 

inferring signatures for a posteriori to go up until the cause of 

the failure [4]. 
Mechanical defects occur due to the destruction of the mechanical 

elements of the IM such as bearings and gear-box. The possibility of 

these errors in electrical motors is more common, at about 50% to 

60% [1]. The probability of such defects happening in electrical 

motors is greater (of the order of about 50% to 60%). The most 

significant mechanical faults are: bearing faults (40%–50%) and 

eccentricity (60%) [4]. 

 

In this paper, we will use the modeling tools, analytical and 

digital, to study the eccentricities of IM. We recall that the 

objective is to detect the presence of such defects through the 

spectrum of the stator current of IM and to compare it to the 

spectrum of a healthy motor to detect eccentricity. 

2. FINITE ELEMENT STUDY OF INDUCTION MOTOR 

 

The different specifications of IM used in our simulation are 

summarized in the table I bellow. 
 

TABLE 1. SPECIFICATIONS OF THE INDUCTION MOTOR 

 

  ITEM                                  Value  (unit) 

Pole pairs 2 - 

Number of phases                      3 - 

Outer diameter of stator 210 (mm) 

Number of stator slots                36 - 

Number of rotor slots                              24 - 
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Inner diameter of rotor 130.5  (mm) 

 

 

The design of IM using the software FEMM is based on three 

steps which are: Pre- processing; processing and post-

processing.The pre-processing is the first step of FEM which 

defines the model’s geometry, the material proprieties, the 

boundary conditions and the finite element mesh. 

Next, the analysis continues to the processing step 

which allows solving the Maxwell equation and to provide the 

output results. Finally, the post-processing phase outlines the 

magnetic field distributions and the magnetic flux density. 

Simulations with zero-current rotor and different stator 

currents are performed to compute the mutual inductance. For 

each rotor speed, a mesh generation is performed, and a rotor 

flux variation and a magnetic field are obtained from 

preliminary loop simulations while varying the stator current 

and the rotor angular simulations. After that, the rotor current 

is computed. Finally, all parameters are computed for each 

given stator current.  

The different steps are well described in my papers 

[25] and [26].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Different steps of our approch  

 

3. APPROACH USED IN DETECTION ECCENTRICITIES 

"The Unbalanced Magnetic Pull" (UMP) is a very 

significant phenomenon in the three-phase IM; it is famous to 

exercise a mechanical stress on the shaft and behavior. Over 

time, this stress can root ruptures of mechanical parts, or even 

friction between the stator and the rotor, causing major 

breakdowns in the machine. The unbalanced magnetic 

attraction is usually caused by the gap of inequality which is 

called the default eccentricity [8-11]. The mixed eccentricity 

type largely refers to the simultaneous presence of two former 

types in the IM [12]. In the ideal case, the stator and the rotor 

have the same geometric axis. In the case of static eccentricity, 

the rotor rotates around its own geometric axis, which is not 

the axis of the stator; in the case of a dynamic eccentricity, the 

rotor is not concentric and rotates around the geometric axis of 

the stator. However, even in the new IM, eccentricity usually 

occurs due to accumulation of tolerances during the 

manufacturing process [13]. Usually, the stator current 

signatures of the analysis technique were normally used to 

analyze eccentricity faults in the three-phase IM [13-17]. 

The principle plain of the FEM is to cut down the 

magnetic circuit of the machine into dimension elements small 

enough for the magnetic material to be considered linear on 

the analogous surfaces. From local forms of Maxwell's 

equations, it is possible to precise the problem to be solved. 

The analytical solution is compound and can handle saturation 

only approximately. The development that computers have 

seen over the last few years has allowed considering the 

digital resolution of such complex problems. Observing that 

this method has traditionally been designed to define the 

electromagnetic field, with the objective of optimizing its size, 

FEM, with its fidelity to the electromagnetic behavior of the 

IM, can simulate real faults in it with a much localized event 

of default. It is principally characterized by: 

• Taking into account the geometry of the IM. 

• Considering nonlinearities of physical properties in 

magnetic materials. 

FEM is able to review the saturation effect and harmonic 

effects of space, this advantage are very important particularly 

for defects using the Spectral Analysis Technique.  

• Enabling to vary the operating conditions of the IM 

(frequency and magnetizing flux) by simply changing 

the data calculation program with high flexibility. 

It, therefore, appears that FEM, despite its demands 

means in time of very large stones remains the most 

faithful method to the electromagnetic behavior of a 

machine. This is one of the reasons that guide and justify 

our selection for FEM as the suitable method for our 

study. This choice is also encouraged by reports in the 

literature on quite a lot of previous studies using FEM. 

[16], [17]; [18], [19], [20], [21], [22]. [23]. 

  

A. Eccentricity types 

 
The eccentricity means the thickness of the air gap becomes non-

uniform which appears between the stator and rotor. There are three 

types of eccentricities: static, dynamic, and mixed which is a 

combination of both. Concerning static eccentricity, the rotational 

axis of the rotor accords with the symmetrical axis, however it 

moves from the stator symmetrical axis; in which case the air 

gap distribution is not uniform around the rotor, but time-

variant. Fig. 2, 3, and 4 show the cross sections of the 

Program on Matlab  

 

                 

 
 FEMM 

Geometric 

representation of 

IM (boundry 

condtions) 

Pré-traitement xxx.fem      Traitement xxx.exe           Post-traitement 

xxx.ans 

 

Magnetic Results 

(Bn , Bt H…) 
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induction motor illustrating the three different types of 

eccentricities. 
 

 

Fig. 2.  Static eccentricity 

 

On the other hand, for dynamic eccentricity, the stator 

symmetrical axis concurs with the rotor rotational axis, but the 

rotor symmetrical axis takes over the place. Not only is the air 

gap distribution in this situation not- identic around the rotor, 

but it likewise is time-variant. 

 

 

Fig. 3. Dynamic eccentricity 

The presence of these two types is generally called mixed 

eccentricity. The two effects are united which means the 

geometrical center; rotor rotational center and stator 

geometrical center are altered. 

 
 

Fig. 4. Mixed eccentricity 

 

Air gap eccentricity causes a ripple torque, which further 

leads to speed pulsations, vibrations, acoustic noise, and even 

an abrasion between the stator and rotor. Therefore, it is 

critical to detect air gap eccentricity as early as possible. Fault 

diagnosis systems are used as a tool for the maintenance and 

protection against fault of costly IM. These systems receive 

the necessary information from IM and determine the quality 

of performances. If this situation corresponds to the predefined 

fault condition, the relevant fault is flagged. The major 

advantage of a fault diagnosis system is that it predicts the 

likelihood of damage by analyzing the changes of certain 

parameters. It is even possible to determine both the timing of 

and reason for fault occurrence ([5] and [6]). 

 

B. Eccentricity fault detection by the spectral analysis of 

stator current  

Several phenomena affect the IM during running 

particularly disturb the current supply by changing their 

spectral content. The use of the Fast Fourier Transform (FFT) 

in this study allows us to analyze the stator current of two 

cases of IM: the first case healthy and the other case with 

defects. This mathematical tool is used to describe any signal 

with its frequency spectrum. This is well suited to our 

application since many phenomena associated with defects 

result in the emergence of new frequency components directly 

related to slip where the change of the amplitudes of 

harmonics is already present in the spectrum. 

 

            
 

Fig. 5. Method of Eccentricity detection in IM. 

 

This is an undeniable advantage of the simulation 

because, from an experimental, it would be extremely 

difficult, if not impossible, to separate the two types of 

eccentricity.  

 

The main purpose of this section is the detection of 

eccentricity fault signatures. The frequency Harmonic, of 

eccentricity faults is expressed as follows [24]. 

 

)f
p

)s1(
)ndkR((f sH

−
+±λ=  

 

 

(1) 

With 

sf  frequency of the supply network 

λ : rank harmonic time (= 1, 3, 5, ....) λ. 

R: the number of rotor slots.  

s: slip 

+FFT 
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p: number of poles.  

k and nd: coefficients related to the eccentricity, with nd = 0 

corresponding to the case of static eccentricity. 

Traditional indices of eccentricity fault that are at low 

frequencies around the fundamental component (50 Hz) are 

given by the following formula: 

 

fexc = (fs ± k fr) 

 

(2) 

 

With 

                                         fs
p

)s1(
fr

−
=               (3)                                

 

  

 

      After testing the possibilities, we decided for the purposes of 

our study on a harmonic analysis using the principle of the Fast 

Fourier Transform (FFT). Hence, the analysis of the various 

lines of harmonics permits the detection of any eccentricity 

faults in the studied machine. The Total Harmonic Distortion 

(THD) block measures the total harmonic distortion of a 

periodic distorted signal. The signal can be a measured current. 

The THD is defined as the root mean square (RMS) value of 

the total harmonics of the signal, divided by the RMS value of 

its fundamental signal. For example, for currents, the THD is 

defined as: 

                                                          F

H

I

I
THD =

                             (4)                          

                             
)I...III 2

n
2
3

2
2H +++=

                    (5) 

 IF: The RMS value of the fundamental component. 

 

4. SIMULATIONS RESULTS 

 

                 (4)  

 

                (5) 

To study the effects of eccentricities using FEMM, 

we have developed a procedure that will keep the same mesh 

to simulate all cases of machine operation: Healthy, with a 

static eccentricity, with a dynamic eccentricity or with a 

combined eccentricity (static and dynamic at the same time). 

This approach enables to avoid the numerical errors that could 

be introduced after the re-meshing of different qualities. 

In the case of an eccentricity, the geometry of the 

rotor and stator are not changed. Only the gap thickness is 

impacted where a priori deformation of the latter elements. 

However, to take the movement into account, it is necessary to 

have a sliding surface in the gap, centered on the geometric 

origin of the grid structure and in a regular manner. The 

solution adopted is to divide the gap into at least two layers of 

elements. The nodes on the boundary of the two layers form 

the sliding surface. Hence, they are subject to the constraint of 

regularity and focus positions. The air gap is regular, the 

distance between any two successive nodes is identical, and 

centered with respect to the origin of the structure, depicted in 

the figure by means of the dotted lines in red as it shown in fig 

6.a. 

Thus, it is possible to move all the nodes of the rotor 

and / or stator to simulate an eccentricity without modifying 

the sliding surface. Only the elements of the inner layer and / 

or outer of the air gap will be distorted.  

The simulations which are represented in figure 6 

were developed for the same rotor position 20°. 

 

 

 

 
 

a) Healthy IM 

 

Therefore, to simulate a static eccentricity, we move all the 

nodes that are outside of the sliding surface as illustrated in 

figures 6-b and 6-c. 

 

 
 

 

b) IM with Static Eccentricity default (20%) 

 
                                       

c) IM with Static Eccentricity default (40%) 

 

Uniforme air-gap 

Deformation of the air 

gap thickness 

0.2mm 

0.4mm 
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In the case of a dynamic eccentricity, only the nodes 

that are inside the sliding surface are displaced as 

depicted in figure 6-d and 6-e. 

 

          

d) IM with Dynamic Eccentricity default (30%) 

 

 
 

      (e) IM with dynamic eccentricity default (20%) 

 

  Finally, to simulate combined eccentricities, we use 

the two movements simultaneously as it represented in figure 

6-f . 

 

 

 
 

(f) IM with Mixed default 40% static eccentricity; 30% 

dynamic eccentricity 

Fig. 6. Field distribution specific to different types of eccentricity   

From these figures we can conclude that we have 

validated all effects of different types of eccentricities 

described previously. 

 

In this section, we present the comparison of the 

simulation results for three cases of operation of the machine 

with an excitation current of 8.5A. 

 

The first simulation of IM is healthy. The second provides a 

static eccentricity failure of 0.2 mm, the second simulation of 

the IM has a dynamic eccentricity fault 0.3mm and the third 

simulation shows an anomaly IM mixed eccentricity (20% 

static eccentricity, 30% dynamic eccentricity).  

 

 

 

 

 Order Harmonic 

Fig. 7. Healthy   

The total harmonic distortion THD healthy 

IM is approximately 22.82%. 
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p
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 Order Harmonic 

Fig. 8. Harmonic spectrum specific to Static 

eccentricity default   

    

The THD of the IM, which represents 20% of 

static eccentricity, is equal to 32.92%.    
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Offset own rotor center 

168



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

 

ISBN: 978-9938- 9937-2-1                                   Editors: Tarek BOUKTIR & Rafik NEJI 
 

 

A
m

p
litu

d
e (A

) 

 

 
Order of Harmonics 

 Fig. 9.  Harmonic spectrum specific to Mixed the 

default  

Concerning the default 30% of dynamic eccentricity, 

the corresponding THD is 38.72%. While the THD spectrum 

of the IM corresponding to the default mixed eccentricity is 

equivalent to 59%. 

Figures 7, 8 and 9 show that the distribution of defect 

harmonics depends strongly on the operating conditions. 

Under certain operating conditions, the current harmonics 

were much smaller than the other harmonics. This is a 

signature that differentiates a defect of the other and allowing 

the user to judge the malfunction state of the IM. 

According to the different harmonics of stator 

currents, the fundamental presence is noted to own frequency 

50Hz whose rank is k = 1; and the presence of other spurious 

harmonics. For it is the high-order harmonics (k = 2 to k = 19) 

that degrade the stator current curve and subsequently the 

functioning of the IM. Figure 10 summarizes the THD and the 

spectra of the different cases of operation of the IM a great 

advantage to use spectral analysis of the stator current. 

To distinguish between different types of eccentricity 

we must only analyze the value of total Harmonic distortion. 

 

 

�

 
 

Fig.10. Comparison between harmonic spectrums specific 

to different cases 

 

The amplitudes of stator current which describes the 

seven harmonics are summarized in the table 2 below. 

 

 

TABLE II. STATOR CURRENT AMPLITUDE 

Healthy Satic_ECC Dynamic_ECC Mixed_ECC 

9.24 20.25 20.47 21.4 

3.34 4.06 4.14 8.33 

2.09 1.75 1.8175 5.35 

1.52 0.987 1.041 3.98 

1.21 0.638 0.688 3.19 

1.018 0.45 0.498 2.68 

0.87 0.33 0.385 2.32 

 

TABLE III. COMPARAISON BETWEEN THD SPECIFIC TO DIFFERENT CASES 

 

Case of IM THD 

Healthy 22,82% 

Static Eccentricity 32.92% 

Dynamic Eccentricity 38.72% 

Mixed Eccentricity 59% 

 

After this table it can be concluded that the mixed eccentricity 

fault is the anomaly that affects more seriously the stator 

current of IM. It is the most serious defect which is 

characterized by a distortion that exceeds 50%. Thus we can 

determine that the IM failure is accentuated. 

 

IM continues its functioning for both cases; static and 

dynamic eccentricity in timed mode. While in the case of 

mixed eccentricity it is preferred to stop the IM to prevent 

severe damage. 

 

 

5. CONCLUSION 

 This paper has focused on the detection of static, 

dynamic and mixed eccentricities in the case of a three-phase 

IM. Elaborating on previous work, we have proposed a 

procedure based on the dimension of stator current spectrum.  

.  

After inspection the THD specific for three cases we 

can decide on IM ruining. 
Order of Harmonics 

A
m

p
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d
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Healthy 

 
Ex_static 

 
Ex_dynamic 

 
Ex_mixte 
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These results will take into account when the IM will 

be installed in the drive chain. Our aim is to prevent the 

electric vehicle stop. 
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Abstract—This paper presents a pitch control approach 

for a Variable Speed Wind Turbine submitted to a 

Turbulent Wind Profile. 5MW NREL prototype is taken 

under study. A performance coefficient scaling is 

investigated. For simulation, two different frameworks are 

used for two turbulent wind profiles: 18m/s and 24 m/s 

average values. Besides, we can observe on FAST, then 

MATLAB,   the behavior of the Turbine face to this.    

 
Index Terms—Variable speed Wind Turbine, pitch 

control, Performance coefficient, Turbulent Wind, FAST, 

MATLAB. 

1. NOMENCLATURE 

A : The area covered by the wind turbine rotor ( 2m ). 

pC : Performance coefficient (power coefficient). 

ic : Parameters relative to the performance coefficient. 

IK , pK : Integral and Proportional gains of the PI 

controller. 
p : Number of pair poles. 

P : Power extracted from the wind (watts). 

nomP : Nominal power of the electric system. 

R : Radius of the wind turbine rotor. 

rT : Constant time of the antiwind-up PI controller. 

windV : Wind speed at hub height upstream of the rotor

( / )m s . 

tV : Blade tip speed ( / )m s . 

rw : Electric speed of the rotor (rotational speed). 

GBh :  Gearbox ratio.  

r : Air density 3( / )kg m .  

l : Tip speed ratio.  
q : Pitch angle (in degrees).   

2. INTRODUCTION 

    Wind Energy has become lately, one of the most 
important sustainable resources one can investigate in 
order to get electricity [1]. 

 
 
 
The numerical simulation methods  of  turbulent wind  has 
an important value for engineering project, and is the 
focus of research in recent years [2].  
Blade pitch is difficult to control in a highly turbulent 
environment. Therefore, efficiency is not always at its 
highest [3]. 
However approaches to control collective pitch angles are 
available and numerous researchers have worked on this 
topic [4], [5], [6], [7]. 
In fact, Highly turbulent winds are very unfavorable for a 
turbine operation since the wind turbine control system is 
not always capable to react upon rapid changes in the 
wind speed. Rising of the wind speed (wind gust) can 
often cause a wind turbine rotor overspeed [4].  
This increases the wind turbine structural loading and can 
provoke a safety stop and a consequent loss in the wind 
turbine production.  
To allow for a satisfactory operation of wind turbines 
under very turbulent winds, the wind turbine control 
system  needs to be modified. Performance coefficient 
needs to be adjusted, and blade  pitch angles to be 
controlled. 
  Such approaches  can assure a better compensation of the 
wind gusts influence on the wind turbine behavior and 
improve the power control under  unsteady winds [4]. 
In this paper, the main objective is to study pitch control 
capability under turbulent wind, for a wind  turbine 
generator. The NREL 5-MW baseline wind turbine is 
taken as prototype for simulation. An in-depth description 
of the turbine can be found in Jonkman [8],  [9], [10]. One 
of the softwares used for simulation is FAST framework 
[11].  
In this context, the article is organized as follows. The 
first part presents the wind turbine model besides of the 
performance coefficient numerical approximation  
adopted.  In the second part, it is given the control 
structure adopted, plus the Framework utilized for 
simulation (FAST and MATLAB). At the final part,   
different results of simulation are provided, under several 
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turbulent wind scenarios such as 18m/s mean speed or 24 
m/s mean wind speed. 
3. MODEL DEVELOPMENT OF THE WIND TURBINE 

A. The Wind Turbine Model  

   The following well-known algebraic equation (1) gives 
the relation between wind speed and mechanical power 
extracted from the wind [12], [13]. 
 

31
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1
( )
1

2
( )( )P C( )( )
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( )( )  (1) 

 
where P  is the power extracted from the wind in watts; 
r is the air density (kg/m3); 
Cp is the performance coefficient or power coefficient; 

l is the tip speed ratio ( t

wind

V

V
 ) , the ratio between blade 

tip speed Vt (m/s), and wind speed at hub height upstream 
of the rotor Vwind, given by : 
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p is the number of  pair poles; 
wr  is the electric speed of the rotor; 
q  is the pitch angle (in degree) 
R is the radius of the turbine (Blade length) in m. 
And A is the area covered by the wind turbine rotor (m2). 
 
B. The Performance Coefficient  Model  

     Since we operate in a variable speed wind turbine 
mode, a numerical approximation of the ( , )pC l q curve 

based on equation is used to represent the rotor [14].  

A lot of approximations of pC  have been established 

and the literature is rather rich [15].  For the case of our 
turbine we retain the expression (3). 
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That approximation has been developed using 
manufacturer documentation of variable speed wind 
turbines and multidimensional optimisation [16].  In 

TABLE I we give 
ic  coefficients relative to equation (3). 

TABLE I 

Original Parameters of the Performance coefficient [17]  
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Adjustment of the Cp parameters: Scaling 

In order to establish the new parameters values  of  the 
Performance Coefficient , we resort to Wind Turbine 
Specifications:  

 
1

5 ; 2; 61.5 ;
97nom GBP MW p R m h= = = =  (4) 

 
While considering these values, we have to adjust the pC  

coefficients to the nominal power’s value of  5MW . 
The nominal point where operates the whole electric 
system is characterised by the values given below. 

5 ; 11.4 /nom windP MW V m s= = and 0q °= . 

Numerical calculations give us new values of  
ic . They 

are  presented  in  TABLE II. 
 

TABLE II 

New Parameters of the Performance Coefficient  
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4. WORK DESCRIPTION AND SOFTWARE USED 

In order to implement the pitch control approach, applied 
on the 5MW-NREL Wind Turbine, we have chosen to test 
two different frameworks.  In fact, several tools  are for 
the industry standard BEM Blade Element Momentum 
theory) codes, such as Flex5 or Bladed [18], [19] , but our 
choices were set to FAST and MALAB working 
environments. 
 
A. The  FAST Framework  

The FAST (Fatigue, Aerodynamics, Structures, and  
Turbulence) Code is a comprehensive aeroelastic   
simulator  capable of predicting both the extreme and  
fatigue loads of  two- and three-bladed horizontal- axis  
wind turbines (HAWTs)  [11]. 

So Far, Jonkman have developed numerous versions of 
FAST. The one that is actually in use is the FAST V8. 

The application in this paper, uses the design tool 
FAST with AeroDyn and ElastoDyn and ServoDyn—

developed and verified by Jonkman and Buhl at NREL 
[11]—to create a model of a wind turbine concept. The 
time-domain simulation tool FAST can model the aero-
hydro-servo-elastic response of a variety of onshore, 
besides of offshore floating wind turbines [13]..  
There are several modules used in  the design tool FAST  
such that : AeroDyn, HydroDyn, ServoDyn, ElastoDyn, 
SubDyn, MAP, IceFloe…   

Each  (see Fig.1) considers a specific part of the Wind 
Turbine, besides of its environment, either be it onshore 
farms or offshore ones. 
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In the present work, it is needed the use of the three 
modules, that we define next. 

 
a. Aerodyn Module  
The aerodynamics are calculated in the FAST module  

AeroDyn, which uses a state-of-the art blade element-
momentum approach (BEM) with empirical corrections to 
calculate the rotor aerodynamics. The empirical 
corrections consider the losses caused by AeroDyn also is 
able to apply the generalized dynamic wake (GDW) 
theory to account for the effects of dynamic inflow [20]. 
 

 

Fig. 1.   FAST V8  [11] 

 
b. Elastodyn Module  [20] 

Is the Structural-Dynamic module for horizontal-axis 
wind turbines. It includes structural models of the rotor, 
drivetrain, nacelle, tower, & platform  

  
c. Servodyn Module  [20] 

Is  the Control and  electrical-drive module for wind 
turbines and is used to be a fundamental part of FAST . It 
Includes control & electrical-drive models for blade  pitch, 
generator torque, nacelle yaw, high-speed shaft  (HSS) 
brake, & blade-tip brakes  

 
B. The MATLAB  Framework 

Tubulence Block Model 
Dryden Wind Turbulence Model. 

Generates atmospheric turbulence. White noise is 
passed through a filter to give the turbulence the Dryden 
velocity spectra. 

 
 

Fig.2. Wind Turbulence Model 
 
PI Controller anti-wind up Model 

For the pitch angle, an anti-windup Proportional-Integral 
controller is used. The block diagram of such controllers s 
is given in Fig. 3 [14]. 

Gains of   controller   are: 1pK =  and 10IK = . The 

constant time is 0.1rT s= . 

The reference input of the antiwindup PI is the mechanical 
torque  reference value. 

iK
1
s

+
-

pK

1
rT

+
+

+-

+
+refx

x

u
 

Fig.3.    Block diagram  
of the antiwindup PI controller 

 

The other input of the regulator is the torque  measured at  
the output of the wind turbine. 

 
5. NUMERICAL SIMULATIONS 

A. NREL 5-MW Baseline Turbine Properties  

The NREL 5-MW baseline wind turbine represents a 
typical state-of-the-art multi-megawatt turbine [21], [22]. 
The baseline turbine’s properties are presented in the 
Appendix. They are derived from publicly available data 
on the Multibrid M5000 and REpower 5-MW machines 
and from conceptual models used in the WindPACT, 
RECOFF, and DOWEC projects [20]. 

Two scenarios are being presented next. First, a 
turbulent wind profile with a mean speed value equal to 
18m/s. Second, a turbulent wind with a mean speed value 
equal to 24m/s. We also find works on turbulent wind in 
[23]. 

The following figures show how the collective 
variation of the blade pitch angle  influences the 
aerodynamic efficiency of the wind turbine.  
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B. Turbulent Wind: 18m/s  mean speed– Using FAST 

 

In this section, the simulation tool is FAST, the 
aerodynamic model of the wind turbine, is the one taken 
in [10]. 

Fig.4.a.   shows a turbulent wind profile with an 

average  speed of 18m/s. 

 

 
Fig.4.a.   Turbulent wind- mean speed 18m/s- Using FAST 

 

 
Fig.4.b.   Blade Pitch  angle for turbulent wind speed 

18m/s- Using FAST 
 

 
Fig.4.c. Power Generated – 5MW reference Wind 

Turbine- Using FAST 
 

Fig.4.c. illustrates a Power diagram with a value of 
5MW, that is the nominal power generated by the 
reference Wind Turbine. 

 

C. Turbulent Wind: 18m/s  mean speed– Using 

MATLAB 

 
The same scenario is repeated in this part, with a 
different tool: MATLAB Simulink software. Similar  
results are obtained, they are shown in Fig.5.  

 

 
Fig.5.a. Turbulent wind-mean speed 18m/s- Using 

MATLAB 
 

            
Fig.5.b. Blade Pitch angle for turbulent wind speed 

18m/s- Using MATLAB 
 

         
Fig.5.c. Generated Power- 5MW reference Wind 

Turbine- Using MATLAB 
 

 While observing Fig.5.b. , the value reached by the     
 pitch angle while adjusting the generated power to its   
 nominal value (5MW), is around 12° , which is the   
 same average  value than  in fig.4.b.  (obtained by  
 FAST) .  
 

D. Turbulent Wind : 24m/s  mean speed – Using 

MATLAB 

 It is to notice, that, for a value of 25m/s wind speed,   
 the Turbine is stopped in order to avoid any real  
damage of the generator. However, for wind speed  
values under this  cut-out, Cp control is still operating   
to get blade pitch angles that bring back the generated   
power value to its optimal. This phenomenon is  
illustrated in hat can cause a real damage of the  
generator. 

       
Fig.6.a. Turbulent Wind – mean speed 24m/s 
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Fig.6.b.  Blade Pitch  angle – turbulent wind- mean speed 

24m/s 

   
Fig.6.c. Generated Power - 5MW reference Wind Turbine - 

turbulent wind- mean speed 24m/s 
 

   
Fig.6.d. Generated Power at beginning  of the production - 

5MW reference Wind Turbine - turbulent wind- mean speed 
24m/s 

 
It is shown in these diagrams (Fig.6.) how the 

collective pitch blade angle is controlled, in order to get 
back the generated power to its optimum value 5MW. 

Specifically, in Fig.6.d, the curve shows  how a value 
of a collective  blade pitch  angle (17.5°),  brings back the 
power to its nominal value of 5MW. 

 
We have focused  on pitch-controlled turbines with 
variable speed. The potential of PI anti windup controller  
was  identified and design limits were  mapped. As part of 
this, collective  pitching of  blades was 
treated, aiming at optimization of the operational state, 
power extracted  and enhancement of stability 
characteristics. 

6. CONCLUSION 

In this work, we have focused on collective pitch-
controlled turbines with variable speed. The potential of 
PI anti windup controller  was  identified. Adjustment of 
the Performance coefficient Cp have leaded to adjustment 
of the blade pitch angle. Thus, collective  pitching of  
blades was treated, aiming at optimization of the 
operational state, power extracted  and enhancement of 
stability characteristics. Two scenarios of turbulent wind 
were tested. Besides, we have investigated distinct tools 
such as MATLAB and FAST. 

APPENDIX 

 

TABLE A-I. 

5MW-NREL Wind Turbine Specifications  

Property  Specifications 

Related Power 5 MW 

Rotor Orientation Upwind  

Rotor Configuration 61.5m length 

Rotor, hub Diameter  126m, 3m 

Hub Height 90m 

Wind speed  

Cut-in Vin 3 m/s 

Rated 11.4 m/s 

Cut-out Vout 25m/s 

Cut-in rotor speed 6.9 rpm 

Drivetrain concept Geared 

Gearbox ratio 97:1 

Rated generator speed 1173.7 rpm 

Generator efficiency  94.4 % 

Rated tip-speed 80 m/s 

Overhang 5m 

Shaft tilt 5° 

Precone  2.5° 

Rotor mass 110,000kg 

Nacelle masss 240,000kg 

Tower mass 347,460 kg 

Tower diameter Base 6m 

Tower top diameter  3.87m 

Structural Damping Ratio 0.47% 

Control System Variable speed generator torque 

And collective active pitch 
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Abstract—Nowadays, the conventional inverter with three 

arm (SSTPI) or two arm (FSTPI) are used in many 

applications in industrial such as robotics, aeronautics, 

renewable energy conversion systems and automobiles. 

Nevertheless, these inverters are very sensitive to several 

types of faults, which leads to the malfunction of the system. 

In order to detect, identify and locate the open-circuit fault 

(OCF), an investigated diagnostic method is used for the 

association SSTPI-IM. In order to ensure the continuity of 

the drive system in the presence of the IGBT’s OCF, this 

paper proposes a new strategy of reconfiguration of the 

SSTPI after the appearance of an OCF in a single-IGBT or in 

a single-phase. This strategy is applied in case of detection of 

the IGBT OCF by changing the SSTPI topology to the FSTPI 

topology while retaining the same direct RFOC command. In 

conclusion, the simulation results of this reconfiguration 

strategy have proved a good performance in terms of 

detection speed and continuity of the drive system with great 

robustness against false alarms. 

Index Terms—SSTPI, FSTPI, OCF, Diagnostic method, 

Reconfiguration strategy. 

1. INTRODUCTION 

Nowadays, the power converters is used in several 
applications in industrial such as robotics, aeronautics, 
speed electric motor drive and renewable energy 
conversion system. In this context, the used power 
converters are sensitive to several failures because of their 
complexity structures and their exposure to environments 
high stress. In order to increase the reliability and protect 
the used systems, the development of diagnostic methods 
has attracted a lot of interest in the literature. In this paper, 
we will be interested in the faults that can be seen in power 
converters in a drive system. 

In the general cases, the power converters is based on 
the IGBT’s uses since that their advantages such us high 

efficiency, fast commutation of frequency and the ability 
to manipulate short circuit currents for time exceeding of 
about 10 micro-sec. In this context, the faults percentages 
in variable speed AC drives of the power equipment and 
the control circuits are equal to 38 % and 53 %, 
respectively [1].  Another study shows that the faults 
percentage of the semiconductor, printed and soldering 
circuit board in the power converter is equal to 60 % [2]. 

It can be underlined that the semi-conductors faults are 
classified into OCF and SCF (short-circuit fault). This last 
type of fault can induce an abnormal overvoltage, which 

bring back to the dysfunction of the drive system. For the 
OCF, these faults are generally carried out by a thermal 
cycling which causes uplifting of the bonding wires. It can 
be noted that, the OCF occurrence does not shutdown the 
drive system but it can leads to secondary failures. 
Subsequently, in the event of non-monitoring, the OCF 
may cause the system to be shut down completely. Thus, it 
is important to detect, identify and locate these types of 
faults in order to improve the reliability and availability of 
the system [3-4]. 

Concerning the OCF in IGBT’s of the power 

converters, various approaches for diagnosing these faults 
in SSTPI and FSTPI fed induction motor drives (IM) have 
been introduced in the literature. In considering, the 
researches diversity in the diagnostic methods, these latter 
are based into currents signals or voltages signals. For the 
diagnostic methods based on voltages signals, these 
methods require an additional sensors and hardware, 
which causes the increase of the system costs and the 
complexity of their implementation [5]. In reference [6], a 
new diagnostic method of voltage-type based on the use of 
the voltage observer avoiding the extra device is 
introduced. Generally, the voltage-type diagnostic 
methods are seldom utilized into many industrial 
applications because of their make the diagnosis process 
very difficult. In the other side, the diagnostic methods 
based on current-signals are able to diagnosis the OCF in 
power converters without the uses of any additional 
sensors or hardware. These methods have utilized in 
various industrial applications according to their lower 
expense and high reliability. Despite of the advantages of 
these methods, there are a disadvantage which is the 
diagnosis time delay realized by the hysteresis effect. 
Consequently, it is important and crucial to ameliorate the 
diagnosis speed for these methods [7]. 

Considering the diagnostic methods based on current, 
in reference [8], Mendes has presented the approach of the 
Park’s vector as a powerful switch fault detection and 
identification implement for SSTPI diagnostic. Others 
diagnostic methods, related to the first method presented 
by Mendes, are presented and developed in references [9-
10]. Nevertheless, the integration of these diagnostic 
methods are not appropriate and demand a very complex 
pattern recognition. Furthermore, in references [11-12], 
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the average currents of the Park’s vector is presented as an 
effective SSTPI diagnostic approach. This methods latters, 
has several drawbacks the example of the turning effort 
linked to the fact that is it depend in the load which leads 
to false alarms. In order to avoid the drawbacks linked to 
the load level and speed range dependency of the motor, 
the development of new diagnostic methods based on 
current’s normalization aroused the interest of the 

references [13-14]. Furthermore, in reference [15], a new 
diagnostic method based on the slope vector information 
and measured currents information is introduced. New 
methods of diagnostic OCF applied in SSTPI-IM and 
FSTPI-IM, based on the currents normalization and the 
current vector slope information, are presented in 
references [16-17]. These last exhibited a high robustness 
and speed detection of IGBT’s faults avoiding the issue of 

false alarms during the variations of speed and load. 
As the diagnostic step is interesting in the drive systems 

reliability, the fault reconfiguration strategy has been also 
very important step and has attracted a lot of interest in the 
literature during these years. This reconfiguration strategy 
is used in order to bypass the problems of the service 
discontinuity. In reference [18], an FTC (fault tolerant 
control) based on redundant leg has been implemented in 
order to ameliorate the conversion chain reliability and to 
appreciate the performances of the sensorless drive under 
the OCF compensation and occurrence. 

