ol R Gad il syl gadall
People’s Democratic Republic OF Algeria
Qalell 2ulll ¢ @llell aglesil d5159
MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH
Rsg3— sl @ s=ll aeadl mpandl Zealy

Echahid Chelkh Larbi Tebessi University-Tebessa
Liaslga2sll o polell £4l20
Faculty of Science Technology

Department of Electrical Engineering

Master Dissertation

In obtaining of MASTER Degree - ACADEMIC
Domain: Sciences and Technology

Sector: Automatic
Speciality: Automatic and Systems

TOPIC

Robust control of a wind turbine based on a permanent

magnet generator by state feedback linearization.

Presented by:
- Abir Kamel

- Ikram Brakni

Board of Examiners

- Abdalhak Loudjani President
- Amel Bouchemha Supervisor
- Sami Kahla Co-supervisor

- Youcef Soufi Examiner

Academic Year : 2022/2023




ol R Gad il syl gadall
People’s Democratic Republic OF Algeria
Qalell 2ulll ¢ @llell aglesil d5159
MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH
Rsg3— sl @ s=ll aeadl mpandl Zealy
Echahid Chelkh Larbi Tebessi University-Tebessa

Liasloadll ¢ polell a4l

DEPARTEMENT DE GENIE ELECTRIQUE
MEMOIRE
DE FIN D'ETUDES POUR L'OBTENTION DU DIPLOME DE MASTER EN
Domaine : Sciences et technologie
Filiere : Automatique

Spécialité : Automatique et systeme

THEME

Commande robuste d'une éolienne basée sur une
génératrice a aimants permanents par linéarisation a

retour d'état.

Présenté par le binbme :

- Abir Kamel

- Ikram Brakni

Devant le jury :

- Abdalhak Loudjani Président
- Amel Bouchemha Rapporteur
- Sami Kahla Co- rapporteur

- Youcef Soufi Examinateur

Année universitaire : 2022/2023







Acknowledgement

First, we thank Almighty Allah for having granted us
Health, courage and the means to pursue our studies.
The will, patience and luck to complete this work.

We would like to thank our supervisors Professor Bouchemha
Amel and Doctor Kahla Sami for supporting us, for your guidance,
your advice and your scientific abilities. Your skills were our great
support, as well as your availability and especially your kindness
which we appreciate very much, for the freedom that you have
given us and the responsibilities that you have entrusted to us have
contributed greatly to the formation of our personality and our
autonomy in our work.

We would also like to thank all the members of the jury. We would
for the support and attention they gave us throughout the entire
throughout the examination.

Finally, we cannot forget all the people at University of Cheikh El
Arbi Tebessi. We thank them sincerely for having given us this
level of study, this level which has our real support and backing

during this work and it will continue to do so throughout our along

our professional academic path.




DPDEDICATION

j;z order te be jratef'uf to those who have JuJaJoortez[ and encounyez[ me in this
research work, J dedicate this thesis :

Jo my very dear fatﬁder fbr his moral support, and fér all the féefz’nja“ gp aﬁéctz'on and
Jove whick are the Joiffar o]p af/ my e]9[$>rtef.

33 my dearest mother.
Jo all the members OJC my ﬁmz’fy, without e.xcg;otion.
%n([ to all those who hold- my success dear to their hearts.
j dedicate this thests to m rst relatives:
54
c?(? my mother who Joa&&ecf aWay not fonj ago, j /7(2799 that ;%ffa/f will kave ?Z'Ew
\?‘ZZn}/.
Jo my mum who was afum(}/& b:}/ my side in joocf times and bad.
Jo my brothers and sisters.
j dedicate this thesis to all my teachers tﬁroujﬁout my student fz’fé.

ﬁf also dedicate this thests to all my friends.
94

Abir Kamel




DPEDICATE

j thank z;%ffa/f, the %j%&t, the %fméy/ft}o who Fas bestowed upon me b:}/ ?:Fw  grace

the Spirit and refzc'gz'on, who says in the decisive revelation: H%Ju[ over every

"
possessor cf knowledge .

j dedicate this jrac[uatz'on to the one who taujﬁ% me to jz've and to the one whose name

J bear with Jon'([é. (ﬂsz-goz'to K

z;%nc[ to whom her Jufffz'catz'on was the secret 9f my success, and . she Jout me on the
Joatﬁ (?f‘ fz"fé and took care of‘ me untif j became a c77‘eat Hj‘;zjlma”

Jo my brothers and sisters who have fad a cyreat z'mfact on many ohstacles and”

cﬁﬁqcuftz'ea «&nt[a, tﬁawfz’, z;%mz'n, (C/tvzﬁdeb_, %ﬁmecf, ;%Ec[ af cggﬂm. &Fam»
Jo the ﬁrm@n’ famz'fy
o all my ﬁz’entﬂf, «{ﬁ?m/fa, cﬁjﬁdem, Giada, %’at, Lines, @mc{}/ma, alferm >

also dedicate this graduation te my professors tn the Lollege o ctence an

I also dedicate this grad:  p fie Gollege of S &

ygc/fnofyy, :ﬁg]aartment (ff‘ ffectrz'ca/ fnjz’neen’nj, goecz'afz'zz'nj n automatz'gue
and.. systems

Eéi'naffe}/, my Stncere t/t?tm@* to all those who reached out and’ /;ebaec[ to Jaror[uce this
J‘tut[jl to the fuffe&t.