In this paper, a strategy used in reference [16] for OCF 
detecting in the IGBT’s of the SSTPI fed IM which 

controlled by the direct RFOC (rotor flux oriented control) 
has been illustrated. Concerning diagnostic method, a 
robust, simple and low cost FDM (fault detection method) 
based on the information of the normalized currents and 
the current's slope has been presented for OCF diagnosis. 
In order to improve the system continuity and reliability 
during the OCF occurrence and compensation, an FTC 
strategy has been implemented in the association SSTPI-
IM. The proposed FTC strategy is based on the change of 
the SSTPI topology into FSTPI topology conserving the 
same direct RFOC command. Finally, it is to be noted that 
the proposed FDM and FTC strategy has improved the 
system continuity and reliability since that the OCF in the 
SSTPI can be successfully detected, isolated and 
compensated. 

2. INFLUENCE OF AN OCF ON THE STATES OF SSTPI 

SWITCHES CONDUCTION 

This paragraph introduces the OCF effect in the 
switches conduction states of the SSTPI fed IM controlled 
by the direct RFOC command. Indeed, in the OCF case of 
single or multiple in IGBT’s, the switches conduction 

intervals change, more accurately the anti-parallel diodes 
of the failures inverter leg. Figure 1 illustrates the switches 
conduction states of the first inverter leg during healthy 
and faulty cases for an OCF occurring in T1 taking into 
account both negative current and positive current of  asI . 

 
Fig. 1.  Switches conduction states of the first SSTPI leg under 
healthy case (in green) and faulty case for an OCF in the IGBT 
T1 (in red) where D1, D2, D3 and D4 are the antiparallel diodes 
of IGBT’s T1, T2, T3 and T4, respectively. 

Considering the Fig. 1, one can noted that during the 
conduction interval where the current 

asI  is positive and 

the S1 switching signal of T1 is fixed to 1, the D3 diode 
turns conductive for a short time until 

asI  becomes null. In 

this state, the faulty inverter leg is connected with the 
negative potential of the voltage of the battery pack 
through the diode D3. Furthermore, in the state when the 
S1 signal is taken equal to 0, the commutations states are 
the selfsame as in the healthy case. Consequently, it is to 
be underlined that when the 

asI  current is negative, the 

behavior of the SSTPI remains the same as in the healthy 
case. 

3. USED DIAGNOSTIC METHOD TO DETECT AND IDENTIFY 

THE OCF IN IGBT'S OF THE SSTPI 

Figure 2 represents the scheme of the used diagnostic 
method in this work [16].  This method allows a best 
performance and complete diagnostic to identify and 
detect precisely the IGBT’s OCF in SSTPI.  27 distinct 

fault signatures are demonstrated by this method, which 
could be divided into five faulty operating conditions, 
which are: 

(1) a single IGBT OCF; 
(2) a single-phase OCF;   
(3) a NCDF in two different legs; 
(4) a CDF in two different legs; and 
(5) a three-IGBT’s OCF. 

The used method is only based on the information of 
the slope current vector in ( ,a b ) frame and the 

normalized current’s. So, the diagnostic method 

implementation does not requires to extra sensors or 
hardware, which decreases the cost and the complexity of 
the system drive.    
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Fig. 2.  Scheme of the used diagnostic method. 

Firstly, this method is based on the normalized current 
which is it obtained from the modulus of the Clarke’s 

vector. In addition, the transformation of Clarke consist to 
transform a system composed from three-phase 
( , ,as bs csI I I ) into a system composed from two-phase 

( ,I Ia b ) given by: 

3

2 asI Ia =                                                                      (1) 

1
2

2
as bsI I Ib = +                                                (2) 

Where
asI , 

bsI and 
csI  are the induction motor currents. 

Furthermore, the modulus of the Clarke’s vector is 
obtained by this equation: 

2 2
sI I Ia b= +                                                    (3) 

The normalized currents are obtained by dividing the 
measured motor phase currents by the modulus of the 
Clarke’s vector as are defined by: 

n

nN

s

I
I

I
=                                                              (4) 

Where n = as, bs and cs. 
Taking into account the healthy case, the three motor 

phase currents are perfectly sinusoidal and balanced which 
are expressed by: 
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Where: maxI  represents the maximum amplitude of 

currents and 
sw  represents the currents frequency. 

So, Eq. 3 becomes equal as the following expression: 

max

3
I

2sI =                                                         (6) 

As conclusion, the normalized currents will be 
expressed as follows: 
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Referring to Eq. 7, one can confirm that, the 

normalized current’s values are in the range of 
2

3
±  

which are independently of the amplitude of the measured 
motor currents. In this context, the normalized motor 
currents average absolute values are expressed as follows: 

1

0

sw

nN s nN sI w I dw t= ò                                           (8)                                                                                                                    

The used diagnostic method is founded on the three-
variables of fault 

ne , which are calculated from the errors 

of the normalized currents average values given by: 

n nNe Id= -                                                      (9)                                                                                                                    

Where d  represents the normalized currents average 
absolute value in the healthy case as given by: 

1 8
0.5198

3
d

p
= »                                               (10) 

The diagnosis variables 
ne  is used to detect the OCF, 

which one of these variables will assume a positive value 
in the faulty case. However, these variables do not allow a 
complete diagnostic and just they give only the 
information about the faulty inverter leg. Therefore, in 
order to complete the other types of faulty IGBT’s, the 

combination of the information extracted by 
ne  and nNI   

must be assured. To get a more accurate and robust OCF 
detection and identification, a diagnosis variable named 
‘m’ is added to the diagnostic method, which will be 
presented latter. 

The diagnosis variable m is defined taking into account 
the slope current information as follows: 

k

k

I

I

a

b

y =                                                             (11) 

Where k represents the present sample. 
The deviation angle of the Clarke trajectory is defined 

by: 

1tan ( )f y-=                                                                  (12) 

In the healthy case, the average absolute value of the 
deviation angle is expressed as follows: 

1

0

sw

s sw dw tf f= ò                                                         (13) 

Accordingly, the diagnosis variable m is defined from 
calculation of the errors of the average absolute value of   
the deviation angle as follows: 

m f g= -                                                                   (14) 
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Where g  is taken constant equal to 0.785 that matches the 

average absolute value of  f  in the healthy case. 

One can confirm that, in the healthy case, all the 
diagnosis variables ( , ,n nNm e I ) will take values of about 

zero. However, in the faulty case, the signatures of these 
variables will be changed in function of the number and 
localization (upper or bottom) of IGBT’s. Considering in 

this work, the association SSTPI-IM illustrated in Figure 
3. 

The FDM procedure is based on the behavior analysis 
of these variables for different case of operating 
conditions. In this context, the fault variables are 
illustrated as follows: 

 
Fig. 3.  Scheme of the association SSTPI-IM. 
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The fault variables allow to generate a distinct of fault 
signatures with each corresponds to a specified fault type. 
Taking into account the distinct faulty operating 
conditions, 27 faulty IGBT’s possible combinations are 

introduced [16]. 
Considering the compromise between precision and fast 

fault detection and robustness versus false alarms during 
speed and load variations, the thresholds fk , dk , sk , pk  

and gk  can be created through the behaviors analysis of 

the diagnosis variables under distinct operating conditions 
[16]. 
 

4. RECONFIGURATION OF THE SSTPI AFTER THE 

OCCURRENCE OF A SINGLE-IGBT OCF AND A SINGLE-

PHASE OCF 

In order to ensure the drive system continuity, we 
proposed a strategy of reconfiguration of the three-leg 
inverter (SSTPI) after the appearance of a single-IGBT or 
single-phase OCF. To make this reconfiguration structure, 
you have to add four relays (or ideal switchers in the case 
of simulation) to the original structure of SSTPI. This 
reconfiguration structure is efficient and less expensive by 
eliminating the addition of a redundant leg. Figure 4 
represents a case study in the presence of a single-IGBT 
OCF or a single-phase OCF in the third leg of the SSTPI. 
Referring to Figure 4, the RD relay is used to ensure the 
opening of the third phase ‘c’ in the fault case. While, the 

RR relay is used to reconfigure the SSTPI after the fault 
appearance by linking the third phase of the SSTPI with 
the middle point of the continuous bus 

cU . After the 

appearance of a single-IGBT or single-phase OCF, the RD 
relay is deactivated while the RR relay is activated by 
making the change of the type of the SSTPI structure to 
the FSTPI structure. It is to be noted that, in healthy case, 
the RD relay is activated while the RC relay is deactivated. 

 
Fig. 4.  Scheme of the SSTPI reconfiguration strategy under an 
OCF appearance in the third phase ‘c’. 

5. SIMULATION RESULTS 

To evaluate the high performance of the used 
diagnostic method and proposed reconfiguration strategy, 
simulation results have been realized taking into account 
the association of SSTPI-IM controlled by RFOC. For all 
simulation results, the load torque is taken equal to 1.75 
N.m with a reference speed equal to 200 rad/sec. The 
thresholds values fk , 

dk , 
sk , pk and gk   are taken equal 

to 0.06, 0.275, 0.28, -0.408 and 0.161, respectively [16].  
The parameters of the used IM are illustrated in Table 

1. In this paper, we have considered the reconfiguration 
strategy only in the case of single-IGBT OCF and single-
phase OCF.  

One can noted the IGBT OCF is realized by eliminating 
their gate signal keeping the connection of the antiparallel 
diode. Furthermore, the SSTPI fault compensation is 
realized by the change of the SSTPI-IM topology into 
FSTPI-IM topology. 

Furthermore, this section is focused in three cases 
which are healthy case, faulty case considering an OCF in 
IGBT’s of the SSTPI and compensation case. 
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TABLE II: PARAMETERS OF THE USED IM. 

Rated power (kw) 1.1 

Rated line voltage (volt) 600 

No. Of pole pairs 1 

Stator resistance (Ω) 6.863 

Rotor resistance (Ω) 7.67 

Stator inductance (H) 0.708 

Rotor inductance (H) 0.708 

Mutual inductance (H) 0.684 

Moment of inertia (Kg. 2m ) 0.0033 

Supply frequency (HZ) 50 

Friction factor (N.m.s/rad) 0.0035 

 
Figure 6 represents the motor phase currents together 

with the three diagnosis variables that are 
nE , 

nS  and  M  

under healthy case, faulty case of the IGBT T3 and 
compensation case. 

 
(a) 

 
 (b) 

 
 (c) 

 
(d) 

Fig. 5.  Simulation results considering healthy case, faulty case 
and compensation case. Notes: (a): motor phase currents, (b): 
diagnosis variable 

nE , (c):  
nS  and (d):  M . 

 
It is to be noted that the OCF in the IBGT T3 is 

introduced at the instant T = 0.7 sec. In addition, referring 
to the faulty case section, the OCF is detected and 
identified by the used diagnostic method at the instant T = 
0.7027 sec. This instant correspond to the intersection of 
the diagnosis variable of the faulty leg 

csE  with the value 

of the threshold 
fk . In addition to the FDM, the FTC 

strategy is important in order to compensate the fault, 
protect the drive system and conserve the system 
continuity. The fault compensation is realized by the 
change of the SSTPI topology to the FSTPI topology. The 
change of the topology is based on the isolation of the 
faulty leg (by fuse) and the connection of the faulty motor 
phase to the medium point of the DC bus. 

Referring to Figure 6, one can underlined that the fault 
compensation is realized at the instant T = 0.7352 sec 
when the diagnosis variables 

nE  are approximately equal 

to zero. At this instant, the behavior is the same to the 
others diagnosis variables as in the healthy case.      

Finally, the reconfiguration strategy needs 0.0325 sec 
to compensate the OCF in the IGBT T3. Consequently, it 
avoid the power loss, protect the all element of the drive 
system and conserve the system continuity.    

For the compensation of the single phase OCF case is 
realized the same to the single IGBT OCF case when one 
of the diagnosis variables 

nE  take the value of the 

threshold fk .   

6. CONCLUSION 

In this work, a reconfiguration strategy against OCF 
appearance in single-IGBT and single-phase of the 
association SSTPI-IM controlled by the direct RFOC 
command. Concerning the diagnostic method, it exhibits a 
fast detection, a low cost implementation and a high 
robustness against speed and load variations and false 
alarms.  Regarding the used FDM, it based on the motor 
phase current’s signals. It is to be noted that, the OCF in 

the case of single-IGBT and single-phase is detected when 
the diagnosis variable of the affected phase attained the 
threshold value fk . In order to compensate the OCF, a 
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reconfiguration strategy is applied by the change of the 
SSTPI topology to the FSTPI topology. Through this OCF 
compensation, it has not power, reliability and continuity 
losses. Finally, simulation results of the proposed FDM 
and FTC have proved the high performance and efficiency 
in terms of fault detection, fault isolation and fault 
compensation. 
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Abstract-- This article aims focuses on the best methods of 

implementing fault detection and isolation techniques for 

data that are electrical and mechanical and vibration signals 

that contain massive indicators from surveillance sensors 

placed on different elements of the electrical training system. 

At first, we applied a SOM map for an input of a signal in 

the presence of an unbalance defect. Subsequently, we can 

use the map reduce technique for three signals carrying 

different anomalies. For example, time management and big 

data analysis are systematically associated with a distributed 

data architecture, such as the SOM Map-Reduce approach, 

which offers parallel processing of the three signals. 

Index Terms-- Neural network SOM, parallel 

processing, Map-Reduce, Electrical training, Unbalance 

defect. 

1.  INTRODUCTION  

Permanent control and diagnosis of production systems 
is a daily concern for manufacturers whose main objective 
is to ensure a safe and reliable system to ensure 
continuous production. Indeed, the increasing complexity 
of modern electrical systems and increased operating 
costs, mainly related to maintenance went up. The 
majority of manufacturers apply the systematic 
maintenance used in critical systems for safety or 
reliability. 

Moreover, the evolution of automatic diagnostic processes 
appears as a somewhat more expensive investment 
solution [1], [2]. Indeed, on the basis of the anomaly 
indicators one can conceive a model of survivability based 
on the networks of artificial neurons [3], [4]. 
. 
The rapid evolution of intelligent models, such as neural 
networks, has improved the efficiency of control and 
diagnosis of industrial processes to detect and isolate 
anomalies [5]. This line of research is currently one of the 
most active in industrial applications. 
 

2.  ANOMALIES DETECTION   BY SOM  

The SOM (Self Organizing Map) map produced by 
Teuvo Kohonen is based on modeling by biologically 
inspired networks. The implementation of a number of 
parallel and massively interconnected formal neurons 
(Figure 1) gives them learning and decision-making 
capabilities to detect anomalies [6], [7]. 

Fig.1: Neural network SOM map 

 
The neural unit noi of weight vector designated by Vpiis 
shown, for j input data, as follows:  
 

{ }
ijiiipij

wwwwv ;...;;; 321=                            (1)
 

 
Each neuron will receive elements characterizing the input 
vector. The nearest neuron representation by minimizing a 
Euclidean distance, the input vector is called the BMU 
'Best Matching Unit'. At the end of each iteration ‘learning 

cycle or test map' each neuron has a weight vector, which 
will be compared by calculating the distance to the input 
vector to give a single winner neuron [8], [9].     
This is the one that is assumed the closest distance from 
the input vector.  
                                                                                                       

ii wtxE -= )(                                      (2) 

 
Thus, for a given input vector, the winner neuron "v" is 
the unit that minimizes the quantization error from which 
we will have: NiEE iv Î= ;min                           (3)

 
 

A. Learning diagrams for the SOM map 

The different steps for detecting anomalies and their 
evolution sequences are given by the following activity 
diagram: 
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Fig. 2. UML activity diagram 
 

B. The learning strategy is sequential or parallel. 
 

The data displayed by the SOM map represents the 
anomaly indicators [10], [11].   They are indicated by their 
characteristic frequencies, as follows: 
- h : healthy 
- fr is the rotor rotational frequency  
- fs is the electrical network frequency 
- fb is the ball rotational frequency  
- fc is the cage rotational frequency 
- fbin the rotational frequency of the inner ring 
- fbou isthe rotational frequency of the outer ring 
- fes is the frequency of static eccentricity 
- fed is the frequency of dynamic eccentricity 
- fegis the frequency of global eccentricity 
- fco is the commutation frequency 
- fbg is the bearing frequency 
- fbris the frequency of broken bar rotor 
- fsb is the frequency of Short rotor bar circuit 
- fic is the frequency of short - circuit portion of the 

rotor ring 
- fscis the frequency of short circuit coil 
- fpsis the frequency of phase short-circuit 
- fim is the frequency of imbalanced  
- fsa is the frequency of short circuit between phase and 

batty 
- fre is the resonance frequency 
 

3.  EXPERIMENTAL RESULTS  

Figure 3 shows the vibratory signal delivered by an 
accelerometer sensor installed on the lid of the 
asynchronous machine. The sampling frequency is 40 
KHz and the acquisition time is 8 seconds. 
 
 

 

Fig.3. vibratory signal of unbalance 

We can notice that the signal has an amplitude modulation 
and repetitive shocks indicating the presence of an 
anomaly in the asynchronous machine. 
 

. 
Fig. 4. Spectrum of the vibratory signal 

 

The vibratory signal spectrum of our bench shows the 
presence of an unbalance defect. We know that the 
unbalance fault is one of the faults which causes 
eccentricities of the rotor with respect to the stator. 
So the unbalance defect results in the preponderance of 
amplitude related to the frequency of rotations with 
harmonic in and, and without sidebands. 
These lines are due to the presence of a dynamic load 
which causes an imbalance and consequently a lack of 
unbalance. 
the spectrum of the vibratory signal fig.4 shows the 
unbalance  defect is expressed by the  preponderance of 
the amplitude  related  to the frequency of  rotations fr = 
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24.9hz with harmonics in 2fr = 50hz and 3fr = 75hz, and 
without sidebands. 

These lines are due to the presence of a dynamic load 
which causes an imbalance and consequently a lack of 
imbalance. 

A. SOM unbalance anomaly learning result 

After treatment of the experimental vibratory signal it will 
be introduced at the input of the SOM map, the result is 
given by the following topology: 
 

 
 

Fig. 5: Unbalance anomaly detection result by SOM 

The above results given by the SOM map  shows that: 
the vibration signal is processed to extract the indicators 
used to classify the frequency characteristics of the 
anomalies. 
the anomaly detected by the SOM map is located on the 
static eccentricity engine tree characterized by the 
frequency fes indicated by the winning neuron. 
-On the other hand, the result is given after learning of 
97٪. 
  

4. MAP REDUCE MODEL 
 

Map Reduce is a processing technique and a program 
model for distributed computing based on java. The Map 
Reduce algorithm contains two important tasks, namely 
Map and Reduce. Map takes a set of data and converts it 
into another set of data, where individual elements are 
broken down into tuples (key/value pairs) [12], [13]. 
Secondly, reduce task, which takes the output from a map 
as an input and combines those data tuples into a smaller 
set of tuples. As the sequence of the name Map Reduce 
implies, the reduce task is always performed after the map 
job. 
A.The Operating Algorithm 

Generally Map Reduce paradigm is based on sending the 
computer to where the data resides. Map Reduce program 
executes in three stages, namely map stage, shuffle stage, 
and reduce stage. 
Map stage : The map or mapper’s job is to process the 
input data. Generally the input data is in the form of file or 
directory and is stored in the Hadoop file system (HDFS). 
The input file is passed to the mapper function line by 

line. The mapper processes the data and creates several 
small chunks of data. 
Reduce stage : This stage is the combination of 
the Shuffle stage and the Reduce stage. The Reducer’s job 

is to process the data that comes from the mapper. After 
processing, it produces a new set of output, which will be 
stored in the HDFS. 
During a Map Reduce job, Hadoop sends the Map and 
Reduce tasks to the appropriate servers in the cluster. 
The framework manages all the details of data-passing 
such as issuing tasks, verifying task completion, and 
copying data around the cluster between the nodes. 
Most of the computing takes place on nodes with data on 
local disks that reduces the network traffic. 
After completion of the given tasks, the cluster collects 
and reduces the data to form an appropriate result, and 
sends it back to the Hadoop server. 
 
5. APPROACH OVERVIEW 

 

The proposed approach is based on Map Reduce, which is 
a model of massive parallel data processing. It has been 
popularized by Google in the implementation that uses a 
file system distribution to exchange data [14]. However, 
other implementations have appeared that target different 
architectures and communication channels, such as shared 
memory systems or distributed systems with 
communications. 
 

 
 

Fig.6. following synoptic diagram detection and isolation of 
anomalies by SOM Map-Reduce (approach)  
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After processing the signals a partition of each signal 
matrix to the corresponding mappers (SOM) for analysis 
and detection of anomalies by their subsequent indicators 
will be distributed to the reducers which issue the final list 
of classified and isolated anomalies, subsequently the 
result will be illustrated by a dashboard. 
 

Mappers work according to the following algorithm1: 

Algorithm 1. Function Map 

Require:  matrix of signals Mi 

Ensure: key/value pairs of sources anomalies 

1: RE  SOM (Mi) 

2: Ani= Ø 

3: FOREACH Frequency f in REi DO 

4:      IF(f!= h) THEN 

5:         IF ( line module (f) > Vmax)  

    6:             status     =   “critical ”  

7:       ELSE      status   =   “non-critical” 

8:         END If 

     9:     Add (Pair < f, status > to Ani,) 

10:     END IF 

11:     END FOR 

12:  Emit Intermediate (Sourcei, Ani) 
 

The operating algorithm of Reduce is as follows: 

 

Algorithm 2. Function Reduce 

Require:  set of key / valuepairs < source, anomalies> 

Ensure key/value pairs, <source, anomalies> 

1: FOREACH sourcei DO 

2:         IF (anomalies, Status ==   “critical ”) 

3:  Emit Intermediate (sourcei, anomalies) 

4:         END IF 

5:  END FOR 

 
The above algorithm 2 shows that the Reducer begins to 
determine for each source the corresponding anomalies. 
Since the pairs can have the same value, the Reducer must 
sort them according to the characteristic frequencies and 
the types of anomalies. At the end of processing, the 
Collapse function returns the key / value pairs as <Source, 
Anomaly>. The following pair is an example of the output 
returned by the reduce function. 

 
 
 

 
 

After isolation and classification of anomalies the result 
will be displayed by the Dashboard as follows 
: 

 

 

6. EXPERIMENTAL BENCH 

The experimental bench is composed of:  
- A three-phase induction machine.The machine 

is controlled by an inverter ' OMRON '. The 
rotor shaft is coupled to a DC generator which 
feeds into a rheostat to control the load.  

- Characteristics of the considered induction 
machine are: 

· Nominal power 4 Kw 
· Nominal  speed 1480tr/min 
· Moment of inertia J= 0.013kgm2  
· Number of pair of stove P =2 
· Rolling type ball SKF 6208, with a mechanical 

rotational frequency from fr = 25Hz. 
·  The   frequencies of outer ring, inner ring, and 

ball cage are respectively fbo =89.4Hz,  
fbi =136Hz, fc = 9.94Hz et fb = 58.4Hz.  

· A light Micro-log portable terminal for 
acquiring and storing from the sensor 
measurements. 

· The sensor is a piezo-electrical accelerometer. 
 

 

 

Fig.7. Schematic block diagram of the experimental bench 
 

 

Fig.8. Photography machines of experimental bench 

 

 

<signal1; { fes,critical }> 

<signal1; {fes},  critical > 
<signal2; {fbr},  critical > 
<signal3;{ fbou},  critical > 
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7. CONCLUSION 

The monitored, during the operation of the system 
undergoes two types of variation . Fluctuations around its 
nominal value which are due to the various disturbances 
acting on the considered system. 
 A drift that may be due to a phenomenon of progressive 
degradation. 
The proposed approach is based on Map-Reduce, which is 
a model for parallel processing of massive data to 
minimize the time needed to detect and isolate anomalies. 
Indeed, the time allocated by the SOM card in the 
detection of anomalies is important. In our case, the 
processing procedure of the three signals lasted 34min. To 
overcome this problem, the distributed approach to the 
processing of electrical and mechanical signals using the 
SOM board is used to detect and isolate anomalies. This 
approach is based on Big Data distributed data processing 
techniques, based on the Hadoop Map-Reduce framework 
and  the SOM map for better detection, isolation and 
anomalies classification saved us done appreciable time. 
On the other hand, the Reducer program can detect critical 
anomalies in order to process them before they affect the 
system. 
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Abstract-- A robust sliding mode approach combined with 

a Field Oriented Control (FOC) for Induction Motor (IM) 

speed control is presented. The proposed Sliding mode 

control (SMC) design uses gains generated by the Ant Colony 

Optimization algorithm. Which help to resolve the problems 

and to have the best possible speed and field responses. 

Index Terms— Sliding mode control, ANT COLONY 

OPTIMIZATION (ACO), Induction Motor, Field Oriented 

Control. 

1. INTRODUCTION 

The quality and stability of the power supply are the 
important factors for the generating system. To optimize 
the performance of electrical equipment, it is important to 
ensure the quality of the electric power. Control system 
plays an important role in maintaining these power system 
parameters. The squirrel-cage induction motor has been 
widely used in many control systems and industrial 
automatic systems. It has many advantages, such as simple 
structure, firmness and low maintenance cost. However, 
induction motors are difficult to control for several 
reasons: their dynamics are intrinsically nonlinear and 
multivariable. 

Almost controllers of induction motor speed are designed 
to keep motor speed unchanged. It is hard for conventional 
controller such as PI controller because induction motor is 
a nonlinear system with parameter changes and noise. 
Sliding mode control based on reference model is worth 
trying to overcome that difficulty. [1] 

Sliding mode control (SMC) is a commonly recognized 
robust control method. It is known to be independent on 
external disturbances [load torque in case of the induction 
motor (IM)] and internal changes (e.g., variation of motor 
parameters, due to heating). It can be successfully applied 
in control of all IM variables like flux, torque, speed and 
position. However, it suffers from some characteristic 
negative features, such as steady-state and dynamical 
errors, chattering and variable switching frequency. This 

paper deals with sliding mode application in control of an 
induction motor (IM) torque, speed, and position. 
Classical, direct approaches to control mentioned variables 
are described. Their drawbacks are presented and 
analyzed. Direct control structures are then compared with 
the proposed cascade sliding mode control structures. 
These structures allow the control of the IM variables 
effectively, simultaneously ensuring supervision of all 
remaining variables. 

 The control principle is based on sliding-mode control 
combined with metaheuristic method for optimization. The 
use of Ant Colony Optimization (ACO) method 
ameliorates the stability of the system and the quality of 
speed response.[2], [3] 

 2. INDUCTION MOTOR MODEL 

In a synchronous reference frame, the dynamic equation of 
Induction motor is 
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In the above equation, Vsd and Vsq are the stator voltage 
components, The stator current components are Isd and Isq.   

The rotor flux components are dry and qry .[4] 

Tm and J are the load torque and the inertia, respectively.  
Lr and Ls are respectively the rotor and stator inductances, 
Lm is the mutual inductance. Rr and Rs are respectively the 
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rotor and stator resistances, p is the number of pairs of 
poles. 

sr ww , and mw  are the slip speed, the electrical 

synchronous speed and the rotor speed, respectively with: 
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Hence, the electromagnetic torque equation can be written 

in terms of dr
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The field-oriented control 

Conventionally, the d-axis is the magnetising axis and q-
axis is the torque axis, so we can write the following 
expression [5]: 
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Then the rotor flux is oriented on the d-axis. This 

orientation conducts to decoupling between flux and 
torque, resulting in a linear and decoupled machine 
control and an optimal developed machine control and an 
optimal developed torque [14]. 

Thus 
0=qry

 or 
0)0(0 == qrqr with yy&

 

This allows eliminating the terms qry
in the state Eq. (1), 

which reduces the model order to four. Indeed, the second 
state equation of the system (1) becomes: 
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This gives the expression of the stator pulsation according 
to the variables of states. Then the state space equations 
become: 
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3. CONTROL DESIGN 

A. Sliding mode control 

 The sliding mode control approach is recognized as 
one of the efficient tools to design robust controllers 

for nonlinear system by application of a 
discontinuous control signal that forces the system to 
"slide" along a cross-section of the system's normal 
behavior.[6] 

The sliding mode controller was designed to operate 
over the same variables used in the Field oriented control 
(FOC) method. The main objective of this approach is to 
obtain a sliding mode controller with all the qualities of 
FOC, which calculates the optimal stator voltage vector to 
maintain the stator winding linkage flux magnitude and 
speed within the desired ranges. [7] 

In general, the design procedure of sliding mode 
control technique can be divided into two steps. In the first 
step, we can design a switching surface. Such a system 
response in the sliding mode has the desired properties. 
The second step is to design the control law to achieve the 
reaching condition for a sliding mode to be achieved in 
finite time.[8] 

B. Flux regulation 

Consider the first and second equations of system (3), 
we obtain the following expressions: 
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For simplicity, we define the following flux error: 

refdrdrfe _yy -=
 

Where refdr _y
 is the flux magnitude reference and 

dry
is estimated from measured value of Ids current by 

using the first equation of (4)  

The sliding mode flux surface is defined as:  

fff eecS &+= 1    (5) 

Taking the derivative of the previous equation by 

substituting the first equation of (4) with 
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ds
r

m
dr

r
ds

r

m
dr

rr

drdr

fff

I
L

I
L

c

c

eecS

&&

&&&

&&&&

t
y

tt
y

tt

yy

+-+--=

+=

+=

1
)

1
)(

1
( 1

1

1

  (6) 

Substituting dry&
and dsI&

 of Eq. (3) in Eq. (6) yields: 
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And the new control function is  
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ufeq is the equivalent control that can be obtained by 
solving equation (6): 
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The function fUD
is the discontinuous term employed 

to eliminate the influence of the uncertainties, which 
usually are composed of unpredictable parameter 
variations, external load disturbances, unmodelled and 
nonlinear dynamics, etc. 

)( fff SsignKU -=D
  (9) 

Note that the better choice of Kf and c1 allow to satisfy 

the sliding condition 
0<ff SS &

  

C. Speed regulation 

The equations used for angular speed regulating are 
written as follow: 
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From the second equation of (10) we write 
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The elimination of the state variable Iqs gives the 

following differential equation in mw  
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We note that the mechanical load torque Tm is assumed 
to be slowly varying function of time 
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The error on the angular speed is written as: 

refmve ww -=
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Where c2 is a positive constant. 

The derivative of equation (14) can be as follows: 
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The equivalent control is defined by the following 
expression:  

refrefmmveq cCBAcu wwww &&&& ++++--= 22 )(
  (16) 

And the discontinuous control is: 

)()( vvv SsignKu -=D   

Note that the better choice of Kv and c2 allow to satisfy 

the sliding condition 0<vvSS &   

To increase the sliding mode controller performance, a 
better choice of constants c1, c2 and gains Kv and Kf must 
be made. In this case, the optimal constants of sliding 
mode controller parameters can be obtained using the Ant 
Colony Optimization method, described below. 

4. ANT COLONY OPTIMIZATION ALGORITHM 

Ant Colony Optimization (ACO) technique has proven 
to be a very powerful optimization heuristic for 
Combinatorial Optimization Problems.[9] 

This algorithm is based on the biological inspiration 
and behavior of ants to find shortest paths from their nest 
to the food sources. In fact, ants are social insects that live 
in colonies. The ants manage to find their optimal 
trajectories over time, by interacting with their local 
environment. Initially, they search food in a random 
fashion, but when they have found some, they return home 
while depositing chemicals substances, called 
pheromones. These pheromones attract other ants to 
follow the same path, and, likewise, they turn also deposit 
pheromones on their way back. Over time, this behavior 
leads to the emergence of paths, which can be shown to be 
near-optimal. ACO is used to indicate the class of 
metaheuristic optimization methods that deploy these 
concepts in Combinatorial Optimization Problems (COPs)  
[10] 
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In order to optimize the parameters of sliding mode 
controller, an objective function based on speed tracing 
error was constructed, and snobby strategy was adopted in 
the improved ant colony optimization algorithm. [11] 

The gains Kv, Kf, c1 and c2 of the Sliding mode 
controller are generated using the ACO algorithm 

 

Fig. 1.  ACO algorithm 

 

Fig. 2.  Parameters tuning with ACO 

5. SIMULATION RESULTS 

The use of the Simulink/MATLAB software tool was 
adopted because of its inherent integration of vectorized 
system representations, time graphical portrayal of signals 
combined evolutions and the simple functionality 
realization of the controllers and power electronic 
excitations. Moreover, the simulation provides valuable 
information about the dynamic behavior of the plant. The 
proposed approach has been simulated using the induction 
motor with the following parameters (Table 1), as 
presented in figure 3. 

TABLE I 

MOTOR PARAMETERS 

Parameters Rr Rs Lr Ls Lm J P Power 

Value 
4.2 
Ω 

5.72 
Ω 

461 
mH 

462m
H 

460 
mH 

0.015 
Kg.m² 

2 Pairs 
of poles 

1500 
W 

 

 

 

                                                                                        Fig. 3.  Speed Response 
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Step response using manual tuning parameters. The 
following speed and flux are presented in figure 4 and 5, 
which has a high overshoot value, a bad rise time with big 
time value and the settling time is very worse. With the 
manual Tuning, the conditions of the slide mode control 
cannot be satisfied. We are outside the sliding surface 
interval. 

 
Fig. 4.  Speed Response with manual tuning 

 
Fig. 5.  Flux response with manual tuning 

The results of the first simulation should be 
ameliorating. Therefore, we used metaheuristic method to 
validate the system. Fig. 6 and 7 show the speed and flux 
responses, were carried out using the ACO method tuning 
by taking into account the Integral Square Error (ISE). ]. 
Mathematical equation that belong to the error: 

2

1

( )
n

i

i

ISE e e
=

=å
                    (17) 

 
Fig. 6.  Speed Response 

 

Fig. 7.  Flux response with ACO tuning 

A comparative study is shown in the table II. 

TABLE II  

Simulation results 

Parameters 
Manual 
Tuning 

ACO 
Tuning 

Kv, 100000 520000 

Kf 3000 18320 

c1 10 92 

c2 1200 958 

ISE (Speed) 970 2.535 

ISE (Flux) 7.729 0.0314 

Typical test simulations of a speed induction motor 
control include an internal parameters variation. 

A trapezoidal reference speed is used here to study the 
tracking performance of the drive system. 

6. CONCLUSION 

The ACO technique helps to resolve the problems and 
to have the best possible speed and field responses as 
shown in Table 2. In addition, this meta-heuristic method 
validates the IM, which will be using in electrical vehicle 
application. Experiments on an induction motor drive and 
simulations are carried-out to assess performance and 
effectiveness in speed and flux ripple minimization of IM. 
Results are presented illustrating the performance of the 
ACO optimized sliding mode control strategy. 
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Abstract— 
The extraction of effective features is a major challenge in 

the ear recognition system to achieving higher recognition 
performance. It is difficult to generate discriminating 
characteristics using only one feature extraction method or 
single source information. This paper presents a new efficient 
representation method called BSIF-LPQ. In feature 
extraction step, the ear image is convolved using BSIF filter 
to capture the textural information at multi-resolution. Then, 
the LPQ operator is applied to each image response. all 
histograms extracted from LPQ images are normalized and 
concatenated together to build the final vector representation 
of each ear image. In classification step, the k-nearest 
neighbor is used for ear identification. Moreover, 
experiments are conducted on IIT Delhi-1 database. Results 
show that, the proposed approach provides a significant 
performance improvement compared to the recent 
approaches in terms of accuracy. 