Ikram Brakni




Acronyms and Symbols

Acronyms

DC/AC Direct current/Alternative current
DC/DC Direct current / Direct current
FLC Feedback Linearization Control
INC Incremental conductance

IPC Indirect power control

HAWT Horizontal-axis wind turbines
Lie Lie derivation

MAS Asynchronous machine

MPPT Maximum Power Point Tracking
MSC Synchronous machine

NC Nichols Chart

ORB Optimal relation based

oT Optimal Torque

PSF Power signal flow

P&O Perturbation and Observation
Pl Proportional Integrator

PMSG Permanent Magnet Synchronous Generator
TSR Tip Speed Ratio

VAWT Vertical-axis wind turbine

WECS Wind Energy Conversion System
Symbols

Co Power coefficient

Cpmax Limite de Betz du coefficient de puissance
dEc Kinetic energy of the wind (J)
G multiplier gain

Jn Total shaft moment inertia

Ly, L, Lg Stator inductance.

P Number of poles.

Paer Aerodynamic power [W]

Pm Mechanical power [W]

R Wind turbine rotor radius[m].
Rch Charge resistance

Rs Stator resistance.

u(t) Control input

V(t) Wind velocity [m/s]

B Rotor blade pitch angle [rad.]



Aopt
Ma
M
Fem
O
Qtn
On
DOm

Tip-speed-ratio (TSR)

Optimal tip-speed-ratio
Aerodynamic torque

Wind turbine torque
electromagnetic torque

Angular velocity [rad/s].
Nominal angular velocity [rad/s].
Generator shaft speed [rad/s]
Magnet flux

Density of air [kg/m?3]



Fig.l.1
Fig.l.2
Fig.l.3
Fig.l.4
Fig.l.5
Fig.l.6
Fig.l.7
Fig.l.8
Fig.l.9

Fig.1.10
Fig.1.11
Fig.1.12
Fig. 1.13
Fig.1.14:

Fig.I1.1

Fig.11.2
Fig.ll.3
Fig.1l.4
Fig.1l.5
Fig.1.6
Fig.I.7
Fig.1.8
Fig.1l.9
Fig.1l.10
Fig.ll.11
Fig.11.12
Fig.11.13
Fig.11.14
Fig.11.15
Fig.lll.1
Fig.11l.2

List of figures

Wind energy conversion Principle diagram........cccccecveveve e cceevenieiccceecceeen, 4
Different size and power of wind turbines over the years.........cccccecvevrernnene 5
Wind tUFDINE tYPES ettt r e st sre e e eesaens 5
Vertical axis Wind TYPeS....cuecciee ettt e s s 6
Horizontal axis wind turbine designs........cccvvveeieceeceevieeec e 7
Wind turbine configurations..........ccoceveee e 7
Horizontal axis wind turbine parts.......cecveveve e 8
Main internal components of a wind turbine nacelle.........ccccceveveiennnnene 8

a) Wind power operating region; b) typical variable and fixed wind speed

POWEE CUTVES..ciiiiueeiireeritesstteesreeeiseessaesssssessssesssesensresessessssessnssessssesssesessesesnnes 10
Wind column KiNetiC ENEIZY......coviverererieiereee et 11
Current tube around @ wind tUrbine.........ccoeiviviienncrece e 11
Aerodynamic power coefficient as a function of (TSR)......ccccceververeiiecinnnnne 12
Asynchronous machine connected directly to the grid.......cccccevvvviverenee. 14

Wind energy system based on the permanent magnet synchronous
NACKHTINE .. ettt st st e et e e e esbestesaesreeb e s e aeene e s 15
Block diagram of Permanent magnet synchronous generators in WECS

systems; (a) Complete and (b) Equivalent diagram.........cccccevevvecrecceeneenen. 17
Mechanical system of the turbine.........ccovverecceve e, 20
Simplified turbing MOdEel........ocooi i 21
Diagram of the WECS system based on PMSG.........cccccvveevecenveineirecveenens 21

Block diagram of turbine model........cccccceveeeeeieenieiecee e 22
Transition from a three-phase system (permanent magnet)..................... 22
Equivalent Electrical model in reference frame (d, )...ccceveeveeevveveevevevennenee. 24

Feedback linearization control of PMSG-based WECS...........cccocverrvernnnee. 26.
MPPT with the optimal specific speed (TSR).....ccccccvreeeereereenrveenreerieeeee e 27
Diagram of PSF MPPT algorithmM.......cccoveceevieieiiie et e eeens 28
MPPT based Optimal torque control (OTC).......covecvevereeee e 28
State-feedback CONTrOl........occuvciiiecc e 31

Feedback linearization control of PMSG-based WECS...........ccccooeeverrerrnnne 32
TSR control based on Pl controller...........coceevereece s 32
Mathematical calculation of (k;, ) and (T, )eeveevveecerrennnerre e 33
WECS Block Diagram without MPPT CONtrol........ccccceueieiveiveecese e 36
PoWer COETFICIENT Cpurrrriririeviciirtce sttt st s st et s 37



Fig.lll.3
Fig.l1.4
Fig.ll.5
Fig.ll.6
Fig.l1.7
Fig.1I1.8
Fig.l1.9
Fig.I11.10
Fig.ll.11
Fig.l1.12
Fig.ll.13
Fig.l1.14
Fig.l1.15
Fig.I1.16
Fig.l1.17
Fig.I1.18
Fig.l1.19
Fig.111.20
Fig.ll.21
Fig.I1.22
Fig.I1.23
Fig.I11.24

TiP SPEEA FALIO Attt sttt et ste st st e s e s et s s easenesreeteeees
MEChANICAl POWET Priueeeieieeceece et ettt se et ste st st s e s s e s eas s ensetesaeannann
MPPT control simulation using a Pl controller diagram block..........cccoeverevinennnen.
MPPT control simulation via Feedback linearization controller diagram block....
Wind speed profile with [ow disturbance.........ccocccueevininenece e,
Power coefficient Cp (t) for a FL controller versus a Pl controller..........................
Specific speed A (t) for a FL controller versus a Pl controller...........cccccceveeereerene...
Generator speed for an FL controller versus a Pl controller..........cccevvvvevveeiennene.
Turbine speed for a FL controller versus a Pl controller..........cccouveeeiiecceeciecieenen,
Electromagnetic torque for a FL controller versus a Pl controller...........ccceoueu......
Aerodynamic torque for a FL controller versus a Pl controller..........c.cccevervennenee.
Electrical power for a FL controller versus a Pl controller........ccccceeeecveveeceeneeereenne.
Mechanical power for a FL controller versus a Pl controller..........cccccveevecveenennene.
Wind speed profile with high disturbance..........coovvveecinicice e
Power coefficient Cp (t) for a FL controller versus a Pl controller..............cou.......
Tip speed ratio A (t) for a FL controller versus a Pl controller...........ccoueveveeveeeeennn.
Generator speed for a FL controller versus a Pl controller...........cceveeecenieneenee..
Turbine speed for a FL controller versus a Pl controller..........cccvvvvieiveecieccieneenne..
Electromagnetic torque for a FL controller versus a Pl controller..........ccccueeuene...
Aerodynamic torque for a FL controller versus a Pl controller........ccccocovvieevennenns
Electrical power for a FL controller versus a Pl controller..........ccoeceeveneeiincenennne.

Mechanical power for a FL controller versus a Pl controller..........ccceeeevneineenene



List of tables

Table I.1 Classification of Wind tUIrDINES........ccoeviiiiiiiieeeec e e e sreeree 4
Table llIl.1 Parameters of the low-power (3-kW) WECS equipped with PMSG....................32



Abstract

Wind energy conversion systems (WECSs) are considered generators, environmentally
friendly, and fully suitable energy sources to replace fossil energy sources. The presented work is
dedicated to the study and modelling of linear and robust control strategies for the maximum
power extraction of an autonomous wind energy conversion system based on a permanent
magnet synchronous generator (PSMG) under different wind speeds and which is of small power
intended for the electrification of isolated sites. Mathematical models of each part of the chain
are developed and simulated using Matlab/Simulink. In addition, the maximum power point
tracking (MPPT) of the WECS based on PMSG is controlled to ensure optimum operation. For this
reason, we used a robust control technique based on feedback linearization control, where the
system's non-linearity problems and parametric uncertainty are considered, ensuring robustness
of the control to potential disturbances and enabling maximum power to be extracted under
stochastic wind conditions. The performance of the designed controller was compared with the
conventional Pl controller for low turbulence stochastic wind speed and high turbulence stochastic
wind speed.

Keywords: Wind energy conversion system (WECS), MPPT, PMSG, classical PI, feedback
linearization control.
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Résumé

Les systemes de conversion de |'énergie éolienne (SCEE) sont considérés comme des générateurs
respectueux de Il'environnement, et comme des sources d'énergie parfaitement adaptées pour
remplacer les sources d'énergie fossiles. Le travail présenté est consacré a l'étude et a la
modélisation de stratégies de contréle linéaires et robustes pour l'extraction de puissance
maximale d'un systeme autonome de conversion d'énergie éolienne basé sur un générateur
synchrone a aimant permanent (GSAP) sous différentes vitesses de vent et qui est de petite
puissance destinée a I'électrification de sites isolés. Les modeles mathématiques de chaque partie
de la chaine sont développés et simulés a l'aide de Matlab/Simulink. En outre, le suivi du point de
puissance maximale (MPPT) du SCEE basé sur le GSAP est contr6lé pour assurer un
fonctionnement optimal. Pour cette raison, nous avons utilisé une technique de contrdle robuste
basée sur le controle de linéarisation par rétroaction, ou les problemes de non-linéarité du
systeme et l'incertitude paramétrique sont pris en compte, assurant la robustesse du contréle aux
perturbations potentielles et permettant I'extraction d'une puissance maximale dans des
conditions de vent stochastiques. Les performances du régulateur concu ont été comparées a
celles du régulateur Pl conventionnel pour une vitesse de vent stochastique a faible turbulence et
une vitesse de vent stochastique a forte turbulence.