Index Terms--Ear recognition, BSIF Filter, LPQ, Texture 
analysis, KNN. 

1. INTRODUCTION 
The demand for robust authentication techniques to 

automatically recognize the identity of a confidential 
person has become a subject of intense study. This is due 
to rapid progress in networking, communications and the 
growing concerns about security. Fundamentally, we 
recognize the people applying passwords, PINs, smart 
cards, tokens, keys etc. however these are sometimes 
misplaced, forgotten, purloined or duplicate and hard to 
remember. To solve such a problem, biometric technology 
knows a large attention in the recent years because of their 
high accuracy and robustness [1]. In the biometric security 
systems, the personal identity recognition depends on their 
behavioral, biological or physical characteristics. 
Currently, researchers have exhaustively investigated a 
number of different physical or behavioral biometric 
identifiers, such as fingerprint [2], face [3], iris [4], 
palmprint [5], hand geometry [6], gait [7], finger-knuckle-
print [8], voice [9], and signature [10]. Due its non-
intrusive collection, rich set of features and stable 
structure, which is age invariant and its shape does not 
vary with changes in facial expression unlike face 
biometrics the ear is the one of the most popular biometric 
trait. 

Ear recognition problems can be roughly classified as 
2D, 3D, and multimodal 2D plus 3D, according to the 
types of input data. In this paper, we address the problem 
of 2D ear identification. To this end, we propose a novel 
effective and efficient fully automatic 2D ear recognition 
system.  

In the context of 2D ear imaging, the research can be 
focused on two main directions. The first refers to ear 
segmentation to determine regions of interest (ROI), in 
which the ear pattern is located and extracted from the 
facial profile images. The second and most common 
research method, however, assumes that ROI is available 
and that further ear recognition is required to determine to 
which person an image of the ear is belonged. Considering 
the latter, usually, the human ear recognition system 
requires three main steps: ear detection, feature extraction 
and classification. The most challenging step is the feature 
vector extraction. The system will be unsuccessful when 
these features are not very efficient, although the most 
efficient algorithms are used at other steps. For this 
reason, our paper focuses on the feature extraction stage. 
In ear biometrics system, as one of pattern recognition 
applications, the feature extraction process is based on a 
set of algorithms; the method varies depending on the type 
of image characteristics such as texture, line and shape.  

According to the nature of the feature extraction 
technique used, 2D ear feature extraction approaches can 
be categorized into geometric, holistic, local and hybrid 
methods. 

The first category uses the geometric properties of the 
ear, including the shape of the ear, the spatial location of 
specific parts of the ear and the connections between them. 
As geometric approaches primarily rely on edge detectors 
which are known to be susceptible to illumination 
variations and noise, the determination of geometric 
characteristics may fail in the case of low-resolution 
images. Also, if the ear image is partly occluded, the 
extraction procedure is prone to failure, as the associated 
local boundary would be erroneous for the obscuring 
object. At the same time, the valuable discriminative 
information provided by most texture information is 
discarded and not used for recognition 
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The second category exploits the global appearance of 
the ear and computes the representations from the input 
images that encode the structure of the ear as a whole 
which theoretically differ from geometrical techniques.  

Instead of global appearance, the third category 
describes local parts or the local appearance of the ear and 
exploits these descriptions for recognition.  

The last category of methods in our taxonomy covers 
methods that combine elements from other categories or 
use multiple representations to increase the recognition 
performance.  

Local techniques (as well as hybrid approaches) 
currently achieve the most competitive results in the field 
of ear recognition. Such techniques include texture 
descriptors that encode and characterize mostly and the 
texture information of images, which is different than 
geometric or holistic approaches.  

Local binary patterns (LBP), Local Phase Quantization 
(LPQ) and Binarized Statistical Image Features (BSIF) 
represent prominent texture descriptors that have produced 
effective results in a variety of computer vision 
applications. The success of these descriptors in facial 
recognition and object detection has encouraged 
researchers apply them to the problem of ear recognition. 

In [11], the ear features are extracted using the LBP 
descriptor. Performance is evaluated using the 125 subject 
ear images available from the IIT Delhi ear data set. The 
authors reported that LBP has a high discriminating 
power, a tolerance for global lighting changes and a low 
computational load compared to main component analysis 
(PCA); and the recognition rate is about 93%. 

Similarly, texture based feature extraction method 
called Local Similarity Binary Pattern (LSBP) have 
proposed by  Guo et al [12]. 

Benzaoui et al. [13] proposed an approach based on 
some local texture descriptors such as LBP, local phase 
quantization, and binarized statistical image features. The 
reported results on the IIT Delhi-I, IIT Delhi-II, and 
USTB ear databases confirmed in general the success of 
local texture features in ear identification. In addition local 
phase quantization (LPQ) features also proved successful 
for this task in [14]. 

Compared to other texture descriptors, BSIF filters are 
constructed to ensure the statistical independence of their 
outputs through independent component analysis (ICA). 
On the other hand, in many texture descriptors, statistical 
independence is approximately satisfying. On the other 
hand, the LPQ is a frequency-domain descriptor that is 
invariant to blur effect. For this reason, in this paper, we 
have combined the two methods in a way that is different 
to the existing methods to provide effective ear image 
representation. 

The contributions can be summarized as follows:  

- Benefiting from the powerful representation ability 
of LPQ features and the statistical independence 
of BSIF filter, we propose to represent the ear 
images with new features representation called 
BSIF-LPQ for ear recognition. 

- The manner of combining the two methods differs 
from the methods already proposed. 

- Extensive experiments are conducted to evaluate 
the proposed method on one public database, i.e. 
IIT Delhi databases .The results show that the 
proposed method performs favorably over the 
state-of-the-art methods. 

The rest of the paper is organized as follows: Section 
3 presents the proposed method that can be used to 
identify human ears and some local texture 
descriptors are illustrated. Section 4 reports the 
experimental results. Finally, Section 5 draws the 
conclusion of the paper.  

2. THE PROPOSED APPROACH 

Fig. 1 illustrates the block diagram of the proposed 
personal identification system using ear skin surface. 

Initially, the captured ear images are subjected to 
preprocessing and ROI segmentation process. Further, to 
capture the texture properties, the ear image is convolved 
with the BSIF filters which produce N responses images. 
After that local histogram feature is extracted from each 
LPQ image. Afterward, all obtained local histograms are 
normalized within the range [0 1]. Finally, all local 
normalized histograms are concatenated to construct 
global histogram feature vector. Furthermore, matching of 
ear images are performed by manipulating distance based 
metric (chi-square) between registered templates and input 
image feature vectors. Finally, the obtained matching 
scores are used to obtain final authentication decision. 

In the experiment, the classification is done by the 
KNN classifier based on the IITD-1 database. The result 
shows that the proposed method outperforms many other 
approaches in this paper in terms of accuracy. 

A. Review of some local descriptors 

We will discuss in this section two local texture 
patterns: LPQ) and BSIF. 

A.1. Binarized Statistical Image Features (BSIF) 
BSIF method has been applied to facial recognition, 

texture classification, palmprint recognition and ear 
recognition. It was originally proposed by Kannala and 
Rahtu [15]. It based on LBP and LPQ, the idea behind 
BSIF is to automatically learn a fixed set of filters from a 
small set of natural images, in contrast to using 
handcrafted filters such as in LBP and LPQ. The filter set 
is learned from a natural image patch training set by 
maximizing the statistical independence of filter 
responses.  
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Fig. 1. The Overall block diagram of the proposed ear recognition system. 

 

BSIF is to automatically learn a fixed set of filters from 
a small set of natural images, in contrast to using 
handcrafted filters such as in LBP and LPQ. The filter set 
is learned from a natural image patch training set by 
maximizing the statistical independence of filter 
responses.  

In this work, the open-source filters [14] have 
employed to construct the proposed feature vector. These 
filters   have been learned using 50,000 image patches 
terns randomly selected from 13 different natural images.  
The learning process to build these statistically 
independent filters begins with subtracting the mean of 
each patch. Then, the Principal Component Analysis 
(PCA) is used to reduce the dimensionality. Finally, 
statistically independent filters (or basis) are estimated 
using the Independent Component Analysis (ICA) method. 
The filter number is terminated by the number of 
independent components selected.  

Given the ear ),( nmX p  image and a BSIF filter lxl
iW  , 

with { }ni , . . . ,2 ,1= , the filter response is computed as 
follows: 

),(*),(
,

nmWnmXs ll
i

nm
pi

×∑=               (1)  

Where * denotes convolution operation, m and n 
denote the size of the ear image patch, and ll

iW × denotes 

× indicates the size of the BSIF filter, whose response 
can be computed together and binarized to obtain the 
binary string. The value of each bit is calculated by 
binarizing the response of a linear filter. Each bit is 
assigned a specific filter and the number of bits determines 
the number of filters used. The binary code string 

[ ]nbbbb ....,......... , 11=  is obtained as follows: 

                            


 ≥

=
otherwise

isif
bi 0

01                         (2) 

Fig.  3 presents an example of one scale BSIF filter. 

 

 
 
Fig.2.   BSIF filter Xi (i=2, 11 filters of size × = 11×11). 
 

Finally, the BSIF image map are extracted by 
considering each single pixel (m, n) as a set of binary 
values obtained from the n number of linear filters. 
Mathematically, for a given pixel (m, n) and its 
corresponding binary representation ),( nmbi , BSIF 
image map is obtained as follows: 

∑ −×=
n

i
i nmbnmmapBSIF 12),(),(_       (3) 

In this work, the images obtained as a result to the 
convolution process of the ear image with ll

iW ×  filters are 
used to generate the feature vector, which is not the same 
as the existing methods which use directly the BSIF image 
map. 

A.2. LPQ method  

Local Phase Quantization (LPQ) features [16] are very 
similar in essence to LBPs, as the local image texture is 
again encoded using binary strings. It was proposed by 
Ojansivu and Heik-kil [16]. In texture classification 
problem, LPQ gains better performance than LBP 
methods, particularly when working with blurred images. 
Based on the blur invariance characteristic of the phase 
spectrum of image in the frequency domain, LPQ operator 
on an image pixel is done by using Short-term Fourier 
transform (STFT) over a window of size MM × , whose 
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centre is the image itself, with four scalar frequencies. 
Four imaginary components and four real components are 
then whitened based on a parameter ρ before being binary 
quantized. The LPQ label for the given pixel is obtained 
by observing the sign of both the real and the imaginary 
part of the local phase. Meanwhile, the quantized 
neighborhood of each pixel is reported as an eight digit 
binary string. The LPQ label for each pixel x  is then 
encoded into a decimal number as 

( )
( )∑

=
+ 











×≥

+×≥
=

3

0
12Im

2Re

20)(

20)(
)(

i
i

u

i
u

xFI

xFI
xLPQ

i

i              (4) 

Where { }1,0(.) ∈I  is an indication function of a 

boolean condition, Re
iuF  real response images, imaginary 

response Im
iuF , iu frequency points. 

The process of applying a LPQ operator LPQ (M, ρ) 
upon an image pixel is demonstrated in Fig. 3. 

 

 
 

Fig. 3.  LPQ encoding scheme. 
 

In this paper, the LPQ operator is applied to each 
response images obtained from the convolution of ear 
image with BSIF filter. Then, the local n-bin histograms 
are computed from the LPQ label images and later 
concatenated into a global descriptor of the image. 

B. Matching step  

The feature matching step in the biometric system can 
be conducted through any distance or similarity measure 
like Euclidean, Cosine, Correlation, Minkowski, etc. 
Because of the specificity of the histogram-based 
descriptors, more specialized measure of similarity/ 
dissimilarity is used. Since the feature extraction proposed 
in this study is based on histogram-based descriptors. In 
this regard, the most common distance measure for 
matching histograms used in computer vision tasks is the 
Chi-square statistic as a measure of dissimilarity. Thus, in 
this work, dissimilarity measure between two histograms 
of BSIF-LPQ is derived by means of Chi-Square statistic.  

Let the Chi-square distance χ2 of two histograms H1 
and H2

( ) ( ) ( )( )
( ) ( )∑

= +
−

=
N

t tHtH
tHtHHH

1
21

221
212 ,χ

 of length N, can be given as: 

     (5) 

If the value of χ2 is least value, then it shows the 
registered and input ear images matche correctly while 
larger value of χ2 

 

shows larger level of dissimilarity 
between the registered and input images. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

Validity of the proposed method is demonstrated by 
conducting several experiments on IIT Delhi1 database. 
Details about the databases, the experimental setup and the 
results of different methods are presented in the following 
subsections.  

A. Datasets and evaluation metrics 

In order to show the effectiveness of the proposed 
method, we have applied it to publicly available 
benchmark ear database (i.e IIT Delhi-1 database). The 
use it in the performance evaluation ensures repeatability 
in the experiments and it is important for comparison with 
other approaches. 

 The IIT Delhi1 ear image database was created by the 
Indian Institute of Technology in Delhi, New Delhi, India. 
It contains 493 images from 125 subjects aged 14 to 58 
years. Each subject has at least three ear images with 
different rotation levels. All images are captured from a 
distance (touchless) using simple imaging configuration 
with a resolution of 272 x 204 pixels in JPEG format. In 
addition to the original images, this database also provides 
automatically normalized cropped ear images of 50 x 180 
pixels. Fig.  6 provides several examples from the IIT-
Delhi-1 database. 

 
Fig.4. Some ear images from the normalized IIDT-1 database. 
 
In this paper identification experiments are conducted 

to evaluate the ear recognition method in which, the rank-1 
identification rate or error identification rate is used as 
performance indicator. For the identification experiments, 
the feature vectors are compared in a probe-to-gallery man 
and the resulting scores are sorted and ranked to find the 
rank at which a true match occurs. 

In this work, two ear images of each subject are chosen 
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for training and the remaining ones are used for testing. 
Therefore, the number of training and testing samples for 
this protocol using IITD-1 database is 250 and 243, 
respectively.  

 
In this section, we analyze the optimal parameters of 

the proposed descriptor BSIF-LPQ. We start by 
investigating the number of BSIF filter n and the 
corresponding filter size ×  with the windows analysis 
size iW  parameter used when LPQ image map is 
calculated.  

From the description above, there are two parameters 
of BSIF filter. The first parameter is the filter size (i.e. 
scale). The second parameter is the number of filters used. 
To find the optimal parameters for the BSIF method, we 
conducted experiments using the set of filters provided by 
the authors of [15]. For each combination of filter size and 
the number of filters we assign a number X. Fig.  5 resume 
these filters and yours setting for different combinations of 
filter size and number of filters. For example, the filter 
BSIF_1 has 11 × 11 filter size and the number of filters 
equal to ten.  

B. Effect of the BSIF filters used on recognition 
performance #1 

We evaluate the effect of the BSIF filters used on 
recognition rate. Due to the large number of filters (i.e., 60 
filters); we have split into two subgroups depending on the 
filter size parameter. Therefore, the subgroup 1 contains 
32 filters as follows: 









=
59:5651:4843:40

36:3331:2823:2015:127:4
1 ,,

,,,,,
XXX

XXXXX
X sub

         (6) 

 
they have a number of filters varying from 5 to 8. The 
subgroup 2 contains 28 filters as follows: 
 









=
6055:5247:4439:37

3227:2419:1611:83:1
2 ,,,

,,,,,
XXXX

XXXXX
X sub

           (7) 

 
with a number of filters varying from 9 to 12.  
 

Fig.  6 and 7 show the error identification rates obtained 
on both subgroups when the window size iW  equal 
to 33× .  
By considering its accuracy based on our experiment 
several BSIF filters are selected which provide error 
identification rate less than 5%. As a result of this, both 
subgroups become  
 

{ }58:5631:2823:2015:127:41 ,,,, XXXXXX sub =            (8) 
 

{ }6055533227:2419:1611:8312 ,,,,,,,, XXXXXXXXXX sub =   (9) 
 
Based on this setting, extensive experiments arc conducted 
about the effect of windows analysis size parameter 

MM × on the performance of our method. 
 

Fig.  8 and 9 plots the error identification rates obtained 
using different values of MM ×  for BSIF filter from 
subgroup1 and subgroup 2 respectively.   

From, the Fig.  8, it can be seen that the best 
performance (EIR=2.47%) is achieved with BSIF filter 

{ }59575621151365 ,,,,,,, XXXXXXXXXi ∈ . 

This performance is obtained with a value of M equal 
to 7 for all BSIF filter iX   

{ }59575621151365 ,,,,,,, XXXXXXXXXi ∈  

As same, one can see from Fig.  9 that the performance of 
our method using BSIF filter from subgroup 2 is severely 
best (EIR=2.06 %) when BSIF filter { }608, XXXi ∈ .  From 
these results, we can conclude that our proposed method is 
best for BSIF filter belongs to group 2. Considering both 
identification accuracy and speed performances criteria, 
we can see that our best settings for our method BSIF-
LPQ are: BSIF filter  60XX i = , M=7. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. BSIF filter Xi with corresponding parameters setting. 
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Fig. 6.   Error Recognition rates using BSIF-LPQ based BSIF filter of first subgroup.  
 

 
Fig. 7.  Error Recognition rates using BSIF-LPQ based BSIF filter of second subgroup.  

 

 

Fig. 8. Error Identification Rates of the proposed approach using selected BSIF filters of the first subgroup.  
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Fig. 9. Error Identification Rates of the proposed approach using selected BSIF filters of the second subgroup. 
 

C. Comparison with the other methods 

To evaluate the efficiency, we compared identification 
results of the proposed method with four existing 
techniques [13, 17,18,19,20,21,22] using similar IITD1 
dataset. Hence, all the results have shown based on KNN 
classifier in order to keep results in the same domain for 
performance comparison. 

Table I shows the comparative performance results of 
the proposed method with other existing techniques have 
been implemented on IITD1dataset.  

We noticed that the proposed method have achieved 
superior results to other reported methods in terms of 
rank-1 recognition rate. 

TABLE I 

Comparative results showing identification  rates of the proposed 
schemes and recently proposed methods on IIT D-1 database. 

Reference IR (%) 

BSIF descriptor [13] 97.26% 

Improved BSIF [17] 97.34% 

2D quadrature filter  [18] 97.77% 

PHOG+LDP +KDA [19] 97.37% 

AECLBP [20] 

DRLBP [20 ] 

96.15% 

97.16% 

D-IMBFH [21] 97.81% 

D-LDCP [22] 97.39% 

Proposed  97.94% 

The greatest advantage of our algorithm over the 

reported methods is that it has allow time cost due to the 
limited number of convolution operations employed (9 
filters with size 9x9). In addition to this, the low feature 
vector size obtained. 

5. CONCLUSION 

Based on texture analysis framework, a new 
representation for ear identification is presented in this 
paper, in which micro-structure patterns are extracted from 
the intensity space using the BSIF-texture descriptor. They 
are characterized by their blur invariance by applied the 
LPQ operator to BSIF image responses. In addition, the 
experimental results obtained on the IIT Delhi-1 database 
show that the proposed approach is effective and superior 
to the state-of-the-art in term of accuracy. 
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Abstract— Compact ultra-wideband (UWB) bandpass 

filter (BPF) with band-notched characteristics is presented in 

this paper. The proposed filter is based on a modified 

multiple mode resonator (MMR) and defected ground 

structure (DGS) units. The single band notch at 5.8 is 

obtained by embedding three slots in the ground plane. The 

obtained performances show that the filter with single notch 

provides 116.2 % measured 3-dB fractional bandwidth, an 

insertion loss of 2.65 dB and a return loss better than 12 dB 

in the passband (3.1 – 11.7 GHz). The filter occupies an area 

of 1.12�g×0.16�g. An acceptable agreement is achieved 

between the simulated and measured results. This filter can 

be integrated in UWB radio systems and efficiently enhance 

the interference immunity from undesired signals of WLAN. 

Keywords— Bandpass filter (BPF); multiple mode 

resonator (MMR); defected ground structure (DGS); notched 

band; ultra-wideband (UWB). 

 

1. INTRODUCTION  

In wireless systems, RF filters are considered one of the 
most important components. These filters are used to 
filter/prevent unwanted signals from accessing a system. 
They play an extremely important role in minimizing 
interferences from undesired signals, especially with the 
increase of wireless standards in the existing frequency 
bands. Because the ultra-wideband (UWB) defined by 
federal communication commission (FCC) covers a very 
wide frequency range (3.1- 10.6 GHz) [1], it is overlapped 
with other wireless services such as WLAN, WiMAX, X-
band and satellite communications signals. These services 
potentially interfere with UWB signals and therefore cause 
signal distortion as well as loss of sensitivity. For best 
usage of that frequency band, filtering is crucial. One of 
the possible and effective solutions is to realize rejection 
bands (notches) within the passband of an UWB BPF. 
Some of the techniques used to generate notches employ: 
defected ground structure (DGS) units, embedded open-
circuited stubs, asymmetric parallel coupled lines, short-
circuited L-shaped stubs or open-circuited C-shaped stubs 
used to the main filter structure, parasitic coupled 
lines…etc [2]. 

Several works related to the design of UWB BPFs with 
single notch have been reported in the last decade. In [3], a 
notched band is introduced at 5.2 GHz in order to eliminate 
the interference caused by WLAN. In [4], a notch was 
introduced by combining a DMS with a distributed stub 
loaded HPF. Another approach was introduced in [5] in 
which a notched band centered at 5.8 GHz is accomplished 

by etching a Hilbert fractal curve slit on the filter. A 
microstrip parallel-coupled line structure with two 
asymmetric loading stubs was proposed in [6] for notched 
band implementation. In [7], a single notch is implemented 
by using a stepped impedance resonator (SIR), a parallel 
coupled feed line on the top and a rectangular shaped DGS 
on the bottom of the structure.   

In this work, the purpose is to design, analyze and 
implement a compact microstrip UWB-BPF with single 
notched band to reject the undesired interference from the 
WLAN network signals. The substrate material used for 
that purpose is FR4 with relative dielectric constant of 4.3, 
a thickness of 1.62 mm and a loss tangent of 0.018. For 
validation of the proposed design, an MITS Electronics 
PCB Prototyping machine is used for the fabrication 
whereas a Rohde and Schwarz vector network analyzer 
(VNA) is used for the measurement. 

2. FILTER DESIGN AND CONFIGURATION: 

RESULTS AND DISCUSSIONS   

The design methodology of the proposed filter is 
described in details as follows: 

Step One: The �/4 optimized interdigital parallel 
coupled lines structure is used to achieve strong coupling 
for the desired UWB [6]. The structure shown in Fig. 1(a) 
has the following initial dimensions (in mm): L1= 5.28, 
W1= 0.4, g= 0.4, S1=0.2 and W=3.11 where W is the 
microstrip line width corresponding to 50   feed line. In 
order to investigate the effects of dimensions on the design 
performance, the structure is simulated with different 
dimensions. In this process, many values are taken, 
however, for the sake of graphs clarity; fewer values will 
be represented in the parametric study. The slot width (in 
mm) is set successively to S1= 0.2, 0.3 and 0.4 while the 
other parameters are kept constants. From the simulated S-
parameters plotted in Fig. 1(b), it is observed that good 
performance is achieved for S1= 0.2 mm. A smaller value 
of S1 cannot be used due to the limitation of the PCB 
prototyping machine. This can affect the degree of 
coupling desired between the interdigital coupled lines. 

 

 

(a) 
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(b) 

Fig. 1. Interdigital coupled lines structure [9] along with its simulated 

S-Parameters for different values of S1 

 Step Two: An MMR consisting of a rectangular shaped 
low-impedance line section of length L2=�g!2 in the 
middle connected to the two identical �g!4 high-impedance 
lines [7]. This is shown in Fig. 2(a) while the simulated S-
parameters are shown in Fig. 2(b). 

 

(a) 

 

(b) 

Fig. 2. Structure of the multiple-mode resonator (MMR) along with its 

simulated S-Parameters 

 Step Three: A slot of length L3= 2.9 mm and width 
S2= 0.4 mm is etched in the mid-section of the MMR as 
shown in Fig. 3(a). Then the length L2 (in mm) shown in 
Fig. 2(a) is set successively to 10, 9.5, 9 and 8.5. The 
simulated S-parameters are shown in Fig. 3(b) and it is 
clearly seen that good results in terms of return loss (RL), 
insertion loss (IL), and bandwidth (BW) are achieved for 
L2= 9 mm. 

 

(a) 

 

(b) 

Fig. 3. The used MMR with the slotted section along with its simulated 

S-Parameters for different values of L2. 

A small L2 without a slot leads to a high IL so the slot 
is used to enhance the performance. This is due to the fact 
that it increases the length of path crossed by the current 
which can slightly improve BW and IL. 

Step Four: In order to improve the out-of-band and the 
in-band performance, two rectangular shaped DGS units 
will be used. They are placed in the structure as shown in 
Fig. 4(a) with initial parameters (in mm) L4 of 2.9, W2 of 
1.3 and distance D of 2.4. After examining the e ect of all 
physical dimensions of the proposed filter, the final 
dimensions (in mm), for acceptable performances in terms 
of pass-band with low IL, high RL and wide stop-band, are 
g=0.4, D=2.6, S1=0.2, S2=0.4, W=3.1, W1=0.41, 
W2=1.45, L1=5.8, L2=9, L3=2.9 and L4=3. The simulated 
frequency response of the proposed filter illustrated in Fig. 
4(b) shows an UWB bandpass response, from 3.5 GHz 
to11.2 GHz, with a wide passband of 7.7 GHz, an RL 
higher than 23 dB and an IL around 0.3 dB. 

 

(a) 

 

(b) 

Fig. 4. Schematic of the proposed filter without notch along with its 

simulated S-Parameters. 

Fig. 5 (a-c) shows the current distributions of the 
UWB-BPF  at  a  passband  frequency,  f  =6.88  GHz  and,  at  
stopband frequencies 0.2 GHz and 13.5 GHz. As can be 
observed, at passband, the current density is mainly 
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concentrated at upper and lower edges of the slot. At 
stopbands, the current density is mainly concentrated at the 
left side of the structure indicating there is no passage of 
current at these frequencies. 

 

(a): at 6.88 GHz 

 

(b) at 0.2 GHz 

 

(c) at 13.5 GHz 

Fig. 5. Current distributions at three distinct frequencies. 

Step five: Within this part, the purpose is to implement 
a single notched band to avoid the interference from the 
undesired band (5.2- 5.9 GHz) of WLAN signals. Among 
the techniques used for notch implementation, a U-shaped 
DGS unit was used in [9].  The choice of the U-shaped is 
based on the fact that no larger size is required as 
compared to parasitic coupled lines [7] and asymmetric 
parallel coupled lines [6]. In addition to this, no 
geometrical readjustment is needed in contrast to 
embedded open-circuited stub and asymmetric parallel 
coupled lines [6]. The U-shaped DGS pattern not only 
implements the notch but improves the in-band 
performance as well as slight improvement in the out-of-
band performance. The central frequency of the notched 
band is controlled by the length of the DGS unit, tuning 
this  length  shifts  the  notch;  as  it  increases,  the  notch  is  
shifted down, and vice versa. The width of the notch (-3 
dB rejection at the edges), on the other hand, is controlled 
by  the  width  of  the  DGS  unit;  the  wider  the  width,  the  
larger the notch. The U-shaped DGS unit used, with initial 
dimensions (in mm) L5 of 7.8 and W3 of 1, is shown in 
Fig. 6(a) while the proposed structure of the UWB-BPF 
with single notched band is shown in Fig. 6(b). For a notch 
centered at around 5.55 GHz, several adjustments were 
made to the length L5 and width W3; so the final design 
parameters (in mm) are 8.24 and 1, respectively. 

 

(a) 

 

(b) 

Fig. 6. Geometries of the U-shaped DGS unit and the proposed UWB-

BPF with single notched band. 

Fig. 7(a) shows the simulated S-parameters for the final 
structure whereas Fig. 7(b) shows the current distribution 
of the UWB-BPF at notch central frequency of 5.55 GHz. 

From these results, it is obvious that the proposed filter 
structure spans an UWB range of (3.4-11.25 GHz) for 
which an IL about 0.3 dB, a RL higher than 23 dB and a 
notch centered at 5.55 GHz. From Fig. 7(b), it is noticed 
that the current density is concentrated mainly at the left 
part of the filter which means that there is no passage of 
the current. As a result, one can say that WLAN band 
signals are suppressed. 

 

(a) 

 

(b) at 5.55 GHz 

Fig. 7. Simulated S-Parameters along with current distributions at 

notched band for the proposed filter. 

The proposed filter with single notched band is 
fabricated using the MITS Electronics PCB prototyping 
machine as shown in Fig. 8. 

(a) Top view   (b) Bottom view 

Fig. 8. Photograph of the fabricated filter. 

Fig. 9(a-b) shows the simulated and measured S-
parameters. As shown in Fig. 9(a), the measured passband 
is (3.3-11.9 GHz), BW=8.6 GHz and FBW=111 %. The 
measured IL is 2.65 dB and RL is 17 dB. There is a good 
level of agreement between simulated and measured 
results. Fig. 9(b) depicts the simulated and measured 
results  of  the  UWB  BPF  with  single  notched  band.  The  
measured 3-dB FBW is approximately 118 % (BW=8.9 
GHz with  fn0= 7.55 GHz). The notched band is located at 
5.8 with -24 dB rejection level. It has 0.25 GHz deviation 
from simulated results which is most probably attributed to 
tolerance in fabrication process, diversity of material 
parameters and additional insertion loss of SMA 
connectors. Comparison of the proposed single notch 
UWB BPF with other designs is illustrated in Table 1. The 
UWB BPF presented in [4] is manufactured on a substrate 
with a greater dielectric constant, yet the proposed filter in 
the current work is more compact with better BW and 
Stopband rejection level. Works in [7] and [8] have larger 
size in terms of �g with smaller BW and lower notch 
rejection level. 
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(a) 

 

(b) 

Fig. 9. Measured and simulation comparison of S-parameters. (a) UWB 

BPF and, (b) UWB-BPF with single notched band 

TABLE I.  PERFORMANCE COMPARISON WITH OTHER UWB BPFS 

WITH MONO NOTCHED BAND  

Ref. 
h  

(mm) 
"r 

Size 

×

 
mm

2
  

BW  

(GHz) 

Notch  

band 

(GHz) 

f n 0  

reje. 

level 

(dB) 

Stopband 

reje. level 

(dB) 

[4] 1.59 4.4 

2.42 

× 

0.27 

6.26 5.28 38.31 15 

[7] 1.62 4.3 

1.9 

× 

0.69 

9.2 7.2 12.1 12.1 

[8] 0.8 4.4 

0.55 

× 

0.58 

8.45 5.2 15 35 

This 

work 
1.62 4.3 

1.12 

× 

0.16 

8.9 5.8 24 22 

 

3. CONCLUSION   

In this article, a compact UWB-BPF filter with single 
notched band has been designed, fabricated and measured. 
The fabricated filter has wide passband from 3.1 to 11.7 
GHz. A U-shaped DGS has been employed to obtain the 
notched band centered at 5.8 GHz without increasing the 
circuit area or readjusting the overall geometry. Acceptable 
results have been achieved indicating that the proposed 
filter can be integrated in UWB radio systems. 
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Abstract— The main objective of this paper considers a 

numerical simulation for the reduction of the photovoltaic 

module temperature by using the air forced convection 

delivered by an air-cooling system. As a first step, an electrical 

model is used to evaluate, under fixed radiation, the negative 

effect of increasing temperature in electrical efficiency.  In the 

next step, the temperature of the PV module is determined 

after solving the energy conservation system which includes 

the three heat transfer mechanisms (conduction, convection, 

and radiation) after taking into account the air forced 

convection. The air forced cooling is introduced principally to 

reduce the module temperature for improving the electrical 

efficiency of our PV system. This work indicates a good result 

obtained through the comparison between the PV module 

with and without the air-cooling system. 

Index Terms-- operating temperature, air forced 

convection, efficiency, photovoltaic cell. 

 
1. INTRODUCTION 

In recent years, photovoltaic energy is one of the most 
reliable renewable energy sources, which the world needs 
to provide a part of its electrical necessity. In the year’s 

events culminated in December at the United Nations 
Framework Convention on Climate Change’s (UNFCCC) 

21st Conference of the Parties (COP21) [1], many 
initiatives announced that renewable energy provides 
19.2% of global final energy in 2014, and a growth in 
capacity and generation up to 147 GW continued in 2015. 
For a typical PV panel, the solar radiation emitted into the 
surface is converted into electricity with a portion of 5-25% 
and others are converted into heat 30-45% of thermal 
efficiency [2]. A number of crucial parameters such as 
external and internal temperature, solar irradiation, wind 
speed and physical one can influence the conversion 
efficiency of photovoltaic systems. The photovoltaic 
modules heat up because they do not completely transform 
the received energy into electricity, which causes an 
increase of temperature in the module because of the 
material nature that absorbs more the heat. Both electrical 
and thermal efficiency depends on the operating or the 
internal temperature of the photovoltaic module. 

Furthermore, the operating temperature of the PV modules 
plays an important role in the conversion system and energy 
management. To take account the limitations of the cell and 
know the integral effect of the internal temperature on the 
evolution of the electrical efficiency, an electric model is 
introduced and based on a current source in parallel with a 
diode Which models the photogenerated current and the 
generating / combining current respectively [3]. 

For this reason, and to reduce the cell performance, 
Lyengar et al. [4] investigated a new technique to improve 
cell efficiency and reduce the operating temperature of PV 
panels. It is based on texture, passivation of the surface and 
adding anti-reflecting materials. Moreover, Anderson et al. 
[5] are developed a new heat pipe cooling system for 
concentrating photovoltaic cells, using a Fresnel lens or 
mini-reflecting mirrors to concentrate the solar intensity to 
100 to 1000 suns. The heat pipe can be used to reject the 
heat to the environment through natural convection and 
would have a ΔT of 110°C. Besides, Cătălin George 

Popovici et al. [6] carried out a new study based on a 
numerical model of temperature reduction of photovoltaic 
panels. They used the air-cooled heat sinks, even for small 
heights of the ribs. The cooling efficiencies are studied by 
modifying the angle between the ribs and the base plate. 
This method is cheap and presents an efficient solution for 
cooling photovoltaic panels. 