Mots clés: Systeme de conversion éolienne (SCEE), puissance maximale, GSAP, PI classique,

linéarisation en retour d’état.
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Chapter I: Wind Power Generation Systems

General introduction

Global demand for electrical energy is increasing steadily, especially with the advent of
new technologies for industrial, electronics and computer equipment environmental pollution and
the greenhouse effect are posing global economic problems and crises. Various solutions have
been proposed and considered. After the oil crisis, some countries took the lead in going nuclear,
while others made massive use of renewable energies, particularly wind power [1-40]. Countries
are becoming increasingly interested in producing electricity from wind power in order to produce
clean, sustainable energy, and the advanced state of research in the field of wind power shows a
desire to develop ever more powerful wind turbines capable of capturing the power available in

the wind as effectively as possible [1-40].

The random nature of the wind is the key to determining the power output of WECs. Nevertheless,
there are solutions that can be used to improve power output, such as adjusting turbine blade
profiles, locating installation sites, improving generators, tracking power output, etc [1-40]. The
Maximum Power Point Tracking (MPPT) algorithms for WECS are optimal, and the power output of
WECS is optimized. Maximum Power Point Tracking (MPPT) algorithms for WECS are optimal and
the output power of the wind turbine is f and the most efficient because they are flexible in
controlling different variable wind speeds and suitable for all types of WECS. Nevertheless,
Maximum Power Point Tracking (MPPT) algorithms for WECS are optimal and the most efficient
because they are flexible in controlling different variable wind speeds and are suitable for all types

of WECS [1-40].

In the wind power industry, wind turbines installed worldwide are currently based on either fixed-
speed or variable-speed turbines. Variable-speed wind turbines were introduced to provide
solutions to the problems of fixed-speed operation. Among the various types of electric machine,
we find the Permanent Magnet Synchronous Generator (PMSG), which is characterized by high
torque density, very low inertia and low inductance. All these features give the machine high

performance, efficiency and controllability.

The main problem with wind power systems is the major discrepancy between the irregular
nature of the primary source (wind speed is a random, highly non-stationary process with
turbulence and extreme variations) and the extremely demanding regulation requirements on
power quality [4]. Various robust control structures dealing with the design of different types of

control schemes for PMSG-based variable speed wind systems can be found in the literature [11]:
1
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Optimum Tip Speed Ratio (TSR) control, sliding mode control, power signal feed-back (PSF), sliding
mode control, and intelligent control. One approach to designing a robust controller can be based
on the Feedback Linearization Control (FLC) because the proposed power wind system (PMSG-
WECS) is considered highly nonlinear systems [7-11,20-40]. This method is widely used in the
design of robust controllers for non-linear systems with uncertainty. The system is globally
linearized based the feedback linearization method, and the maximum power point tracking
control law is obtained. The objective of this work is to study and design a robust TSR control
strategy based on FLC technique to extract the maximum power from a PMSG-WECS system under

a stochastic wind speed.
Il. Dissertation Organization

The main purpose of our work is to model and control a small power (3KW) wind turbine

conversion system. It will be organized into three chapters.

¢ |n the first chapter, we dealt with theoretical concepts on the wind turbine system, defining
the process of converting wind energy into electrical energy, the types of wind turbines and
electrical machines used with the WECS. The advantages of using the permanent magnet

synchronous machine in the wind energy conversion chain.

¢ |In second chapter, we devolve into the modelling and simulation aspects of a wind energy
conversion system (WECS). We focus on a specific type of WECS, namely a wind turbine based on
permanent magnet synchronous generator (PMSG). we explain the fundamental principles of
PMSG operation and its suitability for wind energy applications. Then the mathematical model of a
PMSG-based wind energy conversion power system is studied and expressed. Finally, we present
the design of an input-state feedback linearization controller for the wind energy conversion

system and TSR based on PI controller.

e In the third chapter, we present the simulation results obtained with a detailed interpretation
of the performance of the low-power wind energy conversion system (3KW) by Pl and feedback
linearization controllers in three wind speed cases (no disturbance, low disturbance, and high

disturbance).

Finally, we will end this master dissertation with a general conclusion encompassing the work and

research prospects for future work.
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Chapter I: Wind Power Generation Systems

I Introduction

In the recent years there has been an increasing awareness about the climate
change (global warming) and the harmful effects of carbon emission [3-25]. This created a
higher demand for clean and sustainable energy source like: wind, solar, biomass, tidal etc.
In this context, wind is a particularly attractive option. Wind energy is a renewable energy
source characterized by the lowest cost of electricity production and the largest resource
available [1-25]. Electric energy is generated from wind using a wind turbine and an electric
generator. The generated energy can be used either for standalone loads or fed into the
power grid through an appropriate power electronic converter. The wind energy has
experienced the biggest growth in the past few years. This is because wind energy is a
pollution-free resource, has an unlimited potential. Wind power is capable of supplying
hundreds of megawatts of power, but the main challenge associated with wind energy
conversion is the wasted potential wind power due to changing wind conditions. With each
change in wind velocity, the system must be corresponding adjusted to its optimum
operating point to allow maximum power transfer. Wind energy systems are either fixed-
speed or variable-speed wind turbine systems [1-25].

The purpose of this chapter is to present some of the key concepts related to wind
energy conversion systems (WECS). We will present the standards related to the definition
of a wind turbine, the electrical machines used and the types of wind turbines used in
WECS in general. The last part is dedicated to the description of the wind turbine, its

components, the different types and the operating strategies (fixed speed, variable speed).
Il Theoretical concepts about wind energy

I.L1. Wind Energy Conversion System

The wind energy conversion system (WECS) contains wind turbines and converter
converters. Using wind turbines to extract the wind’s mechanical energy, the generators
convert it into electrical energy, and the converter system is in charge of transferring the
generated energy to the power network or a battery bank [6]. The wind turbine converts
part of the kinetic energy of the wind into rotating mechanical energy. This energy is
transmitted through a drive system, usually consisting of a speed multiplier, an electric

generator to produce electricity (see Fig.l.1).
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Fig.l.1: Principle diagram of wind energy conversion

11.2. Classification of wind turbines

Wind turbines are classified according to several factors, namely: mode of operation,
location ‘Offshore’ (placed in the sea) or ‘Onshore’ (placed on the land), and power ranges [7]. The
wind turbine consists of two types based on the axis in which the turbine rotates. Turbine which
rotates around a horizontal axis (HAWT) is more common than other the type of turbine which

rotates around a vertical axis (VAWT) [8].

1.2.1 Wind generators according to the power ranges

Depending on their power, wind turbines can be divided into three categories rated output
power, so there are Small wind turbines, medium and high wind turbines Power. The following
table summarizes the three categories of wind turbines according to the power they deliver and

the diameter of their blade:

Scale Blade diameters Power value
Low power <12m <40 KW
Medium power 12to45m 40 KW to 1 MW
High power >46 m >1 MW

Table I.1: Wind turbines classification [9].
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Fig (1.2) shows the increase in the average size of wind turbines commercial with time.

50 kW
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Fig.1.2: Different size and power of wind turbines over the years [10]

11.2.2. Types of Wind Turbine Rotors

Wind turbines are classified according to the geometric arrangement of their shaft on which is
mounted the propeller in two types: DARRIEUS vertical axis wind turbines, SAVONIUS mainly and

with horizontal axis bipales, tripales and multi-blades [11] (see Fig I.3).

Rotor
Diameter

Rotor |
Diameter

j Rotor _»
Y= Blade

Generatar

/ \ Gearbox __ | ~J] -

Horizontal Axis Vertical Aous

Fig.1.3: Wind turbine types.[9]

11.2.2.1. Axis Wind Turbine (VAWT)

There are two main types of VAWTSs, the Savonius and the Darrieus. The Darrieus uses
blades similar to those used on HAWTS, while the Savonius operates like a water wheel using drag

6
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forces [13]. The blades rotate around a vertical axis, the turbine is in an optimal position to use
this wind. They are the first wind turbines to be used in energy conversion principle of operation is
that it rotates around an axis that is perpendicular to the wind direction and vertical to the
ground. This type of turbine can receive wind from any direction [14]. In addition, the controls,
generator and multiplier are located at ground level, making maintenance easy. There are mainly

three types of VAWT (see Fig. 1.4)

Fig.l.4: Vertical axis wind turbines. [9]

11.2.2.2 Horizontal Axis Wind Turbine (HAWT)

They are the most popular and widely used in high-powered wind farms. The electrical
generator and the main rotor shaft are generally placed at the top of a tower for a HAWT [16].
They produce more energy and are less exposed to mechanical stress than vertical axis turbines.
The HAWT has a design which is required that should be faced into the wind to obtain maxim um
power, this process is called yawing [17]. They consist of one or more blades. Due to the trade-off
between cost, power coefficient, and rotation speed that characterize three-bladed wind turbines,

they are currently the most widely used [18].

In general, the turbine is connected to the shaft of the generator through a gearbox which moves
the slow rotation of the blades into a faster rotation that is more suitable to drive an electrical

generator [19].
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a) b) c) d) €)

a) three-bladed b) two-bladed c) single-bladed d) multi-bladed e) multi-bladed with

Fig.l.5: Horizontal axis wind turbines Design. [15]

There are two types of horizontal axis wind turbine configurations (see Fig 1.6):

» Upwind rotor: The wind blows across the front of the blades towards the nacelle. The
blades are rigid, and the rotor is steered in the direction of the wind by a device.
» Downwind rotor: The wind blows on the back of the blades from the nacelle. The rotor is

flexible, self-steering.

Wind Direction Wind Direction
—— —
—- —-
ﬁ ﬁ
Downwind Turbine Upwind Turbine

Fig.1.6: Downwind and Upwind rotors.

lll. Principle elements of Horizontal Axis Wind turbines

The HAWT consists generally of three blades, supported by a hub forming the rotor and
installed at the top of a vertical mast. This assembly is attached to a nacelle housing a generator.
An electric motor steers the rotor so that it always faces into the wind. As shown in the above
figure, the HAWT consist of several mechanical parts. Some of the parts work to generate the

electric power and some parts for protecting the turbine [20].
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Fig.l.7: Horizontal axis wind turbine parts. [21]

- Tower (mats
Generally a steel tube, or possibly a wire mesh, supports all the equipment used to generate
electricity. Its role is to support the rotor and nacelle assembly to prevent the blades from
touching the ground and to place the rotor at a sufficient height, to take the rotor as far as

possible out of the wind gradient that exists close to the ground, thus improving energy capture.