In the present study, the main focus is based on the insertion 
of the cooling system able to reduce the cell temperature 
during operation using air forced convection. For this 
purpose, we elaborate on a thermal circuit model relating to 
the heat transfer mechanisms such as conduction, 
convection, and radiation, to calculate the new temperature 
value of the PV module. The latter is used to analyze the 
electrical behavior and finds that the higher the 
temperature, the lower the PV module production when the 
other conditions (e.g., solar irradiance, wind, humidity, 
etc.) are constant. Then, we are going to do a comparison 
of the electrical performance with and without a cooling 
system. We have selected the “SPR- 455J-WHT-D “of 

SunPower Manufacturer to elaborate on the influence of 
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photovoltaic module temperature and solar irradiance on 
the electrical efficiency. Finally, we carried out a simple 
model with MATLAB/SIMULINK to simulate the 
electrical behavior with a thermal circuit that represents the 
heat transfer with forced convection of air cooling. 

 

2. SIMULATED ELECTRICAL MODEL 

A. Simple electrical model of PV module 

The simplest model of the photovoltaic module is based 
on a simple model of photovoltaic cell as appears in Fig 1. 
The latter is shown as an equivalent circuit below that 
consists of an ideal current source, which models the 
photocurrent !ℎ. The voltage source Vd is representing 

with an ideal diode in parallel with two resistances Rs and 
Rp, representing the losses of the cell and taking into 
account the limitation of the cell. The photovoltaic module 
is a number of photovoltaic cells connecting together in 
series [3].  

 
Fig. 1. Photovoltaic cell model 

The output current I [A], of PV module is expressed by: 

 = "!( #$ %  & %  '$)***                                         (1) 

Where Iph is the photocurrent [A],  '$ is the current 
circulated into Rp resistance [A] and Id is the diode current. 

The table below recapitulates all parameters value of 
“SPR-455J-WHT-D “of SunPower Manufacturer, which 
utilized to validate the electro-thermal model proposed in 
this paper. 

 

B.  Module Efficiency 

In the electrical model and for negligible weather wind 
speed, the cell temperature depends on irradiance and 
ambient temperature. In turn the electrical efficiency is 
expressed as a function of cell temperature. 

 

 

 

 

 

TABLE I 

Electric characteristic of SPR-455J-WHT-D of SunPower 

 Parameters Value 

 !"#  Peak Power at STC (manufacturer) 455 Wc 

 Technology Si-mono 

$# Total surface of the module 2.16 m² 

%& Cells number 128 

'()*  Reference Temperature 298 K 

 G reference Irradiance 1000 W/m² 

+," the voltage at open circuit 90.5 V 

-., the current at short circuit 6.32 A 

',")* Temperature Coefficient at Isc 3.5 mA/°C 

/0  Parallel resistance 4591 ohm 

/.  Series Resistance 0.58 ohm 

 

In order to achieve a highly efficient for PV device, solar 
device needs to be efficiently absorbed and it should simply 
boost up the Voc and Isc. Similarly, the performance ratio 
decreases with latitude because of the rising temperature. 

The conversion efficiency of the solar cells can be 
formulated as following: 

1# = 1()*[2 3  ,")*4'# 5 '()*6]777               (2) 
 

In which 8()* and '()*  are the module’s electrical 

efficiency and temperature at the reference condition at 
solar radiation of 1000W/m². The temperature coefficient, 
 ,")* , is normally given by the PV manufacturer. 8()* is 
given in the equation bellow: 

8()* = -#+# = 997-., 7+",                             (3) 

Where, FF is the fill factor, -.,  is short circuit current 

and +",  is the open circuit voltage. 

C.  Effect of PV Module temperature on its 

performance 

The PV Module temperature represents an important 
parameter that we need to follow its influence on PV power 
production. Therefore, in Fig.2, we show that the ambient 
temperature of the atmosphere is proportional to the PV 
module temperature. Then, in order to study its effect on 
PV performance, we determine P-V and I-V characteristics 
for varying the ambient temperature of the electrical model. 

Fig.3 displays that the increase of ambient or PV module 
temperature determines a decrease of maximum output 
power and the efficiency of the photovoltaic conversion in 
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the same conditions of solar radiation up to 1000 W/m². In 
addition, the value of open-circuit voltage decreases, but 
the value of short circuit current remains constant. This 
proves that the increase of environment temperature 
increases also the absorption of generated heat, which is 
also caused by the used semiconductor nature. 

 

Fig2. Module temperature versus ambient temperature 

 
                                            (a) 

 
                                             (b) 

Fig. 3. PV system characteristics versus the ambient 
temperature at constant solar radiation 

 

3. THE PV THERMAL MODEL ELABORATION 

To determine the value of operating temperature, we 
need to take into account the thermal energy exchange of 
the module with its environment. The generated heat in the 
PV module induces an increase in the cell temperature and 
consequently a negative effect on the electrical output 

power of the PV panels. This heat can be extracted and 
transfer to the surroundings by air flowing [7] [8]. 

A.  Module heat transfer 

In Fig 4, we show three modes of heat transfer which 
appear at the temperature difference between the PV 
module and the surroundings. Otherwise, heat transfer 
helps us in the prediction of the PV module temperature 
Tm, when considering the steady-state condition. 

 

Fig. 4.  Heat transfer schema with an air-cooling system of PV 
module 

B.  Conductive heat transfer 

Through a layer of material, the transfer is governed by 
the Fourier law and is directly proportional to the material 
thermal conductivity, area normal to the heat flow 
direction, temperature difference. It is inversely 
proportional to the thickness of the layer [9]. 

 !"#$ =
%&

'
()* + ),-                                                    (4) 

Here, A is the module area (m²), . /0 thermal 
conductivity of air (W/ (m K)) and l is the thickness of 
material (m), Ts is the apparent sky temperature (related to 
ambient temperature) [2]. 

   = 0.32 !" + 0.037536!"

1.5  

C. Convective heat transfer 

When the heat transfer is accompanied by a mass 
transfer, this mode of heat exchange exists within the fluid 
media (air/water, etc.) or when a fluid circulates around a 
solid. The transfer is governed by the Newton law of 
cooling and is directly proportional to the convection heat 
transfer coefficient, surface area, and the temperature 
difference [9]. 

Two heat transfer coefficients need to be established: 
The forced convection heat transfer coefficient, due to the 
wind flowing over the surface of the PV panel,  !"#$%& , and 
the coefficient of the free convective heat transfer,  !#%% , 
which is considered negligible. 

'$"() =  !"#$%&*+,-. / -01                         (5) 
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Where  ! is the ambient temperature, "#$%&'(  signify the 
heat transfer coefficient by forced convection with flow and 
is related to Nusselt number via the following equations [9], 
The plan flow regime of a fluid (air in our case) may be 
laminar or turbulent as shown in Fig 5: 

"#$%&'( = )*+
,                                                            (6) 

-). = 0/661234578349::::::;<:78 > ?/ @0A
). = 0/0?61234578B4A::::;<:78 C ?/ @0AD           (7) 

The transition from one regime to another is 
characterized by Reynolds number: 

7' = EF:G
H                                                                            (8) 

Where L is the height of PV Panel, K is the air 
conductivity up to 0.027, V is the wind velocity origin of 
air cooling, µ is the dynamic viscosity of air (N s/m2) and I is the density of the material (kg/m3). 

Fig. 5.  Forced heat transfer coefficient calculation 
 

D. Radiative heat transfer: 

It is called also thermal radiation. It describes the heat 
transfer caused by electromagnetic waves between two 
surfaces. In our case, power radiative heat transfer includes 
the difference between the heat emitted from the 
surrounding through sunlight to the module and the heat 
emitted from the PV module to the surrounding [10]. The 
transfer is governed by the Stefan-Boltzmann law and is 
directly proportional to the area, the radiation coefficient, 
and the difference of the fourth power of absolute 
temperature. The radiation coefficient depends on the 
configuration properties and emissivity of interacting 
bodies. 

J%!( := :K:L:MN !B :O : PBQ                         (9) 

Where the constant of proportionality R is Stefan-
Boltzmann constant, S is the emissivity of PV panel of 
value 0.91 on its front surface [1]. 

Finally the energy conservation principal can be 
implemented using: 

J&$T( = J&$TU V J%!(                                                    (10) 

 

W+N X O  YQ = "#$%&'( :WN Z O  !Q V:K:L:MN !B :O : PBQ                                        (11) 

 

E. Numerical Simulations 

The thermal model of heat transfer helps us to find and 
estimate the operating temperature of our PV module by 
taking into consideration the heat balance equation (Eq 11). 
The module temperature is used as an input for the 
electrical model as designed by air cooling in the thermal 
model, as depicted in Fig. 5. All simulations are completed 
and performed by using the commercial software 
MATLAB® (Simulink) which validates the previously 
described model, as shown in Fig.6. 

4. RESULTS AND DISCUSSION 

 

The accurate simple electrical-thermal model is 
developed for enhanced power generation and reducing the 
module temperature. Indeed, the numerical simulation was 
conducted by using the weather reports at the site of the 
Sfax region to extract the profile of ambient temperature 
and solar irradiance. 

· Altitude: 21 meters 

· Contact Information: 34.72 °N | 10.68°E 

· Time zone: Africa/Tunis 

· Station type : METAR/SYNOP 

Figure 8 displays solar radiation and ambient 
temperature on 7th June 2017 of the Sfax region site. The 
maximum solar radiation occurs at 13:00 which was 955 
Wh/m² and the maximum ambient temperature was 301 K. 

As indicated in [11], PV cell temperature is greatly 
depending on PV cell material type. Even more, and related 
to our simulation, we have reached to conclude that PV 
module temperature, is mostly related to forced air cooling. 
Figure 9 displays that when there is an increase in wind 
velocity, there is a decrease in module temperature. In the 
same vein, the higher the air velocity, the higher the 
removing heat from the PV module to the surrounding. 

In the case of using forced air cooling, the average 
temperature of the PV module decreases. According to 
simulation, shown in Fig 10, the temperature is reduced to 
a margin of value between 1K and 9 K below the value 
obtained in the basic case. As a result, to perform the 
electrical efficiency, we need to increase the air velocity by 
forced convection and the electrical efficiency goes down 
as the module temperature rises as shown in Fig. 11. 
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                                                             Fig. 6. A complete description model of our studied system 

 

 
 

                                 Fig. 7. Complete electrical-thermal model for improving PV performance 
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Fig. 8.  Profile of temperature and solar irradiance on Sfax site 

 

 

 
Fig. 9.  Module temperature evolution as a function of air cooling wind velocity 

 
Fig. 10. Module temperature with and without air forced convection 
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Fig. 11.  Electrical efficiency as a function of Module temperature and wind velocity 

 

 
Based on the validated electrical-thermal model, we 

have reached the desired results of temperature reduction 
within the PV module at the numerical simulation level. 
But when we passed to the experimental level, the energy 
consumption constraint by the air-cooling system becomes 
worrisome. Therefore, we will need an energy management 
optimization of our PV system equipped with an electrical 
vehicle 

Conclusion 

In conclusion, in addition to the semiconductor type 
used, the module temperature plays a key role in the 
photovoltaic conversion process. The electrical efficiency 
is inversely influenced by the operating temperature 
because of the rising generated heat through receiving more 
solar radiation. Decreasing the value of module 
temperature by transfer generated heat using air forced 
convection is an efficient solution for improving 
photovoltaic performance. 
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Abstract—In this paper, a new approach of energy 

compensation system based on Internet of Things (IoT) in 

smart grid has been proposed. Where, multi-agents that can 

communicate with each other to share information are 

utilized, distribute energy and control the voltage level. 

Multi-agents make the link between flexible resources. They 

are an emerging technology for decentralized computation 

and data storage, secured by a distributed consensus 

mechanism. For testing this approach, a standard IEEE 14 

bus power grid has been used that gives a good result. 

Index Terms-- Energy Compensation; Distributed energy 

resources; Internet of Things; Multi-agents; IEEE 14 bus 

power grid. 

1. INTRODUCTION 

In the literature, the energy management of smart 

grids is based on centralized approaches [1, 2]. However, 

the researchers start to reshape it by using distributed 

energy resources (DERs). DERs are compensated for 

providing energy services by an aggregator or a utility: a 

central authority that is trusted to act fairly in scheduling 

generators, satisfying loads, and rendering payments [3]. 

DERs are often remotely controlled by the Internet of 

Things. When they are used intelligently, these DERs can 

reduce cost, improve reliability, and integrate renewable 

resources in the electric grid — features which have led 

regulators to introduce policies promoting their adoption. 

In this research work, a new approach of decentralized 

energy management for smart grid has been proposed. 

Where, micro-grids and aggregators are used as smart 

agents that can communicate with each other to share 

information, distribute energy and control their own 

energy consummation. Aggregators make the link 

between flexible resources. Multi-agents are an emerging 

technology for decentralized computation and data 

storage, secured by a combination of cryptographic 

signatures and a distributed consensus mechanism. 

2. DISTRIBUTED ENERGY RESOURCES (DERS) 

With  smart  grid,  the  planning,  investment,  and  

operation  of  the  distribution  system  change 

dramatically. Historically, utility investment in 

distribution systems ensured circuit capacity was 

adequate  to  deliver  power  from  the  bulk  grid  to  the  

customer.  Now, customer-owned solar PV delivers power 

to the distribution system, and DR from customers 

provides energy and capacity reduction at the bulk grid 

level. A host of other distributed resources, including fuel 

cells and energy storage, provide power that is injected at 

the low-voltage level and may create reverse power flows 

on the grid, moving power away from the customer. 

Platforms are being designed to host DERs at lower 

voltage levels to explicitly supply customers at the 

distribution level and to wholesale markets.  

An immediate objective is to monetize the option value 

of DERs, which translates to more flexible DER uses in 

multiple markets. Multiple opportunities have emerged, 

and more will result as DER needs increase across the 

grid. We examine both the voltage context and future 

opportunities to provide greater understanding of these 

new resources. 

Distributed resources can reduce peak demand, which 

can eliminate or defer new transmission and distribution 

capacity, and decrease total energy costs. Enhanced on-

site peaking generation resources also improve the 

security and hence the reliability. 

 

3. IOT APPROACH  IN SMART GRID  

In its universal meaning, IoT (Internet of Things) 

depicts the notion of inter-relating the virtual world of 

computers with the real world of physical objects [4, 5]. 

Everything  in  IoT  Smart  grid  (SG)  is  based  on  

networking because the grids must capable of sensing 

(through their sensors) and reacting (through their 

actuators); thus, creating smart environments surround 

them, this can be via the integration of communication 

networking, the internet,  sensors (PMUs), smart meters 

and remotely controlled switches, hardware (embedded 

systems) and software technologies. IoT helps SG systems 

to support various network functions  throughout  the  

generation,  transmission,  distribution and consumption 

of energy by providing the  connectivity,  automation  and  

tracking  for  such  devices. 

The IoT focuses on the realization of three main 

concepts, namely things-oriented, Internet-oriented and 
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semantic-oriented.  The things oriented concept involves 

smart devices, such as RFID tags, sensors, actuators, 

smart meters, the Global Positioning System (GPS) and 

NFC. The Internet oriented concept enables 

communication among smart devices through various 

communication technologies, such as ZigBee, Wi-Fi, 

Bluetooth and cellular communications and connects 

them to the Internet. The semantic oriented concept 

realizes a variety of applications with the help of smart 

devices [6]. 

Connecting things to the Internet involves the devices 

to use an IP (Internet Protocol) address as distinctive 

identifier. IPv4 is definitively bushed owing to its 

insufficient address range against to the huge address 

range requirements that leads to unavoidable passage 

from IP v4 to IP v6 [4]. 

 

 

Fig. 1. Multi-agents system structure. 
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A multi-agent system (MAS or "self-organized 

system") is a computerized system composed of multiple 

interacting intelligent agents [7-9]. It can be divided to 

many different sub-systems as shown in Fig.1. One agent 

can play one or more roles. All agents coordinate with 

subsystems. Interactions among agents with the power 

grid can be ensured by the remote terminals unit (RTU)s 

and smart actuators such as RES and SVC via 

communication network or internet. The role of the smart 

agent determines the part of the power grid in which can 

receive and send the data. 

 

4. ENERGY MANAGEMENT IN SMART GRID  

Centralized or decentralized energy management may 

be used in smart grid. However, the centralized scheme 

has  a  clear  drawback;  a  failure  in  one  of  the  control  

centers might result in the total collapse of the system. 

Therefore,  it  is  highly  desirable  to have enough  

intelligence and  redundancy throughout  the system  to 

survive  failures.  

Our approach proposes  a multi-agent system  consists 

of  several   Bus  Agent   (BAGs)  and     energy  

compensation  Agent  (CAGs)  capable  of  regulating 

voltage and keeping it within  the  permissible limits, 

based on local information. This being a way of 

decentralizing the information, because  the  loss  of  

information  can  lead  to  a  cascade  of  overloads  that  

can   lead   to  voltage   collapse.   The   decomposition   of   

problem  (P)  into  m  sub-problems  is considered,  with  

most  of  the  equality  or  inequality  constraints  from  

electric   grid   are  expressed   in   terms   of   only  few   

variables  and  local  variables  come  from  a small 

geographic area. Each sub-problem (assigned to one 

agent) contains a part of the objective of (P) and some of 

its constraints. 

The agents will work on their sub-problems 

asynchronously. Agents can be used to improve the 

control devices, relays, Flexible AC Transmission 

Systems (FACTS) devices or voltage regulators. The later 

is treated in our case study. 

The  connection  between  software  entities  and  

automation  subsystems  are  fixed (generally  defined  at  

design-time),  but  the  systems  should  deal  with  

unanticipated requests. 

 

5. VOLTAGE REGULATION BASED ON MULTI-AGENTS  

The application of smart agents to the power grid is 

new research field. In the power grid, the voltage level 

can be affected by different causes such as the load 

variation or the grid reconfiguration, thus, a rapid control 

may be needed for solving the problem that may be 

caused by the disturbances. At some buses, the voltage 

may decrease below the allowable limits. We discuss here 

their capability to  create  a  coherent  structure  that  can  

guarantee   an   efficient   way   to   manage   and   control  

multiple distributed energy resources (DERs) [10]. 

A. Agents Types 

In our approach, two types of agents are used such as 

bus agent (BAG) and Stored energy Compensation agent 

(CAG). 

A.1 Bus Agent (BAG): 

Bus agent is exist in each bus and respect to the 

following rules: 

Rule 1: When BAG detects a decrease in the voltage 

level under the limit, a message “power demand” is sent 

to all neighbor agents. 

Rule 2:  When BAG receives a message “reject to 

power demand” from the first, it sends the same message 

to the second agent. 

 Rule 3: When it receives a message “generation limit” 

and the voltage does not attain the permitted level, BAG 

sends another message to the renewable energy 

generation of the second priority.  

Rule 4: When the voltage enters within the allowable 

limits, BAG sends a message “stop” to the agents. 
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A.2 Stored  energy Compensation agent (CAG) 

The agent CAG plays an important role in the system; 

it determines the stored power energy and the 

transmission power line thermal capacity. It acts 

according to the simple rules for solving the local 

optimization problem of compensation. 

Rule 1: When CAG receives a message “power 

demand”, it will verify two constraints such as the stored 

power energy (limit) and thermal capacity of the power 

line. If the two constraints are verified, it will send a 

positive message to BAG.  

Rule 2: if one of the two constraints is not satisfied, it 

sends a rejection message to BAG. 

Rule 3: if CAG receives more than one message 

“power demand”, all messages are classified in a vector 

with priority order starting by the low power amount. 

Rule 4:  When CAG receives a message “stop”, it 

confirms the stop. 

B. Message Types 

The main objective of the messages is to maintain the 

agents informed by the neighbor agents’ conditions. 

Messages can be classified according to interaction and 

communication of agents. They are classified into two 

types for making easy the distribution, control and 

coordination by agents.  

B1. Information Messages 

These types of messages are designed for giving 

information exchange among agents during the normal 

condition. They are message state request and message 

state reply. 

B2. Contingency Messages 

When the voltage is outside the limits, this type of 

information may be exchanged among the agents in order 

to recover the situation. These messages are: “power 

demand”, “reject to power demand”, “Stored power 

limit”, “stop”, and “confirmation”. 

 

C. Voltage Regulation by Multi-Agents System 

The objective of this study is to decentralize energy 

management using Multi-agents. Each BAG collects 

information about the grid from neighbor agents, and 

hence it determines during contingency the nearest 

energy storage has the smallest electrical amount. For 

example, if agent is located at bus (i, j) that is represented 

by: 

 

1,....1,.......1 njandmiforAGij  

Each agent has a maximum 8 neighbors which are 

defined as follows: 

 

2"',",","",','",','' jAGiAGijjAGijAGijAGijAGiAGijjAGiAGij

where,   1'

1"
,1'

1"

jj

jj
andii

ii
 

 

 
Fig. 2. Multi-agents compensation Proposition. 

 
TABLE I 

Agent Arrangement 

 

 j’ j j” 

i’ AG(i’j’) AG(i’j) AG(i’j”) 

i AG(i’j) AG(ij) AG(i’j”) 

i” AG(i”j’) AG(i”j) AG(i”j”) 

 
 

 

 

 

Bus agent (BAG) 

 

Compensation agent (CAG) 

 

 

Information message 

 

 

Contingency message 

Fig. 3. Different types of agents and messages.  

Each bus can have a maximum of information about 

its Envirement exchange among agents. Data base of 

agent consists of the system information that can be 

classified into two categories of structure arrays. One 

concerns the branches and other structure arrays of buses 

as shown in Figs. 4 and 5 respectively. 
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Fig. 4. Branch data structure arrays 

 

Fig. 5. Bus data structure. 

6. SIMULATION RESULTS AND DISCUSSION 

A  standard  IEEE  14  bus  shown  in  Fig.6  has  been  

implemented for testing our approach concerning multi-

agents by applying the previous mentioned rules using 

Matlab. Bus 1 is taken as reference and the others are PQ 

buses. Static VAR compensator (SVC) may be installed 

to inject reactive power at buses 6 and 8.  Simulink model 

of the test bench that has been developed in our 

laboratory for testing our approach is shown in Fig.7. 

The load at bus 9 has been increased from 125 MW to 

425 MW, all voltage levels of buses remain within 

allowable limits, except bus 9 voltage level is reduced to 

0.79 pu (see Fig. 8). Agent of bus 9 detects that the 

voltage of its bus has been reduced below the allowable 

limit. Then, it communicates with near neighbors which 

have power source. In this case, bus 4 may reply.  CAG 6 

verifies the two constraints which are thermal capacity of 

power transmission line and the stored electrical energy 

of the compensator. If the two conditions have been 

satisfied, a positive reply may be sent to BAG 9. The 

obtained result is illustrated in Fig.9. 

 

 
Fig. 6. IEEE 14 bus power grid with two SVCs.  

 

 

 
Fig. 7. IEEE 14 bus power grid Simulink model with two 

SVCs.  

 

 
 

Fig. 8.Buses voltage levels during the contingency (bus 9 

changes from 125 MW to 425 MW). 

 

SVC 
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Fig. 9. Bus 9 voltage as function of reactive power injected at 

bus 6. 

 

Fig. 10. Bus 9 voltage levels as function of reactive power 

injected at bus 6 and bus 8. 

 

When bus 6 attains its maximum of power energy that 

can be injected to the power grid, its agent will send a 

message “Stop” to BAG 9. If the voltage level does not 

return back within the limits, BAG 9 determines the next 

compensation agent (CAG) that is in the second order 

which can contribute to increase its voltage level. CAG 8 

may receive a message and which in turn verifies the two 

constraints. It can be noted that the last satisfies the 

conditions and inject the required energy for keeping the 

voltage level within the limits as shown in Fig.10. 

7. CONCLUSIONS  

In this research work, two types of agents CAG and 

BAG have been used to regulate the voltage levels by 

injecting more reactive power at some buses using the 

static VAR Compensators. The interaction between the 

two types of agents is based on communication and 

exchange of information about the parameters and the 

state of the power grid. The voltage regulation can be 

controlled by bus agents and assured by generation agent 

starting by the low power generation order. Data base of 

each agent may contribute more in the coordination and 

the successful solution without conflict that may lead to 

time delay during the critical contingency. The 

simulation has been used to verify the proposed approach. 

REFERENCES 

[1] H. Farhangi, “The path of the smart grid”, IEEE Power & 

Energy Magazine, vol. 8, no. 1, pp.18_28, January/February 

2010. 

[2] S. Borlase, Smart Grids: Advanced Technologies and 

solutions New York: CRC Press, 2018. 

[3] F.  Katiraei and M.  R.  Iravani, «Power  management  

strategies  for  a  microgrid  with  multiple distributed  

generation  units»,  IEEE  Transactions  on  Power  Systems,  

vol.  21, no.  4, 1821-1831, November 2006. 

[4] H. Belaidi, J. Belkacem, M. A. Abed, and H.Bentarzi, “ IoT 

Path Planning Approach for Mobile Robots”, ICASS’2018, 

24-25 November, Média, Algeria, (IEEExplorer) 2018. 

[5] F. M. Kovatsh, Scalable Web Technology for the Internet 

of Things, PhD thesis, ETH ZURICH, 2015. 

[6] Y. Saleem, N.  Crespi, M.H. Rehmani, and R.Copeland, 

“Internet of Things-aided Smart Grid: Technologies, 

Architectures, Applications, Prototypes, and Future 

Research Directions”, IEEExplorer. 

[7] Y. Xu, W. Liu, and J. Gong, Stable multi-agent based load 

shedding algorithm for power systems, IEEE Transactions 

on Power Systems, 26(4), 2006-2014, 2011. 

[8] M. Pipattanasomporn, H. Feroze and S. Rahman, “Multi-

agent systems in a distributed smart grid: Design and 

implementation”, in IEEE/PES Power Systems Conference 

and Exposition, PSCE ‘09, 15–18 March 2009, Seattle, 

WA. 

[9] J. Naus, B.J.M.van Vliet,  A. Hendriksen, Households as 

change agents in a smart energy transition: on power, 

privacy and participation, Energy Res. Soc. Sci., 2015. 

[10] I. Galanis, D.Olsen,  I.Anagnostopoulos,” A multi-agent 

based system for run-time distributed resource 

management”, 2017 IEEE International Symposium on 

Circuits and Systems (ISCAS), 1- 4, 2017. 

V(pu) 

Q(pu) 

217



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

 

 

 

ISBN: 978-9938- 9937-2-1                                   Editors: Tarek BOUKTIR & Rafik NEJI 
 

 

Energy Management of a Hybrid System Intended for Electric Vehicle  

 

Nawress Ben Fatma Helmi Aloui 

National School of Engineers of Sfax  

Laboratory of Advanced Electronics 

Systems and Soustainable Energy 

(ESSE) LR16ES21 

Sfax, Tunisia 

nawris.benfatma@gmail.com 

National School of Electronics and 

Telecommunication of Sfax 

Laboratory of Advanced Electronics Systems and 

Soustainable Energy (ESSE) 

Sfax,Tunisia 

helmi.aloui@enetcom.usf.tn 

 

Abstract--In this paper, a hybrid energy storage system 

included super capacitor is proposed to reduce the battery 

current stress in electric vehicle. The main purpose of using 

this system is to extend battery life and reduce energy storage 

system life cycle. It also aims to dynamically optimize the 

battery durability by reducing peak discharging current 

values. The proposed strategy has many advantages; namely 

reduction of pressure on battery and lengthening its lifetime 

for it. The proposed strategy is simulated through the use of a 

Matlab Simulink model, for the case study of an urban 

electric vehicle running on a New European Driving Cycle 

NEDC. 

Index Terms-- Battery, Supercapacitor, Electric vehicle, 

Energy management, NEDC, Energy storage system, State of 

Charge. 

1. INTRODUCTION 

The environmental concerns and the expected 

shortage in oil resources are increasing day after day. 

Thus, researchers and manufacturers of the automotive 

sector are interested in finding new technical solutions 

supporting clean transportation systems. The use of 

electric propulsion systems is proposed as an effective 

and potential solution to ensure environmentally 

friendly operation [3].  

Recent developments in battery technologies gave 

high values of energy density with positive effects on 

the expected vehicle autonomy. However, the driving 

cycle is generally characterized by variable load 

demand and higher peaks due to sudden acceleration 

and deceleration phases [10]. These power peaks, as 

recognized in the literature, have negative effects on the 

battery life in terms of charging, efficiency and 

durability. Batteries used in vehicles are supposed to 

give a huge power. This leads to frequent charge and 

discharge cycles. This has an evident aging effect. In 

addition, the cost of maintenance is very high. This is 

one of the main reasons that discourage people from 

using electric vehicles (EV)[4]. 

 

The problem of storage embedded energy can be 

solved by including one or more energy sources 

(batteries, Fuel cells, super capacitors). A good energy 

management of these elements will certainly guarantee a 

good autonomy. This paper starts with a description of 

battery, super capacitor and Fuel cell model with details 

on their equivalent circuit. Then a management of 

power fluxes between two energy sources is proposed. 

The conclusion will take us to future perspectives of the 

applications of the proposed hybrid system.  

2. POWER SYSTEMS 

A. Battery Electrical Model 

Rechargeable batteries are electrochemical power 

sources which can accumulate, store and release electric 

energy thanks to the reversible reaction of the negative 

and positive electrodes of the cell. They are 

characterized by high energy and a low power density. 

Besides their lifetime is limited by the number of charge 

and discharge cycles. Most popular types of 

rechargeable batteries are modeled using an equivalent 

circuit.Fig.1 shows a model using a simple controlled 

voltage source in series with a constant resistance.It is 

described by these equations [7]. 

For example, the nickel-metal-hydride battery model 

uses these equations: 

Discharge Model (i* > 0) 

(it,i�,i,Exp) =  - K .  .i* - k .it 

+ ( .0).             (1) 

Charge Model (i* < 0) 

 (it,i�,i, Exp) = − K . .i* - k .it 

+ ( . ).             (2) 
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Fig. 1. Equivalent circuit of a battery 

Where  

 is nonlinear voltage, in V. 

 is constant voltage, in V. 

Exp(s) is exponential zone dynamics, in V. 

Sel(s) represents the battery mode. 

 Sel(s) = 0 during battery discharge,  

 Sel(s) = 1 during battery charging. 

K is polarization constant in V/Ah. 

i* is low frequency current dynamics, in A. 

i is battery current, in A. 

it is extracted capacity, in Ah. 

Q is maximum battery capacity, in Ah. 

A is exponential voltage, in V. 

B is exponential capacity, in Ah−1. 

B. Charge and Discharge Charachteristics 

The discharge characteristic of the battery is presented 
in fig.2. A typical discharge curve consists of three 
sections: 

� The first section represents the exponential voltage 
drop when the battery is charged.  

� The second section represents the charge that can 
be extracted from the battery until the voltage 
drops below the battery nominal voltage.  

� The last section when the battery is totally 
discharged   and the voltage drops rapidly. 

The charge and discharge characteristic curve of the 

battery is presented for different values of discharge 

currents. The exponential zone decrease with the 

increase of the nominal discharge current as shown in 

fig2.The Exp (s) transfer function represents the 

hysteresis phenomenon for the Nickel Metal Hydride 

(Ni- MH) batteries during charge and discharge cycles. 

We notice that the exponential voltage increases when a 

battery is charging, regardless of the battery state of 

charge and decreases immediately during the discharge 

as represented in fig2. 

To control our battery, we used the expression of the 
state of charge (SOC)which represents the energy level 
available in the battery. It is often expressed in %. It helps 
us to find the current state of battery charge or discharge 
levels in order to protect it from damage and maintain it in 
an operational condition. Indeed, the state of charge 
should not drop below its lower limit. It is calculated as 
follows: 

SOC =   *100                (3) 

Where 

: its nominal capacity 

A(t): quantity of electricity remaining at time 

C. Super capacitor Electrical Model 

Super capacitors (Sc) or Ultra capacitors are 
electrochemical double layer capacitors and one of the 
latest innovations in energy storage especially for 
embedded systems. It is characterized by a lower energy 
density and a higher power density. These characteristics 
lead to higher efficiency, larger current charge and/or 
discharge capacity, and low heating losses. Moreover, it is 
able to charge and discharge quickly. The equivalent 
circuit of most popular super capacitors is presented in 
figure 4. [8] 

The output voltage is expressed as follows: 

=    -                (4) 

Where 

 

)(5) 
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Fig.2. Discharge characteristic at different nominal currents      Fig.3.Exponential zone for Nickel-Metal-Hydride Battery 

Fig.4. Equivalent circuit of a Super capacitor 

Where  = : quantity of charge (in Columb). 

 : Interfacial area between electrodes (m2). 

: Number of series super capacitors. 

: Number of parallel super capacitors. 

: Number of layers of electrodes 

d : Molecular radius(m) 

R : Ideal gas constant. 

T : Operating temperature (K). 

�  : Permittivity of material. 

: Permittivity of free space. 

c : Molar concentration (mol /m3)  

F: Faraday constant. 

The power of super capacitor (sc) is detailed by the 

following equations: 

               (6) 

 
Fig.5.  Supercapacitor charge characteristic. 

To represent the self-discharge phenomenon, the 

supercapacitor electric charge is modified as follows 

(when =0) 
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dt� � � � � � � � � � � � � � (7)�

The SOC for a fully charged super capacitor is 100% 

and for an empty supercapacitor is 0%. The SOC is 

calculated as: 

������                (8) 

where  is the total quantity of charge  

 is the instantaneous quantity of charge 

Supercapacitors have a high cycle rate of up to 

1000000 cycles of operation [11] and can readily 

handle the charge/discharge cycles expected in an EV. 

This main characteristic is the important increase 

battery life by allowing the supercapacitors to handle 

high number of peak charge and discharge currents 

during acceleration and breaking phases; while the 

battery is used to supply the substantially lower average 

load current [10] Figure 5 represents the supercapacitor 

charge characteristic at different charge current. We 

notice that the more the charge current increases, the 

less time it has to be charged. 

3. ENERGY MANAGEMENT 

The main function of energy management is to 
distribute the energy flux between power sources by 
selecting the which source should operate to satisfy the 
power demanded. 

When the battery is used alone, it presents many 

disadvantages such as long recharging time, a high time 

response in transitory phase and limited autonomy (does 

not exceed 150 Km) [4]. Because of the significant current 

discharges (peaks) the battery performance may 

considerably be affected. These power peaks, as 

recognized in the literature, have negative effects on 

battery life in terms of charging, efficiency and durability. 

That’s why we associate a pack of super capacitors to the 

battery. The control of energy flux between battery and 

super capacitor depends on the required current and the 

supercapacitor voltage such as presented in the energy 

algorithm represented in figure 6. 