- Nacelle
A housing which contains all the components which is essential to operate the turbine efficiently is
called a nacelle. It is fitted at the top of a tower and includes the gear box, low- and high-speed shafts,
generator, controller, and brakes. A wind speed anemometer and a wind vane are mounted on the nacelle

(see figure above).
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Figure 1.8: Main internal components of a wind turbine nacelle [22].
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- Rotor

The hub and the blades together compose the rotor. The rotor is the rotating part of a wind
turbine, capturing and transforming the wind's energy into mechanical energy. The blade of a
wind turbine is in fact the real collector of the energy present in the wind, whose number
classically varies from 1 to 3; the use of three-bladed rotors is predominant in all medium and
high-power machines (> 30 kW). Wind turbine power is proportional to the square of the
rotor diameter. There are two types of rotor: fixed-speed and variable-speed [23].

- Blades

Wind turbine blades are used to extract the kinetic energy of wind and convert to
mechanical energy. These blades are made up of fiber glass-reinforced polyester or wood-epoxy.
Wind turbines have one or two or three or multiple blades based up on the construction. Most of
the HAWT have three blades [23].

- Hub

The hub is the component holds the transmits motion and the rotor together to nacelle and
it transmits the loads that which are generated by the blades, most of the hubs are made of steel
either cast or welded and there are three main types of them that have been applied in HAWTSs:
Rigid Hub, Teetering Hub et Hinged Hub [23].

- Gearbox

The Gearbox is used in wind energy systems to change low speed high toque power coming
from a rotor blade to high speed low torque power which is used for generator. It is connected in
between main shaft and generator shaft to increase rotational speeds from about 30 to 60
rotations per minute (rpm) to about 1000 to 1800 rpm [23]. Gearboxes used for wind turbine are

made from superior quality aluminium alloys, stainless steel, cast iron etc.

- Generator
This alternator converts mechanical energy into electrical energy. The simplest and most
robust generators are induction generators. The output rotational mechanical energy of the gear box is

connected to the generator through generator shaft. It works on the principle of 'Faraday's law of

electromagnetic induction". It converts mechanical energy into electrical energy [23].
IV. Aerodynamic power control mechanism of WECS

IV.1. Wind Turbine Operating zone (Power Curve)

10
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It is important to understand the relationship between power and wind speed to determine the
required control type, optimization, or limitation. The Wind speed power characteristic has four

zones [28]:
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Fig.1.9: a) Wind power operating region; b) typical variable and fixed wind speed power curves [24]

4+ Zone |: where P:= 0 (the turbine does not provide power).

Zone Il: The wind speed is within the domain [Vs, Vn] corresponds to wind energy
conversion. The zone where it is possible to optimize using MPPT system.
4+ Zone lll: The power developed by wind turbine is limited to the nominal power Pm.
4+ Zone IV: where the safety system stops the rotation and the transfer of energy.
Recall that controlling the pitch of the blade and speed of the generator are the most effective
methods to adjust output power. The following control strategies use pitch and generator speed
control to manage turbine functionality throughout the power curve: fixed-speed fixed-pitch,
fixed-speed variable-pitch, variable-speed fixed-pitch, and variable-speed variable-pitch. Figure

Fig. 1.8 (b) shows the power curves for variable and fixed wind speed power [24]

IvV.2. Conversion of kinetic energy of the wind into mechanical energy

The kinetic energy contained in the wind is transformed in part into mechanical energy by
the turbine blades, then into electrical energy via a generator. The kinetic energy of a column of

air of length dx of density p section S animated by a speed V is written (see Fig.l.6) [25]:

1
dEc = E.p.A. dx. v? (1.1)

11
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dx
ig.1.10: Kinetic energy of a wind column.

IV.2.1 Power Coefficient (Betz's Law) [26]
The horizontal axis wind turbine system shown on which the wind speed v; upstream of

the wind generator and the wind speed v, downstream of the generator.

2
P (1+?)(1+%)
¢, =m = 1 1 L2)

P; 2

Figl.11: current tube around a wind turbine

The coefficient of power of a wind turbine basically signifies the conversion efficiency of
the wind energy of the wind into mechanical energy, which in turn is used to drive the generators.
The theorem of the German physicist Betz shows that the maximum energy recoverable in the
wind by the rotor is equal to 16 / 27, or 59.3% of the total energy of the of the total wind energy.
In reality, this limit is never reached, and each wind turbine is defined by its own power coefficient
expressed as a function of normalized speed (Tip-Speed-Ratio) A. The following figure shows the
typical characteristics of the aerodynamic power coefficient (), for different rotor types. The
power coefficient represents the ratio between the power of the rotor and the power available in

the wind [25].

12
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Fig.1.12: Aerodynamic power coefficient as a function of A [25]

The maximum efficiency of the turbine is therefore [25]:

16
=37 Cpmax (1.3)

Cpmax :The maximum value of the power coefficient C,,. This value is associated with a nominal
specific speed 4,,; for which the turbine has been sized according to a nominal wind speed and a

nominal rotational speed.

The mass of moving air passing through this tube in a second is given by the product of air density,

surface area and mean velocity [27]:

p. A(v1 + vz)

: (1. 4)

mgo =

With p: Air density under normal temperature and pressure conditions (Approximately 1.25kg /m?3

at atmospheric pressure at 15C°) andA: Circular area swept by the turbine.

The actual power extracted by the rotor blades is the difference between the upstream and

downstream wind powers [28]. The expression of the aerodynamic power becomes:

Ry = my A2¥) (.5)

Either by replacing m, by its expression in (1.5), we obtain:
(v1 + v)(vf —v5)

P,=p.A 7 (L. 6)

13
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A theoretically undisturbed wind would cross this same surface A without any reduction in

174 3
speedvy; the corresponding power would then be: Pmt = pA f

IV.2.2 The specific or normalized speed (Tip-Speed-Ratio)

The specific or normalized A is defined speed as the ratio of the linear speed at the tip of
the turbine (; x R; blades on the instantaneous wind speed V and given by the following

expression [28]:

A:QtXRt (17)
V .

With R;= Blades radios (m); V = Wind velocity (m/s) andQ;: Angular velocity (rad/s).

IV.2.3 Torque coefficient
The torque coefficient Cy is quite close to the power coefficient C,. It is very useful to
estimate the value of the torques for different operating points, in particular at speed (); zero,
which corresponds to a value of C, zero for a value of C7 not zero. By combining equations, the
mechanical power P,, available on the shaft of a wind generator can be expressed by [29]:
1
P, = > CpO\)anzV3 (1.8)

Hence the expression of the torque is:

P, R.P, Cpl
I, =—= = =2~ pnR3V?2 L

The value of the torque coefficient is determined by the following formula:

c - T L1
i u E— (1.10)
7p1TRtV2

The expression of the mechanical power available on the generator shaft can be expressed by:

p=1c (%) R, V3 (1.11)
m = 2P \Ggy,

V. Wind turbine Configurations and topologies

14
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Numerous electrical machines can be used as generators for wind turbines. These include
asynchronous machines, synchronous generators and DC motors. In the wind turbine industry,
synchronous and asynchronous generators are the most widely used. Depending on the type of
operation, the type of generator and the environment in which the wind turbine is installed, there

are several configurations. The most common of which are fixed speed and variable speed [30].

V.1 Fixed speed turbine

Fixed speed wind turbines were the first to be developed. In this technology, the generator is

directly coupled to the grid via a transformer. Its mechanical speed is then imposed by the

frequency of the grid and the number of pole pairs in the generator. The fixed speed configuration
can be represented in a simplified way by the diagram figure (I. 12). The wind energy conversion
chain consists of the turbine, the speed the turbine, the speed multiplier and the generator [30].
The fixed mechanical speed is imposed by the grid frequency and the number of pole pairs. The
power control for this configuration takes place at turbine level, either by aerodynamic stall, or by
variable blade pitch to approximate synchronous operation and it is equipped with a speed

multiplier to adapt to the speed of the turbine and generator.

| Mlultiplier
energy transfer direction

@ -r network
._J.l

P

Fig.1.13: Asynchronous machine connected directly to the grid [29]

V.2.Variable Speed Systems

Variable speed wind turbines (VSWTs) have become the most dominant type among the
installed wind turbines during the last 10 years [29]. Characteristic for variable speed wind
turbines is that they are designed to operate with variable rotational speed. To optimize the

power output according to the wind conditions, it is desirable to be able to adjust the speed of the
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wind turbine. The idea is to create a generator with a fixed frequency and variable speed. The
variable-speed generator allows operation over a wide range of wind speeds, thus recovering
maximum power while reducing noise pollution when operating at low wind speeds. With variable
speed, the system is regulated so that for each wind speed, the wind turbine operates at

maximum power. This is the principle of Maximum Power Point Tracking (MPPT).

Several generators can be used. In our work, we will study and analyse an energy
conversion chain based on a permanent magnet synchronous generator (MSAP), offering the
possibility of direct coupling between the wind turbine rotor and the MSAP without a speed

reducer (see figure below). This technology solves the problems of wind turbines operating at low

speeds.
Multiplier

| energy tranfer dirsction
Il_.‘ll
I

EEEee— ||I\_/l

|

I'-..l'

Fig.1.14: Wind energy system based on the permanent magnet synchronous machine

VI. Conclusion

In this chapter, we have given a brief description and some basic notions of wind turbine
technologies, with emphasis on the different types of turbines. An aerodynamic study of
horizontal axis turbines has also been made. The behaviour of different wind turbine
configurations was investigated. The next chapter will be devoted to the presentation and
mathematical modelling of the various parts making up a wind energy conversion chain based on a
GSAP operating at variable speed. Next, we will develop the proposed approaches for controlling

the wind energy conversion system.
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l. Introduction

Among the various types of available wind turbines, the wind energy conversion systems
(WECS) based permanent magnet synchronous generator (PMSG) are widely for variable speed
wind turbine systems because of their simple mechanical structures, their reliable operations,
their medium and high power, their energy efficiency and except initial installation costs [31]. The
most important issue in the use of wind energy conversion systems is to ensure maximum power
extraction in terms of efficiency because the main problem with wind power systems is the major
discrepancy between the irregular nature of the primary source (wind speed is a random, highly
non-stationary process with turbulence and extreme variations) and the power quality [32]. This
chapter deals with the feedback linearization control (FLC) of PMSG based variable speed wind
turbine power system. Because the WECS based PMSG is a nonlinear system, the system is
globally linearized based the feedback linearization method, and the maximum power point
tracking control is obtained. The autonomous wind power systems are isolated power producing
systems connected to a local grid [32]. This chapter will focus on the modelling and performance
analysis of FLC control strategies for maximum power extraction of the variable-speed
autonomous WECS based on PMSG under different stochastic wind speeds. The wind system

structure adopted in our study consists of a 3KW three-bladed wind turbine.