The battery is the main energy source that must produce 

the necessary energy to the electrical vehicle by generating 

its maximum power. The super capacitor is considered as 

the secondary energy source that produces the lacking 

power in acceleration and absorbs excess power in 

regenerative phases. The combination of two sources of 

energy has a great potential because it keeps the battery 

within the safety operation region in terms of voltage and 

current during discharge. The battery will serve the 

application and its lifetime will be lengthened. 

3. SIMULATION RESULTS AND DISCUSSION 

In this section we are interested in presenting some 

simulation results of the combination of supercapacitor 

and battery to prove the proposed study. A model which 

 parameters are given in table I and II has been 

simulated using Matlab /Simulink.  

To test the behavior of our system, we used a speed 
profile New European Driving Cycle (NEDC).It is 
composed of four urban cycles and one extra–urban 
cycle.The speed and the acceleration required are 
presented respectively in figure 7 and 8. 

Figure 9 and 10 show the voltage of each energy 
source used These voltages change at each acceleration 
and deceleration. In the deceleration phase, negative load 
power is produced. In this case, part of the negative power 
is used to charge first the super capacitor until the 
maximum voltage value, then the rest is used to charge the 
battery. 

Figure 11and 12 shows respectively the battery and SC 
state of charge. As it can be observed, in our algorithm we 
focused on battery state of charge. Indeed, when it goes 
under 40%, the SC supplies the load and at the same time 
charges the battery. When the battery is completely 
charged the supercapacitor stops. 

Figure 13 and 14 show respectively, the load current 
and voltage. As given respectively in figure 15 and 18, we 
obtain a battery and SC current. 

The battery can be in charge and discharge state 
corresponding to the sign of the current and the same thing 
for the SC. 

Figure 16 and 17 show zoom view in 2 portion of 
battery current.  

 By analyzing simulation results we can confirm that 
different currents curves presented in figures obey to the 
energy management algorithm. 

TABLE I. 

Battery Characteristics 

Characteristics Value 

Rated capacity 5.4 Ah 

Maximal capacity 7Ah 

Response time 30 s 

Nominal voltage 7.2 v 

Initial state of charge 50 % 

Operating temperature 25º C 

Type Lithium 

TABLE II. 

Supercapacitor Characteristics 

Characteristics Value 

Rated capacity 167 F 

Rated voltage 100 v 

Number of series capacitor 18 

Number of parallel 
capacitor 

2 

Operating temperature 25º C 

Initial state of charge  100% 

Simulate self-discharge yes 
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Fig.6. Energy management algorithm

Simulation results are given by the following figures: 

 

Fig.7  Variation  in acceleration NEDC            Fig.8  Variation  in Speed NEDC

  

 Fig.9   battery Voltage                Fig 10. Supercapacitor voltage
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Fig 11   battery State of charge           Fig 12   Supercapacitor state of charge 
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Fig.13 .DC_motor _current              Fig.14  DC_motor output voltage 

 

Fig 15. battery current                Fig 16 Zoomed view in battery current (portion 1) 

 

Fig 17  Zoomed view in battery current (portion 2)         Fig 18  Supercapacitor current

 

4.CONCLUSION 

 This paper has presented an algorithm to manage the 
power flow between two energy sources (Battery and 
Supercapacitor ) used for electric vehicle in order to 
satisfy the power demand. The main advantage of the 

proposed control algorithm is to reduce the battery’s peak 
current and ameliorate the electric vehicle’s autonomy. 
The simulation results obtained, for the New European 
Driving Cycle (NEDC), have shown the efficiency of the 
energy management strategy adopted in this work. 

To validate our energy management algorithm, it can 
be implemented experimentally with a real – time system 
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controller based on DSPACE platform, so the 
experimental results obtained will confirm the validity of 
the proposed algorithm and prove those obtained by 
simulation  

This algorithm can be applied to other applications by 

adding a fuel cell to the battery and the SC can be used 

complementary to them in order to satisfy the vehicle 

power requirement. 
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Abstract-- In this article, the analysis of the T-match 

antenna intended for operate in the passive UHF RFID band 

is presented. The objective is to have a good adaptation 

between the antenna and the impedance of the tag while 

maintaining its efficiency to allow reliable communication 

between an external identification device and the object to be 

identified. The antenna is a T-stub and a dipole plane dipole 

of dimensions (140 x16.5 x 0.049) mm3 integrates a chip NXP 

UCODE G2iL having around 915MHz an impedance of      

(23-j.224) Ω. The simulations of the proposed antenna were 

carried out using the HFSS and were compared to those 

obtained by CST. The results obtained show a reduction of 

size of 0.7% and a total gain of 2.61dB. 

Keywords— UHF RFID antenna; Dipole antenna; Impedance 

Matching; T-Match ; Passive Tag antenna. 

 
1. INTRODUCTION 

UHF RFID antennas have extensively been researched, 
and a brief summary of the related work can be found in 
[1]. The use of the impedance matching technique in a T-
match antenna maximizes the power transferred between 
the dipole antenna and the chip. In the match, the power is 
absorbed by the tag, while in the mismatch the power is 
reflected by the tag [2].  
The antenna used in RFID system are the type dipole right 
or meander [3], their input impedance are very resistive 
and less reactive, against by the impedance of the 
integrated circuit (IC) is very reactive and less resistive 
[4]. 
The most commonly used matching techniques are the T-
Match structure and the inductively coupled loop [5].  
In this work, we are interested in using T-Match 
technique, which is based on the insertion of a second 
folded dipole connected to the center of the first dipole [6, 
7]. This method is modeled by an equivalent circuit in 
order to obtain an analytical expression of the antenna 
input impedance from the geometric parameters of the 
antenna which will be adjusted to achieve the impedance 
of RFID chip [4]. 
In this paper, we focus on the problem of matching 
between the tag antenna and the chip because its 
performance greatly affects the power transmission, the 
read range and the accuracy of the RFID system. So our 
goal is to ameliorate the problem of adaptation between 
passive UHF RFID tag antenna and a chip’s impedance 

using the embedded T-Match structure. 

A brief summary of rest of the paper is as follows: section 
II of the paper discusses the T-Match technique and its 
analytical model. The simulation results and analysis of 
the proposed technique constitute Section III. The 
simulations results are carried out using Ansoft HFSS and 
have been compared to those obtained by CST. 
 
2. EMBEDDED T-MATCH ANTENNA 

A. The T-Match structure 

The T-Match is frequently cited impedance matching 
technique for UHF RFID tags. It is explained in detail in 
the old book [6] and more recently in [7]. This technique 
allows adaptation between the chip and the antenna at the 
desired frequency using a simple and reliable structure 
without causing a significant increase in the cost and in 
the size of the tag. The basic idea of this method is to 
change the input impedance of the antenna by introducing 
a centered short-circuit stub [4]. Referring to the figure 1, 
this method consists to insert at the center of the first 
planar dipole antenna of length " L" and width "w" a 
second folded dipole of the length "a" (a<L) and the with 
"w'" [4].  
 

 
Fig. 1.  T-match antenna. 

The second dipole placed at a close distance, "d", from the 
first dipole center [4]. The figure 2 presents the equivalent 
circuit of T-Match antenna feed.  
 
 

 
 
 
 
 

Fig. 2.  Equivalent circuit of T-match antenna. 
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The impedance at the source point is given by equation 
(1); it was proved in [6, 7] : 
 

        
                  (1) 

With: 
ZA is the impedance of the antenna when the T-Match 
connection is absent. 
a is the current division factor between the two 
conductors (the dipole and T-match arms). 
Zt, represents the input impedance of the short-circuit stub 
formed by the transmission line of two conductors [4]. 

                                                      (2)         
                             

Where k is the wave number of the transmission line        
(k=2π/λ).  
Z0, is the characteristic impedance of the transmission 
line, is given by equation (3) [4]: 

                    

y eq (3)

                    (3)
 

 
With: re=0.25.w and re '= 8.25.w' represents respectively 
the equivalent radius of the dipole and the T-stub. 
The current division factor (α) is given by [4]: 
 

                                                             (4)    
 
All the parameters which constitutes the input impedance 
of the proposed antenna depends directly to the 
geometrical parameters of T insertion "a", "d" and " w' " 
and the width of the antenna "w" [4].  
The goal of this work is to calculate the parameters of the 
T-stub and the width of the antenna to have an input 
impedance of the antenna "Zin" equal to the conjugate 
impedance of the RFID-chip "ZIC" [4]. 
In this paper, the designed antenna structure is optimized 
for a tag chip with datasheet impedance ZIC= (23- j.224)Ω 
at the resonance frequency of 915 MHz [8]. The antenna 
load impedance should be equal to the conjugate 
impedance of the chip Zin = (23+j.224)Ω for allowing the 
maximum power transfer between the antenna and the 
chip [4]. 
 
B. Design of the implanted antenna of the RFID tag UHF 

The geometry of the antenna is shown in figure 3. The 
RFID tag antenna is composed of a T-stub and a planar 
dipole antenna. Both of them are made of copper metal 
having a conductivity σ = 5,8.107 s /m and a thickness 
t=0.009 mm and printed on a polyester (PET) substrate to 
their mechanical flexibility and their excellent electrical 
performance (relative permittivity εr = 3.2 and dielectric 
loss tangent tan δ = 0.003 ) [9,10]. 
 
 

 

Fig. 3.  Design of T-match antenna. 

The RFID chip selected for this layout is NXP UCODE 

G2iL, their characteristics are shown in the Table I. This 
chip has a sensitivity threshold of -18 dBm, a parallel 
resistance of 2204 Ω and a parallel capacitance of 0.77 pF 
[11].  
       

TABLE I: CHARACTERISTICS OF THE RFID CHIP NXP UCODE G2IL [4]. 
 

 

NXP UCODE G2iL 

 

Impedance (23-j22.4)Ω 

Parallel resistance 2204 Ω 

Parallel capacitance 0.77pF 

Frequency 915MHz 

RFID band [902-926]MHz 

Sensitivity threshold -18dBm 

 

The dimensions of the proposed T-match dipole are 
presented in the table below: 

TABLE II: DIMENSIONS OF THE T-MATCH DIPOLE 

Dimension (mm) Antenna of reference [4] Proposed antenna 

L 137.25 

W 2 

a 14 

b 13.3 

W’ 1 

Lsub x Wsub x h 149.8 x 17.7 x 0.059 140 x16.5 x 0.049 

εr Polyester (PET) [ εr = 3.2, tanδ = 0.003 ] 

 
Table II shows the comparison of the various 
performances between the antennas mentioned in [4]. 
According to the proposed dimensions we notice that our 
antenna size is reduced by 15.12 % and by 10 % to those 
presented in [12] and [13] respectively. While with a 
substrate of a less permittivity (εr= 3.2) the dimensions of 
T-match antenna are reduced compared to those presents 
in [4] with a same permittivity (ε r = 3.2). 
 
3. Results and discussions 

For the simulations we used HFSS. The coaxial feed 
source is powered by a waveport. The model area is 
surrounded by an absorbent box (radiation).  
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Fig. 4.  Simulation model of T-match antenna. 

 

A. Impedance curve 

The impedance matching between an RFID IC and an 
RFID tag antenna is the essential part of the antenna 
designed. It directly influences RFID system performance 
characteristics [4].  
 
The input impedance of the proposed antenna is       
(21.5367+ j.223.0378) Ω given by HFSS and that obtained 
by CST is (22.149+j.201.83)Ω. Note that both impedances 
are very close to the conjugated impedance of the chip 

NXP UCODE G2il around 915MHz. 
The figure 5 and figure 6 respectively shows the simulated 
real and imaginary parts of the antenna impedance 
behavior. 
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Fig. 5.  The antenna impedance (real parts), (a) obtained by 

HFSS, (b) obtained by CST. 
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Fig. 6.  The antenna impedance (imaginary parts), (a) obtained 
by HFSS, (b) obtained by CST. 

B. Reflexion coefficient 

In the following figure 7, we see the result of the 
reflection on the source (waveport) and represent the 
reflection coefficient curve.  
From the reflection coefficient curve it is clear that the 
proposed antenna has less reflection equal to -24.73dB 
obtained by CST compared with obtained by HFSS is 
equal to -27dB. Note that both impedances are very close 
to the conjugated impedance of the chip NXP UCODE 

G2il around 915MHz. 
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Fig. 7.  Simulated reflection coefficient (in dB), (a) obtained by 

HFSS, (b) obtained by CST. 
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C. Radiation pattern 

The figure 8 shows the radiation pattern of proposed antenna.  

 

(a) 

 

(b) 

Fig. 8.  The radiation pattern around 915MHz, (a) obtained by HFSS, 
(b) obtained by CST. 

 
We notice negligible difference between the results 
obtained by HFSS simulator and those obtained by CST in 
terms of the resonance frequency, the antenna impedance 
and the gain. This difference is due to the meshing 
technique used during the simulation and to the numerical 
method of each simulator uses. 

Figure 9 shows the simulated radiation pattern with a 
maximum gain of 2.61dB at resonance frequency f = 920 
MHz. The maximum directivity achieved by the antenna 
is 2.71 dB which corresponds to an efficiency of 96.12%. 

 

Fig. 9.  The radiation pattern around 915MHz. 

Table III shows the comparison of the various 
performances between the proposed antenna and the 
antenna of reference [4]. 

 

 

 

 

TABLE III: COMPARISON OF PARAMETER PERFORMANCE RESULT 

BETWEEN THE ANTENNA OF REFERENCE [4] AND WITH PROPOSED 

ANTENNA. 

 Antenna of 
reference 

[4] 

Proposed  
Antenna 

HFSS           CST 
Optimal frequency (MHz) 915 920 920 

 Reflection coefficient (dB) -61.72 -47.55 -24.73 

Impedance real parts (Ω) 23  21.53 22.14 

Impedance  imaginary parts 
(Ω) 

224 223 201 

Bandwidth (MHz) 70 990 800 

Gain (dB) 2.59 2.61 2.06 

 
From the graph, we notice a shift in the frequency 
resonant to a higher frequency for a proposed antenna. 
The reflection coefficient of proposed antenna had 
decrease but we notice an increase in radiation pattern 
curve, the same remark to the bandwidth. Hence, we 
conclude that the antenna is more directives. 
 
 
4. CONCLUSIONS  

In this paper, the T-stub was simulated at selected 
frequency to get good matching between the impedance of 
the antenna and the impedance of the chip. A comparative 
study of a T-Match antenna for passive UHF RFID 
applications is demonstrated. From the simulated results, 
it is seen that the performances in term of impedance, 
bandwith and radiation pattern are betters and the 
proposed antenna size reduction is achieved which makes 
it suitable for energy harvesting applications like RFID 
technology. 
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Abstract  This paper presents a flexibility analysis of the 

Tunisian power system for renewable integration planning. 

The objective is to determine whether the system topology 

has sufficient flexibility to cope with large scale renewable 

energy variability. Flexibility is expressed in terms of 

generators power ramp-rates capacity, energy provision 

capacity, and start-up/shutdown rates. Dispatch scheduling 

is obtained for different load scenarios featuring high and 

low consumptions. Stability issues are discussed in case of 

lack of upward and downward flexibility. Curtailment is 

considered as a flexibility option for balancing constraints. 

These aspects are highlighted on the Tunisian power system 

by the horizon 2022, with 20 % renewable share. 

Keywords-Flexibility, variable renewable energy, wind 

and solar, power system 

1.  INTRODUCTION 

 Flexibility of a power system stands for its ability to 

accommodate timely its generation supply to the 

fluctuations of the system load.  Such property is 

significantly affected by the increased integration of 

renewable energy (RE), mainly from wind and solar PV. 

As the power outfeed of these sources is weather 

dependant, they may exhibit strong variability which is 

reflected in the system net load profile. This phenomenon 

has been recorded in many power systems with high 

renewable share [1]. Fig. 1 illustrates power recording of 

the California ISO power system: load profile, wind and 

solar generation, and the resulting net load [2]. The net 

load ramped up about 10.4% per hour, ramped down 

about 8.44% per hour, and then ramped up again about 

23% per hour. The resulting variability in the net load 

increases the requirements on ramping and other technical 

capabilities of conventional generating units. This points 

out that flexibility is becoming essential in power system 

operational planning.  

For Tunisia, the country has defined a framework for 

the promotion of energy efficiency, and smoothly 

integrate electricity from renewable energy sources into 

the Tunisian grid. It has set a target of 30% renewable 

share of electricity production by 2030, with an 

intermediate target of 20% by the year 2022. With regard 

to operational planning studies of the system in the 

horizon 2022, they generally include static and dynamic 

security assessment [3]. In these studies, high variability 

of RE must be coped for with the commitment of flexible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Variability of load, net load, and renewable generation in 

the California power system [2] 

generating units. In situations of insufficient on-line 

flexible units, curtailment of renewable energy could be 

the only remedial solution. Along with the planned 

expansion of both PV and wind power installations, 

natural gas turbines are expected to play an important role 

in the future Tunisian electricity mix, as a compensator of 

RE variability.  

Flexibility resources are diverse, involving both 

generation and demand sides solutions. They may be 

operational, deploying improved energy management 

techniques, such as shorter dispatch intervals and 

improved weather forecasting, and load curve re-shaping. 

This flexibility option presents the lowest cost since it 

takes advantage of existing infrastructure, by introducing 

advanced information technology. Physical assets are also 

deployed, such as fast-ramping natural gas generator and 

storage solutions. Additional flexibility can be obtained 

from power import and export actions with other grids via 

the electricity grid s tie-lines in case that the available 

operational flexibility in one s own grid zone is not 

sufficient or more expensive than elsewhere [4]. 

 This paper highlights some of the above aspects, via a 

study on the Tunisian power grid of 2022. Flexibility 

factors and options are assessed with regard to increased 

variable penetration. Generators flexibility metrics are 

integrated into conventional unit commitment. The 

resulting dispatch planning is assessed for integration of 

wind and solar power. These aspects are demonstrated on 

the Tunisian power system horizon 2022 with wind and 

solar generation share reaching 20%. Flexibility 

requirements for renewable integration are concluded. 
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2. CHARACTERIZING FLEXIBILITY IN POWER SYSTEMS  

A. Definitions 

 The notion of flexibility in power systems has 
historically been evolving with the evolution of their 
reining topology, technology and grid code requirements. 
The main evolutionary trends include: (i) The increasing 
deployment of decentralized and renewable energy 
sources; (ii) The growing of market-driven dispatch 
planning of power plants, and the need for flexible 
transmission infrastructures; and (iii) The emergence of 
autonomous micro-grid operational environments. 

 Accordingly, definitions of flexibility in the literature 
reflect the evolution of the notion. In [5] flexibility is 
defined as the ability of a system to deploy its resources 
to respond to changes in net load, where the net load is 
defined as the remaining system load not served by 
variable generation . In [6], operational flexibility is 
expressed as the potential for capacity to be deployed 
within a certain time-frame . In [7-8] the authors defined 
operational flexibility in terms of ramp rates (MW/min), 
i.e., the ability to increase energy production with a 
certain rate, and ramp duration, valuing the system ability 
to sustain ramping for a given duration  [9]. Other 
definitions include energy cost thresholds as an 
operational constraint [8-10]: For instance, the authors in 
[11] defined flexibility as the system s capability to 
respond to a set of deviations that are identified by risk 
management criteria through deploying available control 
actions within predefined time-frame and cost thresholds .  

B. Flexibility measure 

 Flexibility measures estimate the technical capabilities 
of individual power system generators to modulate power 
and energy supply into the grid. These technical 
capabilities have been categorized in [7] as appropriate 
flexibility metrics: (i) Power generation upper and lower 
limits noted and respectively; (ii) Power ramp-
rate capacity in MW/min; (iii) Energy provision capacity 
(MWh); (iv) Ramp duration (min); and (v) start-up and 
shutdown rates. 

1) Flexibility of conventional generators 

Based on the above factors, a flexibility index can be 
defined for each conventional generator i as [9]: 

              (1) 

where  is the average value of 

 and , indicating 

the speed at which a unit can adjust its output within  

. The index is normalized to account for 

the variable sizes of the generating units 

2) Flexibility of a whole system 

 A flexibility measure of a system S is defined as the 

weighted sum of the flexibility indices of the 

individual conventional generators. The weighting factors 

are chosen as equal to the power contribution of each unit. 

The whole system flexibility is [10]: 

          (2) 

3)  Taking into account variable generation 

 The variability of renewable generation is reflected in 
the system net load, which is the system load not served 
by variable generation.The net load ramps are used as a 
metric for assessing the additional flexibility necessary for 
higher share targets of variable generation. The net load 

 is given by the following expression [12]: 

                (3) 

where  et  are the wind and photovoltaic 

power generation,  is the power demand at each 

period . The hourly ramp of the net load is defined as the 

change of power in a given time interval of h hours, it 

may be computed by the following expression: 

       (4) 

C.  Flexibility of thermal power plants 

The technical capabilities of thermal electric power 

generators of different technologies yield different levels 

of flexibility [13]: 

lude nuclear, lignite and 

coal, certain steam turbines (ST), and sometimes 

combined cycle gas turbine (CCGT). These plants are 

exploited as base load operation, as they have long start-

up and shut-down times, and low cost.  

 Flexible power plants utilize flexible coal, biogas, 

biomass and concentrated solar (CSP). These power plants 

operate for average load operation. 

3.   FLEXIBILITY IN UC  

 The unit commitment problem (UC) in power systems 
is a mathematical optimization problem where the 
production of a set of electrical generators is computed to 
match the energy demand, while minimizing an objective 
function, usually the cost of electricity. Solving the UC 
problem provides the system operator with generator 
dispatch schedules, unit start-up/shut-downs, added to 
other useful information such as environmental impacts. 
In order to take into account renewable generation, the 
power demand is substituted with the system net load as 
defined in (1). Thus, the unit commitment problem may 
be formulated as follows [14]: 

A. Objective function 

 During each time period , the unit commitment 
problem should satisfy the load with production at a 
minimum cost. The cost is subdivided into three parts: 

production cost noted , operational cost and 

startup cost , 

              (7) 

where i is the index of available units and n is the total 

number of generating units. The cost of unit i is calculated 

at each time period t of the time interval T. 

B. System constraints 

 System constraints consist of system power balance 

equation and operational limits inequalities: 
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                        (8) 

                        (9) 

                   (10) 

With  is a binary decision variable, if  the unit i 

is online, else .  is the power output of the unit 

i at the time period t;  is the demand of the system at 

each time period;  is the generator reserve at time t. 

C. Technical constraints 

    Technical constraints are the limits of production of 

units such as minimum up/down time, startup/shut down 

times, production limits and ramps. 

Minimum up/down time: up time is the time of power 

plant to stay online it should not shut-down immediately, 

it is modeled in [20] by the inequalities: 

    (11) 

The down-time is the time of a power plant to stay off 

line, it should not start-up immediately, it is modeled in 

[13] by the inequalities: 

  (12) 

Where is the startup index, is the shutdown 

index,  is the minimum up time and  is the 

minimum down time. 

 

D.  Production limits 

        (13) 

Such that 

                   (14) 

                   (15) 
 

Where and  stand for the maximum rampup/down 

of unit i. 

E. Solution method 

    The developed unit commitment model is a mixed 

integer optimization problem consisting of equations (1-

13). It is solved by a Mixed Integer Linear Programming 

(MILP) method. 

4.  STUDY CASE 

 A flexibility study is conducted on the Tunisian power 

system by the horizon 2022, comprising 7 CCGTs, 4 

steam turbines (ST), and 15 GTs. The total installed 

capacity is about 5.5 GW. Renewable energy share is 

expected to reach by 2022, 20 % of total power 

generation, counting wind and solar, with the installation 

sites shown in Fig.2. The study consists of two scenarios 

combining load levels (low demand: winter day and high 

demand: summer day), and renewable generation percent 

share (10 %, 20 %). 

 In order to reach the target percent share of wind and 

solar PV powers, the corresponding installed capacities 

ought to take into account their capacity factors.  The 

capacity factor is the average power generated, divided by 

the rated peak power. It is used to measure the 

performance of renewable generators, mainly solar PV   

 
 

Fig. 2.  Solar PV and wind power installations in the Tunisian power 

system, by 2022  

 

and wind generation. Let the wind and PV hourly electric 

powers generation at time period t be noted PW and PPV, 

 the forecasted electricity demand per year. The yearly 

renewable energy  corresponds to 20 % of the total 

energy demand : 

                           (16) 

This energy is subdivided into 30% wind, and 70% solar. 

The corresponding yearly energy generation of wind and 

solar PV power, noted respectively  and  are given 

by: 

       (17) 

     (18) 

 and  are the predefined hourly capacity 

factors of wind and solar PV powers, respectively. Letting 

and , , it 

follows that , and 

 

A. Net load characteristics 

Fig. 3 and Fig. 4 simulate the system load, wind power, 

solar PV power, and the resulting net load for 10% 

renewable share in 2019, and 20 % share in 2022, 

respectively. First, we note the variability of the wind and 

PV generation, and particularly their power supply 

ramping. For the PV power, the afternoon variability is 

prominent at sun rise. These rampings are reflected in the 

net load, which exhibits more variability than the system 

load. 
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(a)                        (b) 

Fig. 3.   Load, net load, wind power and PV power for 10% of penetration of renewable energy in 2019 

(a) Low consumption day; (b) High consumption day 

 

 
(a)                                                                                            (b) 

Fig. 4.   Load, net load, wind power and PV power for 20% of penetration of renewable energy in 2022 

(a) Low consumption day; (b) High consumption day 

 

The net load variabiloity effects are more prominent in 

Fig. 4(b) with 20% renewable share and low demand 

operating conditions. In this figure, the net load shows a 

"duck curve" resulting from the morning ramp-down of 

the net load, and an evening ramp-up. It is noted that the 

load dropped sharply from 3 GW to 2.4 GW between 9h 

and 14h, due to the maximum production of solar energy 

during these hours. The net load decreased down to 1335 

MW.  In these cases the surplus of energy should be 

curtailed or stored for later times. Indeed, the available 

renewable power instantaneous share reaches about 73 %.   

During these hours, the peaker plants would be shut down 

in reponse to the high PV generation during the load 

valley from 11h.30 through 13h:30. Also, base power 

plants are pushed to operate at minimum generation 

levels. A curtailment of solar PV has been applied.   

B. Flexibility Analysis 

       The unit commitment algorithm searches for the 

optimal generation scheduling, responding to the system 

net load. In order to protect against variability in the 

system, a generation target may be chosen, slightly higher 

than the forecasted net system load. The generation target 

is a buffer added to the forecast. This buffer has been 

valued in our case to 5%, as shown in Fig. 5, where we 

noted that the ramping down of the load net profile. Fig. 6 

shows the load, the generation target and maximum 

generation levels with the penetration of 20% of 

renewable energy. Based on the unit commitment 

optimizer, the scheduled generation followed closely the 

generation target. The variability of the daily power 

demand profile is due to the change in weather conditions. 

The need for cooling in the summer extends the peak 

consumption hours, as shown in Fig. 6. 

     Unit commitment results are obtained for 1-day ahead 

with 1-hour sampling time intervals. Figs 7 and 8 

represent the resulting generator scheduling. In the 

figures, the unit is off line when the color is white, 

otherwise the color is blue, or green shows the electricity 

generated between their maximum and minimum 

capacities In Fig. 7, we note the scheduling of base and 

peaker power plants, to satisfy the peak load hours. In Fig. 

8 we note that due to the decrease in load curve values, 

the peak power plants are all offline, while the base power 

plants basically combined cycles and steam turbines, 

remain online. In such scenario, some concerns stand out: 

- Upward Flexibility: Flexibility in terms of upward 

regulating capabilities are minimized, since no primary 

reserves are allocated on base power plants. 

- System stability: Since power plants are pushed to their 

maximum operating limits, static and dynamic stability 

margins of the system are reduced.  Transient stability 

may also be affected because of the decrease in the 

overall system inertia. 
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Fig. 5. Hourly net load profile  

 
      Fig. 6.  Hourly scheduled generation profile 

 

 
Fig. 7. Unit commitment of the Tunisian network without renewable energy. 

 

 
 

Fig.8. Unit commitment of the Tunisian network with 20% of renewable energy. 
 

For system stability and balancing issues, some 

operating options are: 

- Renewable curtailment may be necessary. When power 

consumption is low, thermal units are pushed down to 

their lower operating limit. If thermal plants are either 

retrofitted or replaced so that the minimum operating 

constraint is reduced, this type of curtailment may be 

reduced over time. This scenario shows the increasing 

need for flexibility.  

- To guarantee the stability and reliability of the system, 

flexible units must be kept online and should be 

prioritized, on the premise to more economic and less 

flexible power. Thus, we should first shut down base 

power plants then shut down peaker plants. A related 
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issue is the requirement for downward reserves. If wind 

and solar plants are unable to provide downward 

reserves, sufficient downward capability may need to be 

held on thermal units, raising their operating levels.  

- Stability constraints should be included in the unit 

commitment optimizing algorithm, improving thereafter 

the system reliability. 

 

5.   CONCLUSION 

This paper presented a flexibility study of the Tunisian 

power system for its renewable integration planning of 

2030.  The horizon considered is the intermediated target 

of 20 % renewable share by 2022. The study highlighted 

some aspects related to the operating flexibility of the 

system under load and renewable variability:   

With high renewable penetration, low consumption 

time frames may present low flexibility in terms of 

upward regulating power provision. Since power plants 

are pushed to their maximum operating limits, static and 

dynamic stability margins of the system are reduced.  

Transient stability may also be affected because of the 

decrease in the overall system inertia. 

Flexibility requirement should be taken into account in 

short term operation as well as long term planning. For the 

Tunisian power system, curtailment of renewable energy 

may be regarded as a flexibility option, besides enhancing 

its interconnection with neighboring grids. Stability 

constraints should be included in the unit commitment 

optimizing algorithm, improving thereafter the system 

reliability. 
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Generating units 

  
Combined Cycle Steam turbine Gas Turbine 

Designation Skhira Rades C Sousse D Sousse C Ghannouch Rades IPP Sousse B Rades B Rades A Mornaguia TG120 

Installed power (MW) 450 450 424 424 412 470 350 150 145 300 120 

Lower limit (MW) 200 225 240 250 210 261 180 70 70 60 40 

Ramp up/down 

(MW/min) 
13/13 13/13 13/13 13/13 13/13 6´3/10´3 6´3/10´3 3/3 4/4 13/13 10/10 

Starting time (min) 35 35 30 30 30 35 35 40 40 20 15 

Shutdown time (min) 30 30 30 30 30 30 30 40 40 15 10 

Droop (%) 4 4 4 4 5 4/4/0 4/4/0 8 8 4 4 
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Abstract This paper highlights the main advances in HVDC 

transmission technology, with a demonstration on a real 

system study case. HVDC technologies based on voltage 

source convertor (VSC) and line commuted converter (LCC) 

are contrasted in control capability and limitations. 

Emphasis is on ancillary services provision in voltage and 

frequency, resiliency, fault blocking and black start 

capabilities. Protection approaches for HVDC systems are 

introduced and compared to AC systems. As a real system, 

we propose the planned Tunisia-Italy HVDC link. Based on a 

simplified model of this interconnection, the proposed 

advanced controls are successfully tested to comply with the 
Tunisian Grid Code requirements. 

Index Terms HVDC interconnection, VSC, LCC, 

control, protection, ancillary services. 

1. INTRODUCTION 

In the last years, the need for long distance power 

transmission has been increasing. Such infrastructure is 

needed to connect power grids of distant control areas, 

countries, or even continents. On another side, renewable 

energy power plants, mainly wind and solar PV, have 

been developing in capacity and extension. These power 

installations are located at optimal geographical sites, 

which are often far from the electricity demand 

concentration. Grid energy management approaches need 

to be developed for such long-distance power-

transmission infrastructures [1].  

High voltage direct current HVDC transmission 

uses direct current for the transmission of electrical power. 

In contrast with alternating current (AC) systems, HVDC 

transmission links ensure controllable power exchange, 

interconnect asynchronous systems and integrate 

renewable energies. The growth in the market of HVDC 

transmission is expected to increase from USD 7.51 

billion in 2017 to USD 12.28 billion by 2024 with a 

compound annual growth rate of 6.99% from 2018 to 

2024 [2]. HVDC based on line commuted converters 

(LCC) has been used to transmit large capacity over long 

distances but has the problem of power flow inversion. 

Thanks to its independent control of active and reactive 

powers, HVDC based on voltage source converters 

(HVDC-VSC) has developed rapidly. HVDC-LCC is a 

thyristor-based technology, while HVDC-VSC is an IGBT 

based technology.  

With this grid technological transformation, the 

protection poses a big challenge. The technologies used in 

HVDC systems offer the options to clear fault other than 

the option of using circuit breakers as in ac systems. 

Another challenge for HVDC systems relate to the 

ancillary services required by the system operator to 

ensure power system reliability. 

This paper emphasizes the main advances in HVDC 

transmission technology. HVDC-VSC and HVDC-LCC 

technologies are compared in control capability with 

emphasis on ancillary services provision, resiliency and 

black start capabilities. For a study case, we propose the 

planned Tunisia-Italy HVDC link. Based on a simplified 

model of this interconnection, the different controls are 

tested for compliance with the Tunisian Grid Code 

requirements.  

2. HVDC-LCC TECHNOLOGY 

This technology ensures the transmission of large scale 

powers over long distances.  It is widely used in China, 

particularly to transmit the high power produced with 

renewable energy over thousands of kilometers, in a 

unidirectional flow. High power is provided by thyristors 

that support more current and voltage than IGBTs. One of 

its latest projects using LCC technology is the Jinping-

Sunan project where the rated voltage of the project is ± 

800 kV and its rated power capacity is 7200 MW. The 

total transmission distance reaches 2093 km [4]. 

An HVDC-LCC project is also planned in Korea, to 

connect huge power plants with distant load centers. It is a 

gigawatt-scale project connecting the nuclear power plants 

of Korea with the metropolitan area [3]. This HVDC 

project will replace a planned ac transmission project of 

765 kV. These HVDC projects offer technical and 

environmental advantages.. 

 

Fig. 1.  HVDC-LCC structure 

A. Structure of HVDC-LCC 

The LCC, based on a current source converter CSC, 

uses a basic thyristor technology for its converter. For the 

LCC to switch, the converters require a very high 

synchronous voltage source, which prevents it from being 
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used for a "black start". With an LCC rated current up to 

5000 A, the LCC is used for huge powers. It supports very 

high currents and voltages compared to other 

semiconductors. The LCC converter operates as a source 

of current harmonics on the AC side and as a source of 

voltage harmonics on the DC side. Harmonic filtering is 

therefore necessary on the AC side, which function is to 

limit the current distortion caused by the harmonics of the 

converter, and to compensate the reactive power absorbed 

by the converter. The structure of HVDC-LCC is 

illustrated in Fig. 1. An HVDC link can be long distance 

or back to back (BTB). In a long-distance HVDC system, 

the rectifier and inverter stations are connected via an 

overhead line or cable or a combination of both. In a BTB 

system, there is no HVDC line or cable. The energy flow 

comes from a rectifier to the inverter. There is no reactive 

power exchange between the two stations. The 

components of an HVDC link are illustrated in Fig. 1 [4].  

B. Hierarchical control for an HVDC-LCC  

Fig. 2 illustrates the hierarchical control for an HVDC 

bipolar link. There are 2 levels: (i) master control; (ii) pole 

control. 

i) Master control: This level of control interfaces the 

HVDC link control system with the dispatch center. The 

power flow setpoint (Pd, 0) is the result of the power flow 

order (Pd, ord) manually supplied by the dispatching 

operator and power modulation orders. 

ii) Pole control: State quantities (such as the scheduled 

DC power and the converter AC terminal voltages) and 

circuit parameters such as the DC reactance, determine the 

operating values of the DC voltage and DC current in a 

HVDC link.  

 

 

Fig. 2.  Hierarchical control for an HVDC bipolar link 

The aim of pole control is to maintain the transmitted 

DC power to the order value by a combination of the DC 

current and DC voltage. The pole control is responsible of 

coordinating the control of bridges, with the conversion of 

current order to a firing angle order. Some sequences of 

protection are included in this level. 

3. HVDC-VSC TECHNOLOGY 

A. Topology of HVDC SVC 

A voltage source converter is based on insulated gate 

bipolar transistor IGBT technology. The current can be 

switched on and off independently of the AC voltage at 

any time, in a way that it creates its own AC voltages 

when a black start occurs. These converters operate with 

pulse width modulation PWM at a high frequency 

allowing the amplitude and the phase angle to be adjusted 

simultaneously while maintaining the voltage constant.  

VSC is flexible and able to control active and reactive 

power independently. 

The two-level converter is the basic building block of 

the topology of the VSC-HVDC. It is a six pulse bridge 

with IGBT instead of thyristors and DC capacitor instead 

of dc smoothing reactor of LCC. It generates two levels of 

voltage +Vdc/2 and Vdc/2. The diode connected in parallel 

to the IGBT prevents the dc voltage from changing 

polarity. However, the current can flow in both directions 

by passing through the diode or IGBT [4]. The HVDC-

VSC structure is illustrated in Fig. 3. An HVDC-VSC 

project is planned in Korea [3]. Its voltage source 

converters are based on modular multilevel converter 

technology MMC. This project will  connect Jeju island to 

the mainland and will coordinate with two existing LCC 

lines. The power flow delivered will be bidirectional.  

Another recent project is DolWin3. In order to allow 

new wind generation to connect offshore, Germany has 

planned to install a large number of offshore HVDC 

transmission systems. Dol-Win3 is the HVDC link to 

transmit the offshore wind energy to the onshore ac 

network. Its rated power is 900 MW at ±320 kV DC. 

B. Control of HVDC VSC 

The control of HVDC-VSC can be ensured by vector 

control, which is a control strategy that ensures a 

decoupled control of the reactive and active powers. It is 

 

Fig. 3.  HVDC-VSC structure 

possible to directly limit the current so that the valves are 

not overloaded, but this control loop can slow down the 

response of the controller. The VSC control based on 

vector control is shown in the Fig. 4. Each VSC converter 

can control its reactive power independently from the 

other. The reactive power is controlled depending on the 

voltage at the point of connection or on the operator s 

order. However, the active power coming into the 
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converter and the active power coming out of the 

converter must be equal in the case of neglecting the 

converter losses. This is because the unbalance of the 

active power can change the DC voltage.  

The abc three phase coordinates are transformed into 

the dq rotating coordinates. There are different control 

loops in the VSC control scheme. 

- The outer controller: The active power and reactive 

power are determined by a calculation block using sensing 

devices to measure voltages and currents. As shown in 

Fig. 4, every variable (P and Q) has two controllers, only 

one can be used. The active power can be controlled 

directly by a reference value PAC,ref or by controlling the 

DC voltage. The reactive power can be controlled by 

direct control at a reference value or by controlling AC 

voltage. The PI regulator is used in all controllers in order 

to achieve zero steady state error. The reference currents 

are provided from the outer controller to the inner 

controller. The current limiter is used to avoid converter 

overloading. 

- The Inner Controller: is used to control the voltages 

Vd and Vq to generate the PWM required. A PI controller 

is used to control independently the active and reactive 

currents in the dq frame. Varying the phase angle and 

magnitude of the converter can control these currents. The 

Phase-Locked Loop Control is used for the 

synchronization of the converter output with the voltage 

of the AC grid.  

 

 
Fig. 4.  The control scheme of a VSC converter using the vector 

control strategy 

 

Fig. 5.  HVDC circuit breaker 

4. HVDC PROTECTION AND RESILIENCY 

A. HVDC protection 

Compared to ac power systems, HVDC protection 

needs different approaches. HVDC protection involves the 

detection and the clearing of short circuit faults at the dc 

side, and so, interrupting the dc fault current and isolating 

the faulted component. It is more complicated to interrupt 

the fault current in HVDC than HVAC since there is no 

zero crossing in dc faults currents, and dc fault currents 

can increase rapidly to unacceptable values for power 

electronic components [5]. 

On the other hand, there are other technologies for fault 

clearing in HVDC systems. These technologies include dc 

circuit breakers, ac circuit breakers and fault blocking 

converters. 

I. AC circuit breakers 

In HVDC-VSC systems, there are AC breakers in the 

converter stations. As the ac/dc converter is not fault 

blocking, the fault current can pass from ac to dc through 

the antiparallel diodes of the converter s submodules for 

the MMC configuration. So, the contribution of the ac 

fault in the dc fault is eliminated by the circuit breakers. 

II. HVDC circuit breakers 

DC breakers are able to interrupt nominal and short 

circuit currents. Generally, dc circuit breakers have to 

interrupt currents in the range of 5-15 kA in several 

milliseconds. They are much more complex compared to 

ac circuit breakers because the dc currents have no zero 

crossing. DC breakers contain several parallel ways to 

interrupt the currents and absorb the energy of inductive 

elements. These ways are shown in Fig. 5. The lower way 

contains the mechanical switch. It is the way of normal 

conduction. The middle way is auxiliary to help  

interrupting fault currents and the upper way is for energy 

absorption. 

III.Fault-Blocking Converters 

   Fault blocking converters are able to block the 

contribution of fault current from the ac to the dc system. 

The converter submodules have the capability to insert 

negative and positive polarity, unlike the half-bridge 

submodule that can insert just positive polarity. And so, 

they can insert an opposing voltage to the ac system 

voltage contribution in the fault current way connecting ac 

to dc system. This technique enables to block the fault 

current contribution from ac to dc without the use of dc or 

ac circuit breakers. The most known converter with a 

capability of fault blocking is the full bridge MMC which 

will be used in Germany s Ultranet project as first 

application [5].  

B. HVDC for resiliency 

HVDC is able to contribute to  power system resiliency 

because of its rapid response, flexibility, controllability 

and ability to connect asynchronous ac systems. The 

operation of HVDC offers the opportunity to improve the 

power delivery resiliency and security. It facilitates the 
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increasing of renewable penetration and activates the 

complex strategies of control system for stability [6]. 

I. Back to back HVDC 

Large interconnected electrical grids offer increased 

access to loading and redundancy in generation. However, 

the ability of back to back or point to point HVDC 

converters to connect incompatible and multiple ac system 

reinforces the resiliency. 

The potential of reducing spinning reserves, 

improvement of power sharing and the access to new 

markets improve the security and functionality of these 

systems. As an example, a 1400 MW project will 

interconnect the British and the Nordic energy markets, so 

that both will take benefit from renewable energy. This 

project is a 730 km 520 kV HVDC link. It will transmit 

power underwater from United Kingdom to Norway [7]. 

In a case of an excess of wind power in the United 

Kingdom, the power flow will be from United kingdom to 

Norway. When the wind power is low in the United 

kingdom the power will flow from Norway to the United 

kingdom. The ability to transmit large quantities of power 

over long distances and the improvement of stability 

provide opportunities to improve resiliency. With the high 

degree of active power controllability, different control 

methods can be implemented to increase power system 

stability [7]. 

II.  Blackstart 

 Blackstart capability is the ability of a grid to perform 

a black start operation after shutdown. It is the process of 

restoring the power system or a part of it, to go back to the 

normal operation after a partial or full shutdown. 

Blackouts are the most undesired scenarios in power 

systems because of social and economic loss. Restoring 

the power system after a blackout involvers coordinated 

actions of some components of the power system which is 

not simple with the large number of generators, 

transmission system constraints and loads.  

5. ANCILLARY SERVICES OF TUNISIA-ITALY HVDC LINK 

A. Voltage control 

The reactive power or voltage control is based on 

control actions that aim to maintain a reactive power value 

or a voltage value at each point of the system. These 

controls are implemented at different points of the power 

system. Unlike the frequency, the voltage varies at every 

node of the system. It varies depending on the type of 

loads and load location, generator and the system 

topology. 

Reactive power balance affects voltage. Controlled 

injection of reactive power in the system ensures voltage 

control, that s why voltage regulator, capacitor banks and 

static compensator are used. Controlling voltage locally is 

important because transmitting reactive power is difficult. 

As a result, voltage control equipment must be locates at 

critical locations.  

In the Tunisian Grid Code, renewable energy power 

plants connected to the high voltage system must 

continuously participate in the voltage control, 

dynamically and quickly. They shall be equipped with an 

automatic voltage regulation systems and be capable of 

providing or absorbing, in steady state, the reactive power 

required to maintain the voltage within the limits required 

by the Tunisian system operator STEG (Société 

Tunisienne d Electricité et de Gaz). 

Reactive power control can be hierarchical: local 

control or Centralized control. 

- Local control: the reactive power is controlled 

depending on the voltage at the point of connection. 

- Centralized control: The reactive power control 

depends on the request of the transmission system 

operator (TSO). This control aims to increase dispatch 

control and regulate the voltage. 

B. Frequency control 

The frequency must remain the same at every point of 

the AC system. To ensure a secure and reliable power 

system, the frequency shall remain at its nominal value. A 

frequency deviation is a result of a mismatch in power 

consumption and power generation. In the Tunisian Grid 

Code, for normal operating frequencies (49.5 Hz-50.5 

Hz), as for conventional power plants, renewable energy 

plants  must remain connected to the high or medium 

voltage network connected, in compliance to the 

frequency ride through requested by the TSO Grid Code. 

In addition, new renewable energy power plants have to 

support the network by injecting or absorbing active 

power when possible. This type of ancillary service has 

been transposed to HVDC links. 

C. Emergency power support 

The ability of maintaining stable operation while there 

are emergency conditions is one of the most important 

attributes of the grid resiliency. HVDC VSC links are 

known for their fast controllability,  which can be used to 

provide emergency power support. The functions of 

emergency power control can be manually or 

automatically activated. Using the appropriate emergency 

control actions, reactive power support and power flow 

through VSC can be rapidly adjusted in order to helps 

stabilize the grid. The power flow of HVDC 

interconnections can emulate the response of a desired ac 

line to network contingencies.   

 

Fig. 6.  Simplified diagran of the Tunisia-Italy HVDC link 
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6. SIMULATION RESULTS  

In order to test some ancillary services, a simplified 

model of the Tunisia-Italy interconnection illustrated in 

Fig. 6 is implemented. Tunisia is represented by three 

synchronous machines of 1.8 GW equivalent to the north, 

center and south generation poles. The point of connection 

in Italy is represented by a synchronous machine of 1.8 

GW. The transmission power capacity is 600 MW. 

A. Emergency power support 

After a shutdown in the transmission system, HVDC 

system is able to continue delivering the power, 

supporting the grid. Among the advantages of choosing 

HVDC with VSC converter technology, is the ability to 

power and stabilize an AC network during restoration 

after a failure by continuing delivering energy. To test this 

operation, we performed a blackout; the Tunisian network 

was eliminated with a breaker to see the reaction of the 

HVDC system with its two technologies VSC and LCC. 

Fig. 7.a shows the response of the VSC and Fig. 7.b shows 

the response of the LCC. We note that the VSC continued 

to give the 600 MW while the LCC stopped.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.  Active power response:    a) VSC;   b) LCC 

 

B. Reactive power control 

The HVDC VSC system is able to control active and 

reactive power independently. Reactive power control 

contributes to the voltage stability of the system. With 

HVDC VSC it is possible to provide reactive power 

according to a reference for both sides (Tunisia and Italy). 

For this simulation, we chose a reference of 0.2 pu at the 

Tunisia side and 0.1pu at the Italy side. Fig. 8 and 9 show 

a good agreement among references and HVDC link 

responses for the reactive power control on both sides. 

 

 

Fig. 8.  Reactive power in Tunisia side 

 

 

Fig. 9.  Reactive power in Italy side 

 

 

 

 

Fig. 10.  Response of reactive power during: (a) Decrease in the 

grid voltage;    b) Increase in the grid voltage. 

 

To participate in ancillary services, the HVDC is 

required to respond to the increase and decrease in 

network voltage by the injection or absorption of reactive 

power by the converter in the network. For testing, the 

main voltage was varied by ±5%. As the voltage 

increases, the system responds with a decrease in reactive 

power (Fig. 10.b). When the voltage drops, the system 

responds with a rise in reactive power (Figure 10.a). 
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C.  Frequency primary control 

I. Frequency control with reserve 

  The rated power of Tunisia-Italy HVDC link is 600 

MW. In this case, the HVDC power is fixed at 200 MW. 

So, 400 MW will be used as a reserve. The generators of 

the center and south are shut down and the frequency 

deviates. To support the grid, the power delivered by the 

HVDC increases by 400 MW as a participation in the 

primary frequency control (Fig. 11). 

II. Frequency control without reserve 

For this case, the active power is fixed at 200 MW by 

the operator and the generators of the center and south are 

shut down. The HVDC keeps delivering 200 MW as 

requested by the dispatching (Fig. 12). 

7. CONCLUSION 

This paper revised the main advances in HVDC 

transmission technology, with emphasis on control 

capabilities in terms of ancillary services provision, 

resiliency and black start capabilities.  HVDC-VSC and 

HVDC-LCC technologies were contrasted. A real system 

case study was considered: the planned Tunisia-Italy 

HVDC.  

The main points of the presented work are as follows: 

- HVDC-LCC which is a thyristor based technology, 

transmits large scale bulk power, but in one direction 

flow. In contrast, HVDC-VCS is an IGBT based 

technology, able to transmit power in both directions, and 

features reactive power control capabilities.  

- HVDC protection poses one of the major challenges; it 

is different compared to ac systems protection. There are 

different approaches other than those used in ac systems. 

Some technologies for fault clearing in the HVDC 

systems were presented.  

- Modern HVDC systems must participate in the 

ancillary services as they play an important role in 

enhancing the reliability and security of power system 

operation.  

- The Tunisian Grid Code for HVDC has been 

implemented into a simplified Tunisia-Italy HVDC 

interconnection model.  Emergency power support, 

frequency control and voltage control were successfully 

validated.  

- Comparing the VSC technology to the LCC technology, 

the simulation results confirmed the superiority of the 

HVDC-VSC interconnection in term of reactive power 

management, frequency ride through, frequency primary 

control and black start operation. 

 

 

 
 

Fig. 11.  Response of active power during a decrease in grid 

frequency. Operation with reserve.  

 

 
 

Fig. 12.  Response of active power during a decrease in grid 

frequency. Operation without reserve.  

 

REFERENCES 

[1] T. Meridji, F.Ceja Gomez, J. Restrepo and R. Azar, High-Voltage 

dc conversion , IEEE power & energy Magazine, may/June 2019 

[2] Research and Markets, HVDC Transmission Market 2019-2023 

(Converter Stations, Transmission Cables, and Others), Project 

Type (Point-to-Point, Back-to-Back, and Multi-Terminal), 

Technology (CCC, VSC, and LCC).  GlobeNewswire News 

Room, "GlobeNewswire", 5 Feb.2019 

[3] S. Kim, H. Kim, H. Lee, J. Lee, B. Lee, G. Jang, Xi Lin, T. Kim, 

D. Jeon, Y.Kim, J.Lee, and K.Hur, Expanding Power Systems in 

the Republic of Korea , IEEE power & energy Magazine, 

may/June 2019 

[4] Mircea Eremia, Chen-Ching Liu, Abdel-Aty Edris, Advanced 

Solutions in Power Systems HVDC, FACTS, and Artificial 

Intelligence , IEEE Press, ISBN: 978-1-119-03569-5, 2016 

[5] W. Leterme, I. Jahn, Ph.Ruffing, K. Sharifabadi, and D. Van 

Hertem, Designing for High-Voltage dc Grid Protection , IEEE 

power & energy Magazine, may/June 2019 

[6] J. Pan, M.Callavik, P. Lundberg, and L. Zhang, A subtransmission 

metropolitan power grid , IEEE power & energy Magazine, 

may/June 2019 

[7] D. Roberson, H. Clarisse Kim, B. Chen, C.Page, R. Nuqui, A. 

Valdes, R. Macwan, and B. K. Johnson, Improving Grid 

Resiliency Using High-Voltage dc , IEEE power & energy 

Magazine, may/June 2019 

[8] A. Kaushal and D. Van Hertem, An Overview of Ancillary 

Services and HVDC Systems in European Context , Energies 

2019, 12, 3481; doi:10.3390/en12183481, Sept. 2019. 

 

Time (s) 

A
ct

iv
e 

p
o

w
er

 (
p

u
) 

A
ct

iv
e 

p
o

w
er

 (
p

u
) 

   Time (s) 

0      0.5        1       1.5         2       2.5       3        3.5        4        4.5        5 

   Time (s) 

0      0.5        1       1.5         2       2.5       3        3.5        4        4.5        5 

 

 

15 

10 

5 

0 

-5 

3 

2 

1 

0 

-1 

241



Proceedings of the International Conference on Recent Advances in Electrical Systems, Tunisia, 2019 

ISBN: 978-9938- 9937-2-1                                   Editors: Tarek BOUKTIR & Rafik NEJI 

 

Deep Learning for Medical Image Analysis 

 

M.HAMEURLAINE  A.MOUSSAOUI  B.SAFA 

MESD Laboratory, Elwancharissi 
university center, Tissemsilt, 

Algeria 

hamessainf@yahoo.fr 

Faculty of Sciences, Ferhat Abbas 
University, Setif, Algeria 

moussaoui_abdel@yahoo.fr 
 

Faculty of the Exact Sciences, 
Djillali Liabès University, Sidi 

BelAbbès,  Algeria 

benaissa.safa@univ-sba.dz 

 

Abstract—In recent years, deep learning have shown 

record-shattering performance in a variety of computer 

vision problems, such as visual object recognition, detection 

and segmentation. These methods have also been utilized in 

medical image analysis domain for lesion segmentation, 

anatomical segmentation and classification. We present an 

extensive literature review of deep learning techniques 

applied in medical image analysis, focusing on the 

architectures, applications, data used and tools available in 

these works.  Our primary goal is to report how different 

CNN architectures have evolved, discuss state-of-the-art 

strategies, condense their results obtained using public 

datasets. Second, this paper is intended to be a detailed 

reference of the research activity in deep CNN for medical 

analysis. Finally, we present a perspective on the future in 

which we hint some of the research directions in subsequent 

years. 

Index Terms-- Convolutional neural networks, medical 

image analysis, machine learning, deep learning 

1. INTRODUCTION  

The concept of enabling computers to learn features 
that optimally represent the data of the problem being 
addressed is the basis of many deep learning algorithms. 
Multilayer network models that transform input data into 
classes while learning more and more features are ideal 
examples. Image analysis is an area where the most 
effective types of models are applied, they are 
convolutional neural networks (CNN). CNNs contain 
many layers that transform their input with small 
convolution filters. CNNs have appeared since 1970 and 
have seen their first successful application on LeNet for 
handwriting recognition [1]. Deep networks have achieved 
success with the contribution of Krizhevsky who proposes 
a CNN called AlexNet [2]. In computer vision, deep 
convolution networks have become the technique of 
choice. 

In medical imaging,  CNNs have been used since the 
1990s in lung structure and nodule detection [3] and breast 
tissue classification[4]. However, the lack of labeled 
training data and computational power limitations prevent 
to train deep CNNs without over-fitting. In last year’s, 

large annotated training datasets and more powerful 
graphics processing units (GPUs) have been created. This 
trend promotes researchers to work more using these 
strategies. Nowadays, deep CNN architectures are widely 
used in brain MRI for preprocessing data [5], detecting 
and segmenting lesions [6] and segmenting tumors[7], [8], 

whole tissue [9] and sub-cortical structures [10]. 
Applications of deep learning to medical image analysis 
appeared at workshops, conferences, and in journals. The 
number of papers grew rapidly in last five years, the topic 
is now dominant. Fig. 1 present the  imaging modality 
used,  Fig. 2  present the method used, Fig.3 present the 
aim or organ of analysis and Fig.4 illustrate the task 
addressed [11]. 

 
Fig. 1. Statistics of modality used  for deep learning in medical imaging 

analysis. 

 
Fig. 2. Statistics of deep learning architecture used  in MRI analysis. 

This survey includes the most recent papers, on a wide 
variety of applications of deep learning in medical image 
analysis. We notice that the most of them present the use 
of deep convolutional neural networks in brain MRI 
segmentation or detection. The rest of this review is 
structured as follows. We introduce the main deep learning 
concepts and architecture in Section 2.  Section 3 
describes the contributions of deep learning to tasks in 
medical image analysis: classification, detection, 
segmentation, registration and others applications. Section 
4 presents tools and datasets used in developing models. 
We conclude this work with a discussion, indicating future 
trends in the field. 
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Fig. 3. Statistics of organs/aims used for deep learning in MRI analysis. 

 
Fig. 4. Statistics of deep learning application in MRI analysis. 

2. DEEP LEARNING ARCHITECTURE 

The purpose of this section is to provide an 
introduction to deep learning concepts, techniques and 
architectures used in medical image analysis. Machine 
learning methods are usually divided into supervised and 
unsupervised learning algorithms, although they have 
many nuances [12]. Unsupervised learning algorithms 
process data without labels and are trained to find patterns. 
It can be performed under many different loss functions. 
Supervised training typically amounts to finding model 
parameters that best predict the data based on a loss 
function. 

Artificial neural networks are computational models 
consisting of a large number of nodes and connections. 
For a specific artificial neural network, each of its nodes 
represents a specific output function (denoted as an 
activation function), and each of its connections between 
two nodes represents the ability to transmit information 
between these two nodes (denoted as the weight). 
Therefore, an artificial neural network is often 
approximated as an algorithm, and the output of the 
algorithm depends mainly on the activation functions and 
the weights of the neural network. In general, the artificial 
neural networks can be divided into feedforward neural 
networks and feedback neural networks, according to the 
different connections of the networks, as follows: 
feedforward neural network can be represented as a 
directed acyclic graph, without feedback in the network, 
contrariwise, feedback neural network can be represented 
as an undirected complete graph, with feedback in the 
network [13]. 

Typical transfer functions for traditional neural 
networks are the sigmoid and hyperbolic tangent function. 
The multi-layered perceptrons (MLP), the most well-
known of the traditional neural networks, have several 
layers of these transformations. Layers in between the 
input and output are often referred to as ‘hidden’ layers. 

When a neural network contains multiple hidden layers, it 
is typically considered a ‘deep’ neural network, hence the 
term ‘deep learning’ (Fig. 5). Many models of deep 
learning have been applied. Tab.1 presents a comparative 
study between the most widespread architectures[14]. 

A. Supervised models 

I. Convolutional neural networks (CNNs) 

In CNNs weights in the network are shared. It also 
drastically reduces the amount of parameters (i.e. the 
number of weights no longer depends on the size of the 
input image) that need to be learned. Convolutional neural 
networks include two kernel layers, namely, the 
convolutional and pooling layers (Fig. 6 and Fig.7.d). In 
general, there are two types of convolution neural network 
architectures, according to the different connection modes 
of the different convolutional layers. One is to connect 
different convolutional layers in series such as LeNet-5[1], 
AlexNet [2], and ZFNet  [15], while the other one consists 
of connecting different convolutions in parallel, such as 
Inception and its follow-up versions[16]. 

Very deep convolutional networks for large-scale 
image recognition   explored much deeper networks with  
small, fixed size kernels in each layer  [17]. The ResNet 
architecture won the ImageNet challenge in 2015 and 
consisted of so-called ResNet-blocks [18]. In some 
application, multiple sources of information or 
representations of the input is needed, multi-stream 
architectures are being explored (Fig.7.e) [19]. 

 
Fig. 5. Deep neural network 

 
Fig. 6. Example of Convolutional neural networks architecture 
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II. Recurrent neural networks (RNNs) 

In a plain RNN, the output of a layer is added to the 
next input, and this is fed back into the layer, resulting in a 
capacity for contextual `memory' (Fig.7.c). Some 
modifications of RNNs are suggested to hold long term 
dependencies, and to discard or forget some of the 
accumulated information. In the medical image analysis 
space, RNNs have been used mainly in segmentation [20].  
The most well-known, in medical image analysis, of these 
novel CNN architectures is U-net (Fig.7.f) [21].  

B. Unsupervised models 

I. Auto-encoders (AEs) 

Autoencoders learn feature representations of input 
data (codings) in an unsupervised manner without labeled 
data. It is a model that takes input data, gleans codings 
from this, and then uses these codings to reconstruct 
output data (reconstructions). Auto-encoder models 
contain a cost function which penalizes the model when 
inputs and outputs are different. Autoencoders have 
several useful features.  These features are an advantage in 
medical image analysis, where labeled training data is 
scarce (Fig.7.a). The unique architectural feature of auto-
encoders is that the number of neurons in the input and 
output layers must be equal. Autoencoders have hidden 
layers that can be stacked, like CNNs. Stacked auto-
encoders (SAEs) have a typically symmetrical 
architecture, with a line of reflection through the middle = 
hidden layer. Some techniques for optimizing auto-
encoder performance include tying weights of the decoder 
layer to the encoder layer, training different subsets of 

auto-encoders separately before stacking them together, 
and transfer learning [22]. Simply stacking more layers 
may not aid in the accuracy of the model, as the model 
may end up performing the trivial task of simply copying 
the input to the output. That is, the model performs well 
during training but it has not learned any useful feature 
representations that allow the model to be generalized and 
applied outside of the training data. The denoising auto-
encoder is a solution to prevent the model from learning a 
trivial solution [23]. A second example is Sparse 
Autoencoders, whereby a defined proportion of the 
neurons in the hidden layers are deactivated or set to 
zero[24]. Variational Auto-encoders (VAEs) are an 
emerging and popular unsupervised learning architecture 
described by Kingma and Welling[25]. 

II. Restricted Boltzmann machines (RBMs) and deep belief 

networks (DBNs)  

Boltzmann machines were invented in 1985, and were 
modified as Restricted Boltzmann Machines (RBMs) a 
year later. RBMs are a type of Markov Random Field 
(MRF), they are generative, stochastic, probabilistic, 
bidirectional graphical models consisting of visible and 
hidden layers (Fig.7.b) [26].  

Deep belief networks (DBNs)   are essentially SAEs 
where the AE layers are replaced by RBMs. Training of 
the individual layers is, again, done in an unsupervised 
manner. Final fine-tuning is performed by adding a linear 
classifier to the top layer of the DBN and performing a 
supervised optimization[27], [28].  

 

 

Fig. 7. Deep learning architectures commonly used in medical imaging[12]. (a) Auto-encoder, (b) restricted Boltzmann machine, (c) recurrent 
neural network, (d)convolutional neural network, (e) multi-stream convolutional neural network, (f) U-net. 
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TABLE I.  COMPARATIVE TABLE BETWEEN DIFFERENT DEEP LEARNING ARCHITECTURES 

Deep learning 
architecture used 

Characteristics Advantages Cons 

Deep neural 
network 
(DNN) (Fig.5.) 

Its architecture is composed of several layers, which allows 
nonlinear complex relations. It is used mainly for classification 
and regression.  

It is very used with great 
success precision. 

The learning process suffers 
from its slow speed and the 
propagation of the error. 

Convolutional 
neural network 
(CNN) (Fig.6.) 

This network architecture is very useful for two-dimensional data 
in particular in image processing. It consists of convolution filters 
that can transform 2D into 3D. 

Quick learning of the model 
and best performance. 

Need for large size data 
learning etiquettes in 
classification. 

Recurrent 
neural network 
(RNN) (Fig.7.c) 

This model is designed to learn sequences. Weights are shared 
across all stages and neurons. There are many variants of this 
model: LSTM, BLSTM, MDL-STM, HLSTM. 

Learn sequential events, 
Model time dependencies, 

The disappearance of the 
gradient and the need for large 
sets of data are their problems. 

Deep 
Autoencoder 
(dA) (Fig.7.a) 

It is based on unsupervised learning and its design is distilled 
primarily for the extraction and reduction of the dimensionality of 
features. The output number of the model is equal to the number 
of their inputs. There are many variants of this model: 
Autoencoder, Autoencoder D-noising, Auto-Encoder 
conventionnel. 

It does not need labeled 
learning data. 
Robust. 

This model requires a pre-
training stage. 

Deep 
Boltzmann 
machine 
(DBM) (Fig.7.b) 

The basic principle of this model is based on Boltzmann 
machines. It consists of unidirectional connections between all 
hidden layers. 

It can be trained on 
unlabeled data and better 
incorporate uncertainty 
about ambiguous inputs. 

Optimization problem for 
large settings datasets. 

3. DEEP LEARNING APPLICATION IN MEDICAL IMAGING 

In recent years, many deep learning methods have been 
proposed for application in the field of medical image 
processing and analysis.  In this section, we summarize the 
recent progress of applying deep learning such as image 
classification, image segmentation, image detection, and 
image registration.  

A. Classification 

Classification is sometimes also known as Computer-
Aided Diagnosis. Image classification plays an important 
role in automatic disease diagnosis and cognitive 
recognition, such as the classification of different severity 
diseases and the recognition of different brain activities. 
Currently, many researchers have proposed many deep 
learning methods to perform Alzheimer’s Disease (AD) 

diagnosis by using MRI images.[29], [30]. The medical 
imaging community initially focused on unsupervised pre-
training and network architectures like SAEs and RBMs. 
The first papers applying DBNs and SAEs to classify 
patients as having Alzheimer’s disease based on brain 

Magnetic Resonance Imaging (MRI)[6], [31]. 
Summarizing, in exam classification CNNs are the current 
standard techniques. Especially CNNs pre-trained on 
natural images have shown surprisingly strong results, 
challenging the accuracy of human experts in some tasks. 
Last, authors have shown that CNNs can be adapted to 
leverage intrinsic structure of medical images. 

For many classification of the medical image into two 
or more classes both local information on lesion 
appearance and global contextual information on lesion 
location are required for accurate classification. Several 
models are used. A multi-stream CNN is proposed to 
classify skin lesions[32]. A combination of CNNs and 
RNNs is also proposed to allows the processing of all 
contextual information regardless of image size[33]. The 
3D nature of MRI is exploited by training a 3D CNN to 

assess survival in patients suffering from high-grade 
gliomas[34]. In some cases other architectures and 
approaches are used, such as RBMs [35], SAEs [36] and 
convolutional sparse auto-encoders (CSAE) [37].  

B. Segmentation 

The segmentation is an important first step in 
computer-aided detection pipelines. The task of 
segmentation is typically defined as identifying the set of 
voxels which make up either the contour or the interior of 
the object(s) of interest. Segmentation is the most common 
subject of papers applying deep learning to medical 
imaging. A full 3D segmentation can be achieved by 
feeding U-net with a few 2D annotated slices from the 
same volume[38]. Other model of the U-net architecture 
called V-net perform 3D image segmentation using 3D 
convolutional layers with an objective function directly 
based on the Dice coefficient [39].   RNNs have recently 
become more popular for segmentation tasks. For 
example, 3D RNN with gated recurrent units is used  to 
segment gray and white matter in a brain MRI data 
set[40]. Chen et al. (2016d) bi-directional LSTM-RNNs is 
combined with 2D U-net-like-architectures to segment 
structures in anisotropic 3D electron microscopy 
images[20].  

Segmentation of lesions combines the challenges of 
object detection and organ and substructure segmentation 
in the application of deep learning algorithms. Global and 
local context are typically needed to perform accurate 
segmentation, such that multi-stream networks with 
different scales or non-uniformly sampled patches are used 
[19], [41]. In lesion segmentation, we have also seen the 
application of U-net and similar architectures to leverage 
both this global and local context. 

C. Detection 

Image detection plays an important role in computer 
aided detection routines. Its main purpose is to find the 
tissues of interest, and then measure and analyze whether 
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these tissues produce lesions. Some deep learning methods 
have been proposed for performing medical image 
detection as anatomical object localization and the 
detection of objects of interest or lesions. Localization in 
medical imaging often requires parsing of 3D volumes. To 
solve 3D data parsing with deep learning algorithms, 
several approaches have been proposed that treat the 3D 
space as a composition of 2D orthogonal planes.  Several 
approaches are proposed, as CNNS in [42],  RBM in [43], 
and LSTM-RNNs in [44].  Concluding, localization 
through 2D image classification with CNNs seems to be 
the most popular strategy overall to identify organs, 
regions and landmarks, with good results. 

D. Registration 

Image registration is the process of matching and 
superimposing two or more images at different times, 
different sensors (such as imaging equipment) or different 
conditions (such as illumination, position, and angle). 
Broadly speaking, two strategies are prevalent in current 
literature: (1) using deep- learning networks to estimate a 
similarity measure for two images to drive an iterative 
optimization strategy, and (2) to directly predict 
transformation parameters using deep regression networks. 
Stacked auto-encoders are used to assess the local 
similarity between CT and MRI images of the head[45]. 
CNNs, are used to estimate a similarity cost between two 
patches from differing modalities[46]. In contrast to 
classification and segmentation, the research community 
seems not have yet settled on the best way to integrate 
deep learning techniques in registration methods. Not 
many papers have yet appeared on the subject and existing 
ones each have a distinctly different approach. Thus, 
giving recommendations on what method is most 
promising seems inappropriate. However, we expect to see 
many more contributions of deep learning to medical 
image registration in the near future[12].  

Other tasks where deep learning is applied such as  
Content-based image retrieval, Image generation and 
enhancement.  Deep learning contributions affect the 
various application areas in medical imaging such as brain, 
Eye, Chest, Breast, Cardiac and Abdomen. 

4. DEEP LEARNING TOOLS 

A. Public datasets 

The described deep learning  models use public and 
clinical research trial datasets. We describe, for example, 
the most widely used public datasets for brain lesions, 
structures and anatomical segmentation (Tab.II)[47]. 
Regarding the application, we found that the deep learning  
models were very applied for MS lesion segmentation, 
brain tumor segmentation and structure segmentation. 
Although there are public datasets available for these 
applications, researchers still prefer to work on their 
databases. One main reason might be the limitation of the 
number of training samples available in the public 
datasets. As stated before, working with a small dataset 

affects the performance of deep CNN models enormously 
and imposes restrictions on practitioners from fully 
exploiting the capacity of those algorithms. 

TABLE II.  COMMONLY USED PUBLIC DATASETS  USED  IN MRI  IMAGES 

Data sources Modality  

Number of 
scans 

Train Test 

MICCAI 2008 T1, T2, and FLAIR 20 24 

MICCAI 2012 T1 15 20 

BRATS 2012 T1, T1c, T2, and FLAIR 80 30 

BRATS 2013  T1, T1c, T2, and FLAIR 30 25 

BRATS 2014  T1, T1c, T2, and FLAIR 309 / 

BRATS 2015 T1, T1c, T2, and FLAIR 274 110 

ISBI 2015  T1, T2, PD, and FLAIR 21 61 

ISLES 2015  
FLAIR, T2 TSE, T1 
TFE/TSE, TWI 

28 36 

IBSR18 T1 18 / 

NeoBrainS12  T1 and T2 20 5 

MRBrainS13  
T1,T1_1mm, T1_IR and 
FLAIR 

5 15 

MSSEG 2016 
T1, T1 GADO, FLAIR, 
DP/T2 

15 38 

 
B. Hardware and software 

The widespread availability of GPU and GPU-
computing libraries (CUDA, OpenCL) is  the main 
contributor to the large  success of deep learning. GPUs 
are highly parallel computing engines, which have an 
order of magnitude more execution threads than central 
processing units (CPUs). Deep learning on GPUs is 
typically 10–30 times faster than on CPUs. The 
availability of open-source software packages provide 
efficient GPU implementations of important operations in 
neural networks, such as convolution allowing the user to 
implement models and approaches at a high level rather 
than worrying about efficient implementations. Tab.III 
presents some common and widely used deep learning 
tools [13].  

5. CONCLUSION 

In summary, the aim of this survey was to provide 
valuable insights for researchers, with regard to applying 
deep learning architectures in the field of medical imaging 
based research. From the papers reviewed in this survey, it 
is evident that deep learning has pervaded every aspect of 
medical image analysis. This has happened extremely 
quickly in last five years. A large diversity of deep 
architectures is covered. The earliest studies used pre-
trained CNNs as feature extractors.  In the last two years, 
however, we have seen that end-to-end trained CNNs have 
become the preferred approach for medical imaging 
interpretation. 
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TABLE III.  SOME DEEP LEARNING TOOLS 

Tools Description Link 

Caffe 
Caffe is a deep learning framework made with expression, speed, and modularity in mind. It is 
developed by Berkeley AI Research (BAIR) and by community contributors. 

http://caffe.berkeleyvision.org/. 

Torch 
Torch comes with a large ecosystem of community-driven packages in machine learning, computer 
vision, signal processing, parallel processing, image, video, audio and networking among others. 

http://torch.ch/ 

Theano 
Theano is a Python library used to define, optimize, and evaluate mathematical expressions, 
especially ones with multi-dimensional arrays. 

http://deeplearning.net/software/thean
o 

TensorFlow 
An end-to-end open source machine learning platform. TensorFlow makes it easy for beginners and 
experts to create machine learning models. 

https://www.tensorflow.org/ 

Keras Theano-based Deep Learning library (convnets, recurrent neural networks, and more). https://github.com/EderSantana/keras 

DeepLearnTool
box 

Matlab/Octave toolbox for deep learning. Includes Deep Belief Nets, Stacked Autoencoders, 
Convolutional Neural Nets, Convolutional Autoencoders and vanilla Neural Nets. 

https://github.com/rasmusbergpalm/D
eepLearnToolbox 

CNTK 
CNTK is an open-source toolkit allows the user to easily realize and combine popular model types 
such as feed-forward DNNs, convolutional neural networks (CNNs) and recurrent neural networks. 

https://www.microsoft.com/enus/resea
rch/product/cognitive-toolkit/ 

MatConvNet 
MatConvNet is a MATLAB toolbox implementing Convolutional Neural Networks (CNNs) for 
computer vision applications.  

http://www.vlfeat.org/matconvnet/ 

Such CNNs are often integrated into existing image 
analysis pipelines and replace traditional handcrafted machine 
learning methods. Deep learning architectures have been 
widely applied in medical image processing and analysis, in 
areas such as image detection, image registration, image 
segmentation and image classification, and can obtain better 
results. 

After reviewing so many papers one would expect to be 
able to distill the perfect deep learning method and 
architecture for each individual task and application area. 
Although convolutional neural networks are now clearly the 
top performers in most medical image analysis competitions, 
A key aspect that cannot be overlooked is that expert 
knowledge about the task to be solved can provide advantages 
that go beyond adding more layers to a CNN. Good 
performance when applying deep learning algorithms often 
differentiate themselves in aspects, like novel data 
preprocessing or augmentation techniques.  Researchers can 
focus on data augmentation strategies to make networks more 
robust, and to obtain good performance. Several architectures 
proposed have shown that designing architectures 
incorporating unique task-specific properties can obtain better 
results than straightforward CNNs.  The network input size 
and receptive field are important parts of network design and 
should be selected considering for example the required 
resolution and context to solve a problem. The last aspect is 
model hyper-parameter optimization, which can touch extra 
performance from a network. 

It is clear that applying deep learning algorithms to medical 
image analysis presents several unique challenges. In 
particular, the two main problems and challenges are as 
follows: 

· The lack of large training data sets is often mentioned as 
an obstacle. Sampling and/or Pre-training data are 

the two main strategies to improve the above 
problem. 

· Choosing a suitable deep learning architecture and its 
corresponding hyperparameters for a particular 
application. Presently, most researchers are based on 
experimental experience to address the 
abovementioned problems. Therefore, finding a way to 
choose the most suitable. 

· deep learning architecture and its corresponding 
hyperparameters for a particular application is not only 
an urgent problem to be solved, but also a great 
challenge to be addressed in future work. 
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Abstract--This paper deals with the stability study of 

complex discrete systems, subject to parameters uncertainties 

or to nonlinear behavior. Based on augmented model 

technique and comparison principle, new systematic 

conditions to check asymptotic stability of the considered 

system are proposed. It’s shown that the obtained results can 

be interpreted, on one hand, in terms of the nominal model 

without uncertainties / nonlinearities conditions and, on the 

other hand, in terms of uncertainty / nonlinearity 

supplementary conditions. Illustrative examples are provided 

to show the efficiency of the proposed approach. 

Index Terms--uncertain system, nonlinear system, 

augmented model, stability, vector norm. 

1. INTRODUCTION 

Stability analysis of uncertain / nonlinear systems has 

been thoroughly investigated in the recent decades. In 

particular, several approaches have been proposed for 

robust stability analysis of complex systems subject to 

uncertainty parameters [1]-[2]. In the context of discrete-

time system, the most of results rely upon Lyapunov direct 

method. The development of this method started by using 

the quadratic Lypunov function for systems with time-

independent uncertainty [3]. In [4], bi-quadratic Lypunov 

function is developed to system subject to uncertain time-

varying parameters. In [5], a parameter dependent 

Lyapunov function, which is quadratic on the system state 

and depends in a polytopic way on the uncertain 

parameters, is constructed to systems with polytopic time 

varying uncertainty. 

Among the approaches, that successfully contributed to 

the stability analysis problem of dynamical systems, the 

comparison principle technique remains a general and 

powerful tool, dealing mainly with the complex system by 

seeking for a comparison system, with known asymptotic 

behavior, such that its (asymptotic) stability implies the 

(asymptotic) stability for the studied system [10]-[12].  

Augmented system technique is a useful approach 

introduced in the quadratic stabilization framework [6], to 

handle the problem where both state and input matrices, i.e 

A and B, are subjected to parameter uncertainty. It 

consists of introducing an additional dynamic by using 

dynamic state feedback instead of static feedback. 

Recently, this approach remains convenient for many 

applications such as the design of active suspension 

systems [7] and the spacecraft control [8]. 

Based on comparison principle associated with vector 

norms and the augmented system technique, unified and 

less conservative sufficient conditions for the robust 

stability of a class of uncertain or nonlinear continuous-

time systems are provided in [9]. In this work, by effecting 

analogous construction, our purpose is to give comparable 

profits to discrete-time systems. 

The remainder of this paper is structured as follows. 

Based on the augmented systems, robust stability analysis 

of a class of uncertain linear discrete-time systems is 

developed in Section 2 and nonlinear discrete-time 

systems in Section 3. Numerical examples are introduced 

in Section 4, to illustrate the efficiency of the proposed 

approaches. 

2. UNCERTAIN SYSTEM STABILITY STUDY USING 

AUGMENTED DISCRETE-TIME SYSTEMS 

In this section, we consider a class of closed-loop 

system subject to unstructured uncertainties, presented in 

the input matrix B, for which an augmented model 

description and sufficient robust stability conditions are 

formulated. 

A. System description 

Consider the class of closed-loop n-order uncertain 

discrete-time linear system of the form 

1k k k

T
k k

x Ax B

C x

ε

ε

+
� = +�
�

= −��

                          (1) 

where n
kx R∈  and k Rε ∈ are the state vector and the 

error, respectively. 
n n

A R
×∈  and 1nC R ×∈  are known 

constant matrices. 

In this section, 
1n

B R
×∈ is an uncertain input matrix 

such that  

0B B B= + ∆                                      (2) 
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1 2

T n
nB b b b R∆ = ∆ ∆ ∆ ∈� �� ��  is defined as the 

unstructured uncertainties of the nominal constant input 

matrix 0B . 

Then, the considered system can be described in state 

space, by the following difference equation  

( )1
T

k kx A BC x+ = −                           (3) 

By substituting (2) in (3) , it comes  

1 0( )T
k k kx A B C x Bε+ = − + ∆                      (4) 

Let us, now, define the augmented description of the 

studied system by choosing the state vector 1n
kX R +∈  

such that  

[ ]T T
k k kX x ε=                            (5) 

and consider the tracking error expression such that 

1 ( )T T
k kC A BC xε + = − −                      (6) 

rewritten in the form  

1
T T

k k kC Ax C Bε ε+ = − −                      (7) 

It comes the following state space description of the 

augmented system 

1k kX A X
+

+ =                             (8) 

with  

0

0( )

T

T T

A B C B
A

C A C B B

+
	 
− ∆

= � �
� �− − + ∆ �

              (9) 

and 
,

( 1) ( 1)
(.) { (.)}

i j

n n
A a R

+ + + × +
= ∈ which highlights the 

nominal characteristic matrix ( )0
TA B C−  of the closed-

loop system without uncertainties and the uncertainties 

vector B∆  isolated in the last column. The stability study 

of this system represented in augmented form (8)-(9) by 

using Borne-Gentina criterion [11]-[12] shows that it is 

possible to interpret the obtained sufficient stability 

condition as: 

- on one hand, nominal system stability condition,  

- on the other hand, a supplementary stability 

condition on the uncertainties. 

In the following, we will compare, by the use of 

augmented model description, the stability domain of the 

studied uncertain system with the nominal system one, i.e 

without uncertainties. 

B. Uncertain system stability conditions formulation  

The Borne and Gentina practical criterion [12] is 

generally used for nonlinear systems stability analysis.  

By the use of the vector norm p(X) defined such that 

,1 ,2 , 1

,1 ,2 , 1

( )= , , , ,

=[ , , , ]

T

k k k k n

T
k k k k n

p X X X X

X X X X

+

+

� �
� ��

�

           (10) 

for the system (8), it comes the following comparison 

system description  

1 ( )k kZ M A Z
+

+ =                          (11) 

with 1n
kZ R +∈  and 

( ) ( )1 1n n
M R

+ × +
∈  an overvaluing 

matrix defined such that [12]-[13]-[15]-[16]-[17]-[18]. 

{ }, , ,( ) : , 1,2, , 1i j i j i jM A m m a i j n+ + + += = ∀ = … +       (12) 

It is proved that the system (8) is stable if the 

comparison system (11) is stable [11]-[12]. 

Theorem 1: The uncertain linear discrete-time system 

(1)-(2) is stable if the following conditions are verified:  

i. The nominal discrete-time system characterized  

by the (A−B0C
T) is stable, i.e 

( )( )
1 2

0 1,...,
1 2

l
I M A l n

l

+ 	 

− > ∀ =� �

 �

�

�
  (13) 

ii.            det( ( )) 0I M A
+− >                 (14) 

Proof. Since the uncertainties terms B∆  are regrouped 

in the last column of the characteristic matrix M(A+) of the 

comparison system, with its off-diagonal elements non-

negative, stability conditions are deduced by applying the 

criterion of Borne and Gentina based on the verification of 

the positive definition of the n+1 principal’s minors of the 

matrix ( )( )I M A
+− . The n first ones give sufficient 

stability condition of the nominal system and the last one 

corresponds to a supplementary stability condition on the 

uncertainties. This completes the Theorem 1 proof. 

3. NONLINEAR SYSTEM STABILITY STUDY USING 

AUGMENTED DISCRETE-TIME SYSTEMS 

In this section, we addressed the study to a class of 

closed-loop systems with nonlinear input characteristic 

matrix, for which an augmented model is constructed and 

stability conditions are synthesized via the comparison 

principle technique and augmented system description. 

Consider the closed-loop n-order nonlinear discrete-

time system defined by  

1 (.)k k k

T
k k

x Ax B

C x

ε

ε

+ = +��
�

= −��
                      (15) 

and its corresponding linear system by 

1 1k k l k

T
k k

x Ax B

C x

ε

ε

+ +
� = +�
�

= −��
                      (16) 
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or, equivalently, by 

1 ( )T
k l kx A B C x+ = −                        (17) 

with: n
kx D R∈ ⊂ , A, C and lB  constant matrices with 

appropriate dimensions and ( ) 1. n
B R

×∈  a nonlinear input 

vectorial function.  

As shown before, let defined the augmented system, 

characterized by the matrix 
*
,(.) { (.)}i jA a

∗
= ( 1) ( 1)n n

R
+ × +∈  

such that 

( ) (.)
(.)

(.)

T
l l

T T

A B C B B
A

C A C B

∗
	 
− −
� �=
� �− −
 �

             (18) 

In this case, the nonlinearities are regrouped in the last 

column of A*(.). Then, it becomes possible to apply 

directly the Borne-Gentina criterion [11]-[12] to (i) 

evaluate the effect of the nonlinearities on the stability 

domain of (15) and (ii) compare the nonlinear system 

stability domain with the linear one. 

Theorem 2: The nonlinear discrete-time system (15) is 

asymptotically stable, if the following conditions are 

verified:  

i. The linear discrete-time system is stable , ie 

( )( )* 1 2
0 1,...,

1 2

l
I M A l n

l

	 

− > ∀ =� �

 �

�

�
      (19) 

ii.          ( )( )( )det . 0I M A x D
∗− > ∀ ∈     (20) 

with  

{ }* *
, , ,( (.)) (.) : (.) (.) , 1,2, , 1i j i j i jM A m m a i j n∗ ∗= = ∀ = … + (21) 

If 
n

D ≡ �  , the stability is global.  

Proof. By considering the comparison system  

1

* * *
( (.))

k kZ M A Z
+

=                          (22) 

obtained on the basis of the vector norm choice (10). The 

proof is similar than Theorem 1 proof. 

4. Illustrative Examples 

A. Stability study of the uncertain discrete-time system 

such that 0 +K K K= ∆  with 0 0.5K =  

Let consider the uncertain closed-loop second order 

discrete-time system shown in Fig. 1 such that; 

1 21 , 2s sτ τ= = , 0.1λ = , 0.2eT s= , 1
1

Te

d e
τ

−

= and 

2
2

Te

d e
τ

−

= . 

1 2

1

(1 )(1 )s sτ τ+ +

s λ+

0r =

kε y

(1 )
T see

s

−
−

eTε
k ku Kε=

Fig. 1: Studied uncertain closed-loop discrete-time system 

By choosing the state vector of the augmented 

model [ , , ]Tk k k kX y y ε= � , the characteristic matrix A
+

 of 

the augmented model, in this case, is such that 

1 2 2 1 1 2

1 2

1 2 1 2

1 1 2 2

1 20 1 1 2 2 0 1 1 2 2

1 2 1 2

1 2

1 2

1 2

0

1 2

-

1

1 -1

- -

-

-

d d d d

A K d d

K d d K d d

d d

d d
K

τ τ
τ τ

τ τ τ τ

τ τ

τ τλ τ τ τ τ

τ τ τ τ

τ τ

λ
τ τ

+

	 
	 
	 
 −
� �− −� �� � � �− −� � −	 
� �  �
� � � �� �= ∆−	 
 −	 
� � � �� �� � � � � �� �� � −� �  �� �� �� �� �� � � �− � �− � �  � �

	
+�

−�
−� 	 


� �� �− �

1 2 2 1

1 2
1 2

1 21 2

0

1 2

1 2 2 1 1 2
1 1 2 21 2

1 2 01 2
1

1 2 1 2 2 1

1 2 1 2

-

-

1
-

-

-

d d

d d
K

d d
K

d d d d
d d

K

d d Kd d

τ τ

τ τ

τ τ

τ τ

τ τ
λ τ τλ λτ τ

τ τ τ τ
τ

τ τ

τ τ τ τ

−
 	 

� � �

− 	 
� � �
∆ � �� � � � �	 
 − �� � � �− � �� �� � � �− ��  �

−
	 
	 
	 
 −
� �− � �� � � �− +	 
−� �� �  �− −� �� � � �� � ∆−  �� �� �+ +� � � �− − �  �

2

1 2

1 2

-d d

τ

τ τ

	 

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

	 
	 
� �� �� �� �
� �� �� �� �� �−� � �� �� �
� �	 
� �� �+� �� �� �� �−� � � � �

 

or 

0.99 0.168 0.009

0.09 0.69 0.086   

0.013 0.75 0.087 0.043

K

A K

K

+

	 
∆
� �

= − ∆� �
� �− − − ∆ −
 �  

It can be transformed in an arrow form characteristic 

matrix aA+  as 

1

0.927 0 0.103

0 0.754 0.15   

0.255 0.605 0.087 0.043

a

K

A P A P K

K

+ − +

	 
∆
� �

= = ∆� �
� �− − ∆ −
 �

P is a nonsingular transformation matrix defined such that 

k kX PX=
 

with 

0.934 0.578 0

0.357 0.816 0

0 0 1

P

	 
−
� �

= −� �
� �
 �  

Note that, arrow form matrices [18] are particularly 

more appropriate for the use of Borne-Gentina criterion 

and stability study, especially for large scale systems, [11]-

[14]-[15]-[16]-[17]. 

It’s clear that the nominal discrete-time system is stable 

since the eigenvalues of its characteristic matrix 0.927 and 

0.754 are in the unit circle. Then, by applying condition 

(ii) of Theorem 1, the uncertain system, with 0 +K K K= ∆  
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and 0 0.5K = , is asymptotically stable if the following 

supplementary stability condition on the model uncertainty 

is satisfied 

1.28 1.17K− < ∆ <  

B. Stability study of a second order nonlinear discrete-

time system  

Let consider here the nonlinear closed-loop second 

order discrete-time Lur’e system [19] of the Fig 2 

1 2

1

(1 )(1 )s sτ τ+ +

s λ+

0r =

kε y

(1 )
T see

s

−
−

eTε ( )k k ku f ε ε=

( )kf ε

 

Fig. 2: Studied nonlinear closed-loop discrete-time Lur’e system 

The considering linearized system can be obtained 

when ( )
k

f ε is constant, i.e ( )
k l

f fε = , with 
l

f a constant 

parameter. 

It comes the augmented model matrix ( )* .A  such that 

( )
( )

1 2 2 1 1 2

1 2

1 2 1 2

*

1 1 2 2

1 21 1 2 2 1 1 2 2

1 2 1 2

1 2

1 2

1 2

1 2

-

1

. 1 -1

- -

-

-

k

l
l l

l

d d d d

f
A d d

f
f d d f d d

d d

d d
f

τ τ
τ τ

τ τ τ τ
ε

τ τ

τ τλ τ τ τ τ

τ τ τ τ

τ τ

λ
τ τ

	 
	 
	 
 −
� �− −� �� � � �− −� � −	 
� �  � 	 
−� � � �� � � �= −	 
 −	 
� � � �� � � �� � � � � �� �  �� � −� �  �� �� �� �� �� � � �− � �− � �  � �

+
−

−

−

( )
1 2 2 1

1 2
1 2

1 21 2

1 2

1 2 2 1 1 2

1 2

1 2 1 2

1 2 1 2 2 1

1 2 1 2

-

-

-

-

k

l
l

d d

fd d

d d f
f

d d d d

f
d d d d

τ τ

τ τ ε

τ τ

τ τ

τ τ
λ λτ τ

τ τ τ τ
ε

τ τ

τ τ τ τ

−	 
 	 

−� � � �

− 	 
	 
 −� � � �
� �� �� � � � � �� �	 
 	 
 − �� � � �  �� � � �� � � �� � � �− �  � �  �

	 
	 
	 
 −
� �− +� �� � � �− −� �� �  �− −� �� �

−� �� �+� � � �− − �  �

( )
1 1 2 2

1 2

1 2

1 2

  

1

-

-

k

d d

d d

λ τ τ

τ τ

τ τ

	 

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

	 
−	 
� �
� �� �� �
� �� �� �
� �� �−� � �� �� �� �	 
� �� �+� �� �� �� �−� � � � �

or, numerically, for 0.5
l

f = , as 

*

0.99 0.168 0.009 ( ) 0.004

(.) 0.09 0.69 0.086 ( ) 0.25   

0.13 0.75 0.087 ( )

k

k

k

A

f

f

f

ε

ε

ε

	 
−
� �

= − −� �
� �− − −
 �  

which can be transformed in an arrow form characteristic 

matrix *(.)aA  as 

*

0.927 0 0.103 ( ) 0.51

(.) 0 0.754 0.15 ( ) 0.075   

0.255 0.605 0.087 ( )

k

k

k

a

f

f

A f

ε

ε

ε

	 
−
� �

= −� �
� �− −
 �  

It comes, for nonlinear closed-loop system, the stability 

property is satisfied, if its corresponding linear system is 

stable and condition (ii) of theorem 2 is satisfied, i.e the 

supplementary stability nonlinearity condition 

0.78 ( ) 1.67kf ε− < <  

4. CONCLUSION 

In this work, by using the augmented model description 

and Borne-Gentina criterion, new systematic stability 

conditions are deduced. The obtained conditions can be 

interpreted easily in terms of the nominal (resp linear) 

system stability conditions and in terms of supplementary 

conditions on the uncertainty (resp. nonlinearity). 

The study of a second order closed-loop discrete-time 

system has shown the simplicity of applying the proposed 

approaches, especially in the case when the arrow form 

matrix, is used for the studied system description. 
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Smart Energy Management Control for a Hybrid Renewable Energy 

System Using Dual Input-Single Output DC-DC Converter 
 

          

 

Abstract-- This paper presents an intelligent energy 

management control in a hybrid power system consisting of 
photovoltaic (PV), wind as main power sources and a valve 
regulated battery as the energy storage system. A double 
input DC-DC power Converter is adopted with fuzzy logic 
controller (FLC) to integrate both intermittent PV-Wind 
renewable sources to meet the DC load demand. FLC is 
used to control duty cycles of the converter thus extracting 
the optimum power from the hybrid generation system. 
The proposed management approach includes two control 
units. The first unit is used for the maximum power 
extraction, and the second is utilized to control the 
bidirectional converter in order to manage the energy 
exchange between the sources and the system storage 
according to climatic conditions and the load demand. 
Simulation results reveal the effectiveness of the proposed 
control approach. 

Index Terms-- PV-Wind system, dual input single output 

converter, FLC, battery storage system,  Energy 
Management. 

 
I. INTRODUCTION 

With the ever growing demand for energy, limited 

quantities of fossil fuel reserves and the environmental 

damage of these sources [1], the implementation of 

renewable energy sources has attracted more attention of 

academia, industry and researchers in many national and 

international institutions [2]. Then significant attempts 

have been made to improve reliability of the alternative 

power conversion system. In fact, from all renewable 

energy sources, "Wind" and "Solar" are world’s fastest 

rising resources due to their complementary nature. But 

unfortunately the adverse impact of meteorological 

conditions on the resulting power production of both wind 

and and PV generators can present a serious problem [3]. 
However, among the best solution to relinquish the 

intermittency generation and compensate the deficiency of 

the power caused by their random nature is to associate 

wind and solar sources with a storage system [4]. 

Therefore, adapting power of renewable sources to work 

reliably with energy storage systems can be a main 

challenge. Consequently, an efficient control and 

management strategy is required to enhance the power 

quality, to increase the flexibility and to improve the 

energy efficiency [5] by finding the best energy 

distribution between the diverse components of hybrid 

renewable energy systems (HRES). A developed 

technology of converters and devices is needed also to 

incorporate HRES. So in the present research, a battery is 

used as a storage system due to their great role in 

reinforcing HRES. It regulates and permits the micro-grid 

to run at a constant output in spite of the load and input 

power fluctuations [6]. Double input-single output (DI-

SO) DC-DC converter is used also thanks to its ability to 

accommodate diverse resources and integrate their 

benefits automatically [7]. The paper is arranged as 

follows. The description of the proposed HRES with 

dynamic modeling of each element is set in section II. The 

control strategy of the HRES design is illustrated in 

section III. Simulation results are introduced in Section 

IV. Finally, conclusions of the work are stated in section 

V. 

II. SYSTEM CONFIGURATION 

   The hybrid system has been integrated a PV panel, 

a wind turbine, a battery energy storage system 

(BESS) and a DC load. The PV-wind power sources 

are connected to the DC bus through the DI-SO/DC-

DC converter and the battery is connected through 

the bidirectional buck boost converter. The whole 

micro grid is given by figure 1. Characteristics of the 

constituents of the micro grid in terms of their rated 

capacities or powers are detailed in Table I. 

 

 

 
 

  Fig. 1. Block Diagram of the adopted Hybrid Renewable 

Energy System using DI-SO converter 
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Table I 
HRES SPECIFICATIONS 

 

HRES Component  Rated Capacity/Power 

Photovolaic subsystem         6 kWp 

Wind subsystem         3.8 kW 

Energy storage subsystem        8.11 kWh 

Load power demand       3.2 kWp 

 

 

A. PV Power Subsystem 

    Various models can be found in the literature to 

evaluate the solar generator power. The single diode solar 

cell model is exploited here. The equivalent circuit of the 

adopted model is shown in figure 2. 

 

 
 
Fig. 2. The equivalent circuit of the photovoltaic cell 

 

The diode current can be described by Shockley�s expres- 

sion as [8] : 

 
The leakage current caused by the shunt resistance Rsh is 

presented as: 

 
Applying Kirchhoff s laws to figure 2, the load current 

produced from the PV cell is given by following equation 

[9]: 

 
where, Vpv and Ipv denote the harvested voltage and 

current, Iph is the PV cell photocurrent, Is is the reverse 

saturation current, Rsh and Rs represent the shunt and 

series resistance respectively, n = 1 designates the diode 

ideality factor, VTh is the thermal voltage 

 

where K is The Boltzmann constant (K= 1,38. 10−23J/K), 

Tc indicates the temperature of the cell (in K) and q = 1,6. 

10−19 C is known as the electron charge). 

 

The evolution of the PV cell photocurrent Iph in terms of 

the temperature and the irradiation can be approximated 

by [10]: 

 
 

where Isc represents the photocurrent at STC (Standard 

Test Conditions), G is the solar irradiance and Ki = 0:0032 

defines the short circuit current temperature factor. 
 
    So a solar generator system is designed by an 

integration of a number of individual photovoltaic panels 

which are then combined into a single array to obtain the 

desired output power. 

 

 B. Wind Power Subsystem 

    The proposed wind energy conversion system consists 

of a wind turbine and the turbine has been coupled with a 

Permanent Magnet Synchronous Generator (PMSG). The 

generated output voltage from the PMSG changes with 

respect to various wind speeds, and a rectifier has been 

used to convert the generated output power to DC. In this 

work the wind turbine generator consists also of a fixed 

pitch angle � = 0 [11]. The fundamental equation 

describing the relationship between the output power of 

the wind turbine and the wind speed is presented by [12]: 

 

 
 

where � represents the air mass density (kg/m3), Awt is the 

swept area, Vw is the average wind speed in (m/s) and Cp 

denotes the power coefficient. It is a function of the tip 

speed ratio � and the pitch angle �. The relationship 

between these variables can be described as [13]: 

 

 
 

 

The tip speed ratio � is given as: 

 

 
 

Where �r is the angular speed (rad/s) and R is the blade 

radius (m). 

For the mathematical model of the PMSG, The line to line 

voltage of an ideal PMSG is presented as [14]: 
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where Kv is the voltage constant and �e denotes the 

electrical frequency. The rectified bus voltage in the 

steady output can be written as: 

 
 

With:  

          
 

where Idc designates the average rectified PMSG current, 

�m represents the mechanical pulsation, p is the number 

of pair poles and Ls denotes the stator inductance. 

 

C. Battery Storage Subsystem 

      The natural irregularity of wind-solar power in 

autonomous system necessities to integrate energy storage 

systems holding a reliable power supply. Batteries are the 

best solution for the smart grid thanks to their high 

specific energy. So in this work, energy storage device is 

composed of batteries. The generic battery model used in 

this simulation work assumes that the battery is consisted 

of an internal series resistance Rin and a variable voltage 

source Vbat. The voltage Vbat depends on the state of 

charge (SOC) which could be described below as [15]: 

 

 
where Cbat is the capacity of the battery. The SOC should 

respect certain limits to guarantee good performances and 

to optimize the battery lifetime. 

 

D. Dual input-single output DC-DC converter 

    The general circuit diagram of the studied double input 

DC-DC converter is shown in figure 3. Thanks to the 

topology which includes a different inductor in each layer, 

the converter can be exploited effectively in systems that 

require dissimilar voltage levels. As seen in this figure, to 

ensure the interoperability, input sources (Vpv, Vw) share 

the common output capacitor (C), which is connected to 

the load. The power control of each source can be 

achieved separately due to the propounded topology. 

 

 
 
   Fig. 3. Schematic Model of the integrated DI-SO converter 

 

   All state steady equations according to switch positions 

are summarized in table II, where dw, dpv represent the 

duty cycle of SW1 and SW2, respectively, and VL1, VL2 

are the voltage of L1 and L2 inductors. 

 

                                            Table II 
                                    STATE SPACE EQUATIONS 

 

   

   

   

   

   

 

 

  The output voltage gain can be deduced from table II as 

given in the following equation [16]: 

 

 
 

III. CONTROL STRATEGY 
     In this paper the control approach can be 

described in two steps. The first step is responsible 

for the power flow control of each input source which 

is very important to supervise the hybrid sources (PV, 

wind) for the maximum generation and the second 

step is the energy management control strategy. Each 

step is detailed on following: 

 

A. Design of Integrated FLC for DI-SO 

Converter 

           A FLC is designed for the DI-SO power 

conditioner to incorporate discontinuous energy sources. 

The FLC receives the potential of the two sources and then 

after input power data processing, it has generated the 

required duty cycle at the maximum power point of the 

considered resources [17]. The conceived FLC in this 

work contains a Mamdani inference engine to make a 

precise selection of power generators in right timing by the 

DI-SO/DC-DC interface. The wind power (Pwind) and the 
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PV power (Ppv) are introduced as the two fuzzy inputs. 

The generated duty ratio Dw and Dpv of the converter 

represent the output variables. Three fuzzy levels have 

been specified for the generated power of wind and PV 

which comprises High Power (HP), Average Power (AP) 

and Low Power (LP). For the output variables Dw and 

Dpv, the determined fuzzy levels are High (H), Medium 

(M) and Low (L). Fuzzy rules are planned as per Mamdani 

approaches and are summarized in table III and table IV. 

Surface diagrams of the constructed rules are illustrated in 

figures 4 and 5. 

 

                                    Table III 

                 

  

 

 

LP 

 

AP 

 

HP 

LP L M H 

AP M H H 

HP L H H 

 

 

                                    Table IV 

                   

 

 

 

LP 

 

AP 

 

HP 

LP       L M L 

AP M H H 

HP H H H 

 

 

 

 
Fig. 4. Surface diagram for Dpv 

 

 

 
Fig. 5. Surface diagram for Dwind 

 

 

B. Energy Management Supervision 

    In general, Energy management in hybrid renewable 

systems means keeping a balance between the energy 

generated by the input sources and the load demand while 

protecting the storage system from overcharge or deep 

discharge. The BSS is interfaced with the DC grid through 

a bidirectional DC-DC converter. Within the studied 

topology of the energy production and the battery storage 

system as described above, an energy management 

strategy system is suggested. In fact, the second controller 

is responsible for steadying the output voltage at the 

reference voltage (Vref ) and discharging or charging the 

storage system. It includes two regulator loops: an outer 

voltage loop and an inner current loop which is adopted to 

regulate the charging or the discharging current of the 

battery based on the load requirement. Figure 6 illustrates 

the suggested power management regulator which is used 

to control the bidirectional Buck-Boost DC-DC converter 

to charge and discharge the storage system and to maintain 

the output voltage at the desired voltage. 

 

 
 

Fig. 6. The battery controller 

      The charging and discharging operations of the ESS in 

the hybrid renewable energy system depend on the 

climatic conditions and the power requirements. These 

modes are monitored in accordance with the DC voltage at 

the BSS point of connection. So when the DC bus voltage 

is greater than the reference voltage, the charging process 

is activated and the bidirectional converter operates as a 

boost converter. Otherwise, when the DC bus voltage is 

lower than the reference voltage, the discharging process 

is activated and consequently, the converter operates as a 

buck circuit. 

 

     The power balance of the proposed HRES with the 

energy storage system can be given by [18]: 
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    The operating principle of the suggested power 

management approach is described by the flowchart in 

figure 7. 

 
 
Fig. 7. Flowchart describing the power management control of 

HRES 

 

     The used battery in this work’s state of charge (SOC) 

between 30% and 80% and the term Pnew observed in the 

flowchart can be determined at any time t by the following 

expression as: 

 

 
 

IV. SIMULATION RESULTS 

 

    In order to assess the performance of the proposed 

control process, The HRES is implemented using 

MATLAB/Simulink software under variable power 

sources and climatic conditions (irradiance, wind speed 

and temperature) as indicated on figure 8. 

 
Fig. 8. Evolution of climatic data 

 

      Then the initial SOC of the battery is selected at 50 % 

in order to evaluate the operation of the different elements 

composing the HRES. The main results are illustrated in 

the figures 9 to 13: 

      Figures 9 and 10 show the voltage and the power 

delivered by the wind and the PV systems. It seems clear 

that the yield of each source depends on the climatic 

conditions. 

 
Fig. 9. The output power and the output rectified voltage of the 

wind subsystem 

 

 
Fig. 10. The output power and the output voltage of the PV 

subsystem 

 

     Figure 11 represents the DC load power during the 

simulation. Figure 12 illustrates the battery voltage and the 

SOC. It is clearly observed that the voltage exceeds the 

nominal value (Vnom = 300V) during the simulation. The 

SOC of the battery is always between the limits predefined 

thresholds ( 30 % <SOC < 80 % ). So we can notice that 

the power generated by the wind turbine and the PV 

sources fully ensures the requirement of the load. 
 

 
Fig. 11. The load power 

 

 
Fig. 12. The battery voltage and the SOC 

 

     As it can be shown in figure 13, with the changing 

power, the DC bus voltage well follows the reference 

voltage (Vref = 400V ) with a good stability and a high 
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precision, presenting a significant advantage and 

confirming the effectiveness of the propounded system. 

 

 
                 Fig. 13. The DC bus voltage 

 

      Figure 14 shows the zoomed version of the DC 

voltage. It is observed that there is a voltage dip of 3V at 

the instant t = 1s when the inputs voltage of the both 

sources decrease. On the other hand, at t = 3s, it is noted 

that there is a voltage peak of 6,5V explained by the 

important increase of the input PV voltage. These results 

prove the efficiency of the control strategy for the 

proposed hybrid renewable energy system. 
  

 
                Fig. 14. Zoomed version of the VDC 

 

V. CONCLUSION 

      In this work, a HRES which comprised of wind, 

photovoltaic (PV) and a storage system have been 

presented on several aspects: dynamic modeling, control 

and simulation. In order to optimally manage the power 

gathered from the diverse available power sources, a 

supervisory control process consists of a local fuzzy logic 

control of the DISO/DCDC converter to extract the 

maximum power point has designed. A global control 

between renewable sources and the ESS to stabilize the 

DC bus voltage and to manage the power flow between the 

various devices has been implemented. The management 

approach has been developed and tested. Simulation 

results illustrate the performances of the proposed control 

strategy. 
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Optimized fuzzy logic controller for mobile 

robot navigation in unknown environments 
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Abstract—The autonomous navigation with obstacle avoidance 
in unknown environments is one of the fundamental challenges in 
mobile robotics field. There are various methods which offer a 
means to achieve this navigation mission in various types of 
environments, such as, the fuzzy logic based methods. However, 
the above mentioned methods does not lead to an optimal 
navigation, due to the manual construction of fuzzy logic 
parameters. Thus, this last should be tuned basing in one or multiple 
performance criteria in order to obtain the best set of membership 
functions parameters and fuzzy decisions able to move the mobile 
robot with the optimal manner. In this study, evolutionary 
algorithms, such as: Wind Driven Optimization algorithm 
(WDO),and, Differential Evolution algorithm (DE) are used to 
adjust the antecedent and consequent parameters of fuzzy rules in 
order to obtain the minimal distance travelled between initial and 
final positions in unknown environment. Simulation results 
demonstrate the effectiveness of Differential Evolution algorithms 
in the adjustment of fuzzy logic parameters. 

Index Terms—Mobile robot, Fuzzy logic controller, WDO 
algorithm, DE algorithm, unknown environment. 

I. INTRODUCTION 

In the last decades, the world is resorting to introduce 

mobile robots in all areas of every day human life, in order 

to improve the performance, reliability and accuracy of 

work. These mobile robots should be able to move whether 

in known environment (structured), in semi-known 

environment, or in unknown environment (unstructured). 

This topical challenge motivates researches to deepen their 

studies in the field of robotics in order to develop more 

efficient, optimal and robust control law, especially for the 

mobile robot navigation in unstructured environment. The 

autonomous navigation in unknown environment requires 

the use of reactive techniques which make the mobile robot 

able to react to any situation. 

According to literature survey, there are many techniques 

used to accomplish the reactive navigation task [4]. These 

algorithms can be generally classified into three categories: 

The first one includes deterministic algorithms, such as the 

fuzzy logic controller [20], the neural networks [16], and the 

neuro-fuzzy algorithm [17]. The second type contains non-

deterministic algorithms based on bio-inspired approaches 

and used for the reactive navigation of mobile robots, we 

can cite for example: 

The genetic algorithm [6], the Particle Swarm 

Optimization [18], the Wind Driven Optimization [5], 

etc. The third type includes evolutionary algorithms 

which are an hybridization of the fuzzy logic controller 

or the neural networks with non-deterministic 

algorithms. 

Fuzzy logic controller is good at explaining the 

decisions based on perception, however it can not 

automatically acquire the fuzzy rules used for making 

the best decision according to the given situation. In 

order to overcome this drawback coming from the 

manual assignment of fuzzy membership functions of 

inputs and linguistic values of outputs, several 

researchers resort to the hybridization of the fuzzy logic 

controller with non-deterministic algorithms in order to 

surmount his weakness and bringing out the strength of 

the other technique to find better solution by combining 

them. 

Many methods have been proposed in this context, 

Yousfi et al. [19] have used the gradient method based 

Takagi-Sugeno fuzzy controller to adjust the 

membership function parameters for the mobile robot 

navigation and obstacle avoidance. Juang et al. [14] 

have proposed an hybrid evolutionary Particle Swarm 

Optimization Fuzzy technique and the criteria used to 

demonstrate the efficiency of this technique used are the 

average speed and the traveling time. The motivation of 

this research is to expand the comparison area by the 

use of other nature-inspired algorithms for the 

optimization of TakagiSugeno fuzzy logic controller 

such as wind driven optimization algorithm (WDO), 

and differential evolution algorithm (DE). The rest of 

this paper is organised as follows. Section 2 presents the 

problem formulation. Section 3 is devoted to the 

presentation of the manually constructed fuzzy logic 

controller (M-Fuzzy) used. In section 4 a description of 

the third hybrid technique used (WDO-Fuzzy) is given. 

The fourth hybrid method (DEFuzzy) is detailed in 

section 5. Section 6 presents and discusses some 

simulation results and finally section 7 gives the 

conclusion. 

II. PROBLEM FORMULATION 

The aim of this paper is the optimization of type-0 

Takagi-Sugeno fuzzy logic controller for the navigation 

of non-holonomic mobile robot (Khepera IV) (see 

figure 1) in unknown environment. This mobile robot 

has two independently driven wheels and its command 

returns to acting on the speed of both wheels (left and 
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right wheels speeds). The kinematic model of the 

khepera IV mobile robot used in this study is given by 

[10]: 

�  (1) 

where ���and ���are the right and left wheel velocities of the 

mobile robot and ��is the angle between the direction of the 

mobile robot and the X-axis. 

 

� Fig. 1. The model of the mobile robot used (Khepera IV). 

III. MANUALLY CONSTRUCTED FUZZY LOGIC 
CONTROLLER 

In this section, the fuzzy logic controller (M-Fuzzy) 

whose inputs membership functions and consequences of 

fuzzy rules are manually constructed is designed for mobile 

robot navigation in unstructured environment. In this paper, 

the fuzzy controller has two inputs: distance (between robot 

and target or between robot and obstacle) and angle 

(between robot and target or between robot and obstacle) 

(see figure 2). Five gaussian membership functions are 

assigned for distance input. The range of this input is divided 

into five linguistic variables, namely Very Small (VS), 

Small (S), Medium (M), Big (B), and Very Big (VB). For 

the angle input, seven membership functions are assigned 

and the range of this input is split into seven linguistic 

variables, namely Negative Big (NB), Negative Medium 

(NM), Negative Small (NS), Zero (Z), Positive Small (PS), 

Positive Medium (PM), and Positive Big (PB). For outputs, 

this fuzzy logic controller has two outputs which are the two 

wheel velocities (left and right wheel velocities). The fuzzy 

inference system used in this work is that of type-0 Takagi-

Sugeno. Thus, the consequences of fuzzy rules are constants. 

The range of these outputs is divided into five linguistic 

variables, namely Zero (Z), Small (S), Medium (M), Big 

(B), and Very Big (VB). Figure 3 shows the membership 

functions of input variables (distance and angle), Figure 4 

illustrates the linguistic variables values of outputs (right 

and left wheel velocities), table I shows the fuzzy inference 

system of right wheel velocity and table II gives the fuzzy 

inference system of left wheel velocity. 

 

� Fig. 2. Control architecture for the navigation of mobile robot. 

 

� Fig. 3. The distance and angle membership functions. 

 

� Fig. 4. Numerical values for linguistic variables (���and ��). 

TABLE I 
THE FUZZY INFERENCE TABLE OF THE RIGHT WHEEL VELOCITY. 

�� 

   �    

NB NM NS Z PS PM PB 

� 

��� � � 	 	 � 
 � 
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 � � � 
 � ��� 

 � 
 � 
 � ��� ��� 
� � � 
 � ��� ��� ��� 
��� ��� ��� ��� ��� ��� ��� ��� 

In the next part, the evolutionary algorithms are used 

to adjust the type-0 fuzzy logic controller parameters to 

enhance his efficiency. The hybrid fuzzy architectures 

is shown in figure 5. The variables to be tuned are the 

membership functions parameters of inputs and the 

linguistic variables of outputs. 
TABLE II 

THE FUZZY INFERENCE TABLE OF THE LEFT WHEEL VELOCITY. 
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   �    
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 � 	 	 � � 
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 � 
 � 
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 � � 
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� Fig. 5. Bloc diagram of hybrid fuzzy techniques. 

IV. WDO-FUZZY METHOD 

The WDO (Wind Driven Optimization) is an optimization 

algorithm inspired from the motion of wind’s blows in the 

earth’s atmosphere which are trying to equalize the 

horizontal imbalance in the air pressure. This algorithm is 

applied on the infinitesimal small air parcels navigates over 

an N-dimensional search domain. This optimization 

algorithm is based on the Newton’s second law of motion 

[12] given by this equation [11]: 

� ����!"#���� (2) 

Where ��is the density of the air for an infinitesimally small 

air parcel, ��is the acceleration of an air parcel caused by the 

total force applied on it and ���represents the forces acting on 

the air parcel. The ideal gas law equation gives a relation 

between the air parcel’s density and temperature and the air 

pressure and is given by this equation [11]: 

� ��!"������� (3) 

Where ��is the pressure, ��is the universal gas constant, and 

��is the air parcel’s temperature. 

There are four major forces that cause the motion of wind 

(set of air parcels). The most important one is the pressure 

gradient force ����which is given as follows 

[11]: 

� ����!"  $ ������ (4) 

Where  �� is the pressure gradient and ��� represents the 

infinite air volume. 

The second force that cause the air parcel’s motion is the 

friction force ���which oppose to the motion started by the 

pressure gradient force and is given by this equation [11]: 

� ���!"$������� (5) 

Where ��is the friction coefficient and ��is the velocity 

vector of wind. 

The third force acting on the parcel’s motion in the 

three-dimensional physical atmosphere is the 

gravitational force ���which is a vertical force directed 

toward the earth’s surface and is given as follows [11]: 

� ���!"�������� (6) 

Where ��is the gravitational acceleration. 

The fourth force is the coriolis force ���caused by the the 

earth’s rotation and which deflects the path of wind 

from one dimension to another. This force is described 

by this equation [11]: 

� ���!"$��%���� (7) 

Where %"is the earth’s rotation. Therefore, the Newton’s 

second law of motion equation can be written as follows 

��

 

!��can be assumed to be equal to 1 for an infinitesimally 

dimensionless air parcel. So, this motion equation can 

be written as follows [11]: 

��!��!"���� "&"�  $ � "&"�$����� "&"�$��%�� " (9) 

By writing �� according to ���, the final form of the 

parcel velocity update equation is given by [11]: 

 

Where ��� �is the velocity in the next iteration, ���!�is the 

velocity in the current iteration, ���!� is the current 

position of the air parcel, ��"��is the optimal position of 

the air parcel, ��is the ranking between all air parcels, 

���#�!��$��!� is the velocity influence from another 

randomly chosen dimension of the same air parcel and 

��= -2.%.���. The function that updates the air parcel 

position is given by this equation [11]: 
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� ��� �!"���!�&"���� � � �� (11) 

The block diagram of Figure 6 shows clearly the 

WDO’s optimization routine. 

The figure 7 presents the membership functions of 

inputs after optimization. The tables III and table IV 

present the new values of rules consequences (right and 

left velocities) obtained after optimization. 

 

� Fig. 6. Structure of the WDO algorithm. 

 

� Fig. 7. Optimized inputs membership functions using WDO. 

TABLE III 
THE FUZZY INFERENCE TABLE OF THE RIGHT WHEEL VELOCITY TUNED 

USING WDO. 

�� 

   �    

NB NM NS Z PS PM PB 

� 

��� ��4 ��4 � � ��4 5�5� 4�� 
� 5�5� ��64 ��64 ��64 5�57 4�74 �7��8 

 4�76 5�57 ��64 5�58 4�76 �7��� �7��� 
� 4�7� 4�7� 5�58 4�7� �7��� �7�� �7�� 
��� �7�� �7�� �7�� �7�� �7��4 �7��4 �7��4 

TABLE IV 
THE FUZZY INFERENCE TABLE OF THE LEFT WHEEL VELOCITY TUNED 

USING WDO. 

�� 

   �    

NB NM NS Z PS PM PB 

� 
��� 4�� 5�6 ��4 � � ��4 ��4 
� �7�7 4�5 5�� ��4 ��4 ��4 5�� 


 �7�8 �7�8 4�� 5�� ��4 5�5 4�� 
� �7�8 �7�8 �7�8 4�� 5�5 4�� 4�� 
��� �7�8 �7�� �7�� �7�� �7�� �7�� �7�� 

V. DE-FUZZY METHOD 

The differential evolution (DE) technic is based on the 

choice of a population [13]. Each individual in the 

population is named ’target vector’ and is indexed with a 

number from 0 to number of individuals in the population. 

The principle of DE algorithm is to generate new vectors 

based on perturbations of the existing vectors. The 

perturbation is the scaled difference of two randomly 

selected population vectors. 

The optimization process by differential evolution is 

done in 3 steps: 

* Step 1: Creation of mutant vector (Mutation step: 

differential operation) 

In order to produce the mutant vector, DE adds the 

scaled vector difference of two randomly chosen target 

vectors to a third randomly selected target vector. The 

mutant vector is created by this equation: 

� %�&��!"�!�&��&"
���!�&��$"�!8&� �� (12) 

Where 
�is the mutation factor and !�&!�&!8 �&�&���&��which 

are randomly selected and are different from each other. 

* Step 2: Generation of the trial vector (Recombination 

phase) 

The trial vector is generated by replacing some target 

vectors with the corresponding mutant vectors. The trial 

vector is created by this equation: 

����!���'�9"( "�!�'�!"!���' 

(13) 

Where (� is the crossover coefficient and '� !" �&�&���&��

where ��is the number of optimized parameters. * Step 

3: Construction of the new generation (Selection) In 

order to construct the new generation, the fitness value 

of trial vector is compared to that of target vector of the 

same index and the vector which has the smallest fitness 

value is marked as a member of the new generation. 

The selection operation is done by this equation: 

� ��&�&�"!��&�� ���)���&� "9")���&� 

" (14) 

��&���*+� 

Where )�is the fitness function. 

This routine is repeated until a maximum number of 

iterations or a fixed goal is achieved. The block diagram 
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shown in Figure 8 represents the principle of 

differential evolution algorithm. 

The tuned membership functions of distance and angle 

are shown in figure 9. 

Tables V and VI present the outputs values (right and 

left velocities) after optimization. 

VI. SIMULATION RESULTS AND DISCUSSION 

In order to test each proposed approach (M-Fuzzy, 

WDO-Fuzzy, and DE-Fuzzy) and to compare their 

performances, we present these simulations scenarios. 

 

� Fig. 8. Structure of the DE algorithm. 

 

� Fig. 9. Optimized inputs membership functions using DE. 

TABLE V 
THE FUZZY INFERENCE TABLE OF THE RIGHT WHEEL VELOCITY TUNED 

USING DE. 

�� 
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TABLE VI 
THE FUZZY INFERENCE TABLE OF THE LEFT WHEEL VELOCITY TUNED 

USING DE. 
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A. Scenario 1 

In this scenario, the three methods are simulated in an 

obstacle-free environment. The mobile robot starts the 

navigation from the position  and 

arrive to the goal position ��)&�) "= �8��&8�� . The mobile 

robot trajectories obtained using these three methods are 

shown in figure 10. Table VII presents the simulation result 

in terms of distance travelled (mm). 

 

Fig. 10. Scenario1: Mobile robot trajectories using the three methods. 

TABLE VII 
SIMULATION RESULTS OF THE THREE PROPOSED METHODS. 

Method used Distance (mm) 
M-Fuzzy 78���8�� 

WDO-Fuzzy 7�4��7�� 
DE-Fuzzy 7�7�74�6 

From these results, we can conclude that the proposed 

DE-Fuzzy method allow us to obtain the shortest 

distance travelled. This result can be explained by the 

fact that the DE optimisation method has influenced 

both the distance and the angle inputs of the fuzzy logic 

controller as shown in figure 9. 

B. Scenario 2 

In this scenario, the methods are simulated in an 

environment which contains two wall obstacles. The 

mobile robot starts from the initial position ���&��&�� "

 and arrive to the goal position ��)&�) " = 

�8��&��� . The simulation results are shown in figure 

11 and table VIII. Simulation results show that the DE- 
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Fig. 11. Scenario2: Mobile robot trajectories using the three methods. 

Fuzzy method presents the best distance travelled. 

C. Scenario 3 

In this scenario, the three methods are simulated in an 

environment which contains three wall obstacles. The 

mobile robot starts from the initial position ���&��&��  
TABLE VIII 

TEST2: SIMULATION RESULTS OF THE THREE PROPOSED METHODS. 

Method used Distance (mm) 
M-Fuzzy 57���7�5 

WDO-Fuzzy 5�����78 
DE-Fuzzy �57��44� 

 and arrive to the goal position ��)&�) " = 

�8��&8�� . The obtained trajectories are shown in figure 12 

and table IX presents the distance results obtained using 

these proposed methods. 

 

Fig. 12. Scenario3: Mobile robot trajectories using the three methods. 

TABLE IX 
TEST3: SIMULATION RESULTS OF THE SIX PROPOSED METHODS. 

Method used Distance (mm) 
M-Fuzzy ��6��647 

WDO-Fuzzy ����7466 
DE-Fuzzy 747��8�5 

The DE-Fuzzy method presents the best distance travelled. 

These simulation results prove that the non-deterministic 

algorithms can optimize the manually constructed fuzzy 

logic controller in order to satisfy some performance 

criteria. Also, it is clear that the DE-Fuzzy controller is the 

best optimizer. this conclusion can be explained by the fact 

that the DE algorithm has optimized both controller inputs 

(distance and orientation), however, the WDO algorithm has 

optimized one input and this is due essentially to their 

different structure of algorithm. 

VII. CONCLUSION 

In this paper, a tuned fuzzy logic controller 

(WDOFuzzy,and DE-Fuzzy) has been designed and tested. 

A comparison between the three proposed methods 

(MFuzzy, WDO-Fuzzy, and DE-Fuzzy) has been made and 

various simulation tests has been executed in order to 

identify the performance of each proposed method to 

decrease the distance travelled. The DE algorithm has 

proved his efficiency in optimizing the distance travelled in 

most scenarios. 
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Abstract-- This paper investigates different photovoltaic 

configurations and their effect on the PV array efficiency, 

while this paper focuses in the optimization of the efficiency 

of photovoltaic power conversion chain. It provides different 

improvements on the electrical architecture and evaluation of 

shading effect in fact, for this latter we use two 

configurations, the series and the parallel connection of a 

converter that involves a major power transfer capability. 

Obviously, these two topologies have some advantages. Each 

power converter can control the power conversion of each 

module individually, which results in increased overall 

energy conversion of the entire system. The MPPT control 

system in this case can react effectively to atmospheric 

variations and to study the influence of the effect of partial 

shading different values of solar radiation concerning 

performance of PV cells. Taking the effect of irradiance into 

consideration, the output current and voltage characteristic 

of the photovoltaic system are simulated using the proposed 

by the different numerical methods in order to find the best 

method. We simulated and compared the different conversion 

configurations in order to find the best one in terms of 

efficiency and produced energy. The obtained results are 

very interesting; it allows the selection of the best PV 

topology and the best method evaluation of shading for a 

given application.  

Keywords: Photovoltaic Generator, Maximum Power 

Point Tracker MPPT, shading, performance, power, DC-DC 

Converters. 

1. INTRODUCTION 

Renewable energy resources are more and more 
consider by decision makers to have a fundamental role in 
the world wild energetic mix. Because of their 
independence from limited fossil and nuclear resources 
and their low impact on the environment they will become 
the only crisis-proof and reliable energy supply within the 
next decades. The world's major energy sources are not 
renewable and are faced with ever increasing demand, thus 
are not expected to last long. Besides being non-
renewable, these sources includes mainly of fossil fuels, 
contribute tremendously to the perennial problem of 
global warming [1]. Energy harvesting is the act of 
scavenging small amounts of power from the ambient 
energy resources. Such ambient energy can come from 
different sources such as solar, thermal, wind and kinetic 
energy [2]. These energies, which are additional to those 
available on the distribution grid, can be used to increase 
this available power, to supply isolated or autonomous 
sites and / or to reduce the frequency of charge / discharge 

cycles of batteries up to possible reducing of their need, 
thus allowing an increase in overall life of the energy 
production system. [3] [3]. 

Solar energy could be one of the significant sources as 
an alternative energy for the future. In regard to endless 
importance of solar energy, it is worth saying that 
photovoltaic energy is a best prospective solution for 
energy crisis [4]. The architecture of the power converter 
is important in a PV system. This structure determines the 
main characteristics of the photovoltaic installation, as the 
amount the PV modules need for the PV system and its 
type of connection. The effect of the partial shadowing or 
mismatch between PV modules in the energy production 
will also depend on the type of the architecture. 
Nevertheless, the price and cost of the PV also depends on 
the choice of the architecture, the choice will involve a 
bigger or smaller energy production and efficiency as well 
as an importance difference in the cost. For this reason, it 
is important to know different types of architecture in 
order to choose the correct PV architecture for each PV 
installation [5].Upgradeable PV systems should be able to 
except additional modules, to increase the plant’s power 

rating, and future module technologies without disrupting 
normal operation [6]. The upgradeability of topologies can 
be evaluated by detecting evolvable patterns, which they 
do not interfere with the overall operation. Furthermore, if 
modules need to be replaced during the plant’s lifespan, an 

upgradeable installation must easily integrate new 
components without degrading its initial performance [7]. 
Another important phenomenon in PV field is the 
mismatching effect of unequal voltage between strings that 
occur because of dissimilarity between the voltages of the 
modules in different strings. In order to solve this 
problem, blocking (string) diodes are used in each string 
to prevent the back feed current between strings. This 
method is beneficial but also has additional losses that will 
be added to the PV system losses.  

The losses due to partial shading are reduced because 
each string operates at its maximum power point. 
Additional strings can be easily added to the system to 
increase its power rating, thus, increasing the flexibility in 
the design of the PV system. This system increases the 
system efficiency, but with additional cost due to the 
increase in the number of inverters [8]. 

In this work, we perform study comparative between a 
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series and parallels connection different arrangements of 
PV modules with their associated power converters have 
been developed to increase power production and 
reliability of the solar generators and the simulated partial 
shaded array with difference with the numerical methods 
Analyses and simulation of the performance of the 
different configurations are presented tools are used to 
demonstrate that the proposed topologies provide 
improvement in efficiency over existing traditional PV 
systems. In the conclusion, the key show your results 
presented a potential research idea for future work in this 
field is proposed. 

2. PHOTOVOLTAIC ARRAYS 

In order to implement the cell into real application, a 
combination of cells forms different sizes where a module 
consists of connected PV cells in one frame, and an array 
is a complete PV unit consisting of connected modules 
with structural support [9]. 

 
Fig. 1.  Connection of PV module. 

 
Each PV array is comprised of parallel connected 

strings. Each string consists of multiple series connection 
of PV modules that provide the required voltage of the 
array. These structures can be used to supply power to 
scalable applications known as photovoltaic plants, which 
may be stand-alone systems or grid-connected systems 
[10]. Modules can be connected in different ways to form 
PV array. This is done for the sake of voltage/current 
requirement of the power conditioning units of the PV 
system.  In order to do that, a series and parallel 
connections of PV modules are needed. 
Shading and mismatch losses of PV system are considered 
very critical problems in the PV systems. Significant 
reduction in generated power from solar PV arrays occurs 
when the shading falls across some PV modules, leading 
to extra losses [11]. 

3. CONNECTION TOPOLOGIES OF CONVERTER 

The utility interactive system, the simplest system in terms 
of its number of components, can be configured with 
added components to serve its intended purpose and 
improve efficiency. These configurations can be classified 
into; series and/or parallel converter topology. The 
interconnecting different structures, new tasks that only 
with one converter cannot be achieved are reached. For 
instance, Many type of association can be envisaged, the 
series and parallel connection of converter involve a major 
power transfer capability. The series connections increase 

the voltage. The parallel connections are used to increase 
the current. 
A.Series-Connected DC-DC Converter Control Strategy 

In this paper the series-connected DC-DC converter 
system topology is composed of Boost converters that are 
assembled in strings. Each panel is then connected to a 
single DC-DC converter, as presented below Fig 2. 
In series connected ports, the voltages are added. Thus, 
higher voltage can be achieved in the output port, and 
therefore, this output port can be directly connected to a 
grid-tied inverter, assuring an adequate voltage level for 
its inversion and grid connection. Nevertheless, as all the 
output must have the same current level, the system often 
presents a big instability and its control a high complexity 
to resolve it, representing the biggest drawback of this 
kind of connection. [12]. 

Fig. 2.  String converter connected in series. 
 

The number of series-connected converters is directly 
linked to the required Boost voltage ratio in order to 

maintain a decent DC bus voltage. In normal operation, 
they participate equally to the string voltage. Hence, the 
output voltage of each Boost converter is VDC/N. 
Consequently, the more converters are placed per string; 
the lower is the voltage ratio for each converter. 
Considering normal operation of the PV system, the Boost 
converters can fulfill both MPPT and maintain a sufficient 
DC bus voltage. However, in degraded mode operation 
(ie. Partially shaded strings) the output voltage of the 
Boost converters may require an additional control 
strategy in order to limit over-voltage. [13]. 
This solution keeps the advantage of discretization power 
management and to achieve the required voltage level for 
proper operation sets panels DC-DC converter is then 
connected in series as a string of same manner as in a 
conventional structure. If illumination falling on a panel, 
the voltage produced by this panel will inevitably fall and 
the output DC-DC converter. Although the study of series 
connected PV converters is increasing, the parallel 
connection is still used today and many authors’ present 

innovative advances to find the best structure to this kind 
of structures. 
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B. Parallel-Connected dc-dc Converter Control Strategy 

The parallel connection of converters allows the 
connection of almost all the converters structures. Either 
DC-DC converters or inverters can be connected in 
parallel. Nevertheless, a successful selection of the 
paralleling scheme requires a firm understanding of merits 
and limitations of different paralleling schemes.  
         The paralleling scheme must be selected by taking 
the complexity, cost, modularity, and reliability into 
consideration. Various interactions among converters 
modules must be incorporated into the control design and 
system integration to ensure stability, reliability and good 
dynamic performance. [12]. 
The major advantage of these structures is the reduction of 
the thermal and electric stress in the components. As the 
charge is divided, a bigger power charge can be 
transferred without an increase in the power component 
stress. In this way, the system gains in robustness and in 
reliability.  
 

 

 

 

 

 

 

 

 

 

Fig. 3.  String converter connected in parallels. 

 

3. DC-DC CONVERTER CONTROL 

The DC-DC converter control strategy consists in 
extracting the maximum power of the PV array by 
determining the optimal input voltage reference. The 
voltage reference is set by using a MPPT algorithm which 
tracks the evolution of the PV array power in order to find 
the optimal voltage reference. [14]. The use of DC 
optimizers to extract the maximum photovoltaic energy is 
more widely used. These structures are placed next to the 
PV module, and they extract the maximum energy from 
the PV module in a distributed way. According to 
photovoltaic use forecast studies. [15]. The last proposed 
architecture to optimize power transfer, is to use a 
matching stage DC / DC controller with MPPT This 
management architecture corresponds to a discrete 
architecture In fact, each given field will have its own 
floor of adaptation to exploit the power available at the 
terminals of PV. Thus, approaching as close to the source 
of production, it is hoped to produce maximum power. 

The diagram in Fig.4 thus shows the principle of power 
control. 
 

 

Fig. 4. Simplest electrical scheme block of a typical power 
conversion chain. 

 
The main goal of a MPPT control is to automatically 

find at each time the VOPT and IOPT of a PV array and 
then to allow it to operate at its PMPP under given 
temperature and irradiance. Best MPPT control algorithms 
have to be fast, stable, robust, and efficient. MPPT 
methods, commonly used in widespread applications, are 
currently reported in the literature [16]. 

4. ANALYSIS OF DC / DC CONVERTER 

In this paper we describe and analyze a new way to 
measure characteristic curve by using DC-DC converters. 
The switching power converter DC-DC are widely used in 
photovoltaic systems to transform DC power between a 
voltage and another, and are also used in maximum power 
point tracker (MPPT). 
 The goal of the DC optimizer is to extract the 
maximum power possible from the PVG, placing the 
MPPT in a distributed way [17], [19]. The DC-DC 
converters concerned in this study are step-up voltage 
converters known as boost converters. The electrical 
scheme of the boost converter is reminded in the fig. (5). 
The boost converter is one of the simplest DC-DC 
converters. In a DC transformer the relationship of 
transformation can be controlled electronically by 
changing the duty cycle of the converter in the range  
[0, 1]. 
         In this study concerned of Si-IGBT (Insulated Gate 
Bipolar Transistor) switched mode converter able to 
produce a dc output voltage that is greater in magnitude 
than the dc input voltage [18]. 
Analysis of the DC / DC elevator is based on the 
equivalent circuit of the DC / DC converter in the light 
loss is shown in Fig. 6. 
 
 
 
 

 

 

 

 

 
            Fig. 5. Electric structure of the boost power converter. 
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Fig. 6. DC / DC converter voltage step S closed (a) and Step 
 S open (b) equivalent circuits. 

5. SIMULATION RESULTANTS AND DISCUSSION 

The simulations were done using MATLAB’s 

Simulink toolbox, for simulation of PV- generator and 
PSIM software for electrical circuits BOOST converter 
simulation while modeling BOOST converter is provided 
by PSIM. 
A. The converters are connected in series 

In the series topology of converter we have used two 
PV panels and two converters connected in series and 
controlled with an MPPT controller. The model of each 
converter is the same as each string converter for this case 
of simulation.  
The simulation resultants of Vs (output voltage), IS (output 
currant), and   η (efficiency) are shown in the following 

figures.   

 

 
 

 

 

 

 

 

 

Fig.7. Simulation results of the string converter connected in 

series. 

 

That means that the efficiency η increases rapidly with the 

power to reach a maximum yield of 77% -78 %. 
 
Damage on a single converter 

 

 

 

 

 

 

 

Fig.8. Simulation results of the string converter connected in 
parallels. 

That is the efficiency η increases rapidly with the power to 

reach a maximum yield of 61% -62 %. 

B.The converters are connected in parallels. 

The model of each converter is the same as each string 
converter, the two converters connected in parallel. 
The simulation resultants of Vs (output voltage), IS (output 
currant), and η (efficiency) are shown in the following 

figures:  

 

 
 

 

Fig.9. Simulation results of the string converter connected in 
parallels. 
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Damage on a single converter 

 

 

 

 

 

 

 

 

Fig.10. The yield effect in case of single converter damage. 
 
In the case of damage on a single converter, it is 

noticed that the efficiency η increases rapidly with the 

power to reach a maximum yield of 80% -82 %.     
 

C. Simulation and Evaluation of Shading Effect on GPV 

Connection of Two Converters by Numerical Methods 

 

The Converters are Connected in Series 

 
The following characteristics (I-V) represent the 

association of two BOOST in series with a variation of 
sunshine by different values (1000-950-900-850-
800W/m2). This curve is obtained by an enhancement of 
fart defined by different numerical methods uses 
(Analytical, B.Shapmine, Euler, P. Domand). 
Consequently the result obtained by the methods of Euler 
and B. shapmine represents the best improvement methods 
between poor times compared to other method. 

 

 
 

Fig.11. The characteristics of (I and V) for two BOOST in series 
with the evaluation of the shading effect by the different 

numerical methods. 
 
The converters are connected in parallels. 

 

 
 

Fig.12. The characteristics of (I and V) of two BOOST in 
parallels with the evaluation of the shading effect by the different 

numerical methods. 
 

The following characteristics (I-V) represent by the 
association of two BOOST in parallels with a variation of 
sunshine by different values (1000-950-900-850-
800W/m2).This curve is obtained by an enhancement of 
fart defined by different numerical methods uses 
(Analytical, B.Shapmine, Euler, P. Domand). 
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Consequently the result obtained by the methods of Euler 
and B. shapmine which represents the best improvement 
methods between poor times compared to other method. 
 

6. CONCLUSION 

In this work, we have studied in details use two 
configurations, the series and the parallel connection of a 
converter that involves a major power transfer capability 
can be connected in series and/or parallel. The approach 
adopted in this paper was based on a comparison study 
between series and parallel architectures and evaluation of 
shading effect in the different configurations. 

Different simulation tests were conducted on these 
two topologies. The obtained results confirmed our 
expectations. In the distributed topology, the series 
connections are used to increase the voltage. However, 
these structures are instable and request for complex 
control system. Whereas the parallel connected are the 
more popular and used structures. Indeed, these structures 
allow the improvement of efficiency and are normally and 
taking the effect of irradiance into consideration, the 
output current and voltage characteristic of the 
photovoltaic system are simulated using the proposed by 
the different numerical methods in order to find the best 
method. Avoiding the problems due to the mismatching of 
them. In this way, the system can extract the maximum 
power of the PV. This was the motivation behind this 
work. As future work it is important to compare these 
simulation results to experimental ones for the different 
PV arrays architectures. 
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