Il. Model of the Wind Energy Conversion System

I.1. Aerodynamic Part

Wind energy is captured and transformed into mechanical energy through the wind turbine
blades and then transformed into electrical energy by the PMSG. The variable speed with constant
frequency adjustment method is mainly adopted when the PMSG wind energy conversion system
changes widely between the cut-in wind speed and the optimal wind speed. The maximum wind
energy conversion and the optimal wind energy coefficient are obtained with adjusting the rotor
speed of the generator [24]. The diagram of a PMSG wind energy conversion system is illustrated

in Fig. 1l.1.
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Fig.ll.1: Block diagram of Permanent magnet synchronous generators in WECS systems [33];
(a) Complete and (b) Equivalent diagram.

11.1.1. Model of the wind

It is very important for the wind industry to be able to describe the variation of wind
speeds under optimal conditions. Wind is the main source of energy to operate a wind turbine, so
it is necessary to know its mathematical model [34]. A typical (stochastic) wind model representing
the energy of the wind source will be established to test different control strategies in the
presence of turbulence. In our study, the evolution of wind speed as a function of time is modeled
by an analytical function or generated by a statistical law from measurement data for a given site
(climatic and geographical data). Wind speed signal is thus modeled by a superposition of several

harmonics, in accordance with: [24]

V, () = A+iaksin(a)kt) (11.2)

k=1

With A: the mean value of the wind speed; aiand wx: are respectively the amplitude and pulsation
of the harmonic of order k andi: the rank of the last harmonic used in the calculation of the wind

profile. In our work; the wind speed profile is given by:
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V (t) = 7.5+0.2sin (0.1047t) + 2sin (0.2665t ) +sin (1.2930t ) + 0.2sin (3.6645t) (11.2)

11.1.2. Aerodynamic model of the wind turbine

A wind turbine converts kinetic energy from the wind to drive the wind turbine rotor,
which is connected to a generator producing electricity. The maximum power output from the

wind turbine is limited by the power coefficient Cp which is a function of the tip speed ratio A.

The expression for power captured by the wind turbine is defined as follows:

P, =%.p.A.V3 (11.3)

Where p: Air density (estimated 1.25Kg/m3); A: is the circular area swept by the turbine [m?]

andV: velocity wind.

The mechanical power extracted from the wind (Aerodynamic power) appearing on the turbine

rotor is defined as follows:

=C,.P :%.Cp(ﬂ,ﬂ).Ap.\/s (1.4)

aer prw

Cp(A, B) : The aerodynamic power coefficient of the turbine (B: Blade pitch angle; A: the tip speed
ratio (TSR)). The power coefficient evolved as a function of A for different values of 8, The

maximum power is obtained for an optimal tip speed ratio and a fixed-pitch turbine § =0 .

The aerodynamic torque coefficient Cr(A) can generally be described by a polynomial

function (polynomial regression) of the specific speed A. In our study, it is defined by:
Cr(4)=a,A"+aA° +a,4" +a,4° +a,4° +al + 3, (1.5)

With:

a, =—4,4.107;a,=1,3027.10a, =—6,5416.10 ;a, =—9,7477.10 *a, =0.0081;a, =-0.0013;a, = 0.0061

The pitch angle is considered fixed [9].

To obtain maximum power from the PMSG-WESC, the speed ratio at the tip of the blade
must be adjusted. To do this, the rotor speed must be regulated according to the variation in wind
speed, so that the wind energy system can operate correctly [9]. The theoretical upper limit of the

power coefficient Cp_maxis given by Betz's limit [9]:

18



Chapter Il: Modeling and Feedback Linearization control of WECS in autonomous mode

16
C =—=0.59 1.6
pmax 27 ( )

This limit is in reality never reached, and the best machines with horizontal axis, two-blade or
three-blade, are at 60-65% of the BETZ limit because of aerodynamic losses, which depend on
rotor design and construction (number of blades, weight, rigidity, etc.) [9]. Then we deduce the
aerodynamic efficiency by:

16

U_E pmax (1.7)

Cpmax :being the maximum value of the power coefficient C,,. This value is associated with a
nominal specific speed Aopt for which the turbine has been dimensioned according to a nominal

wind speed V;, and a nominal rotation speed (2, ( Aopt=7).

The wind turbine provides the mechanical torque of the shaft according to the expression of the

wind torque by:

P, 1
I,=—"==pr.R*V.C.(1 1.8
w Qt 2p7z- w F( ) ( )
With C,(4)=C.(2)*2 (11.9)

R . . .
w; , Where w, is the rotational speed of the turbine

The tip speed ratio can be expressed as: 1 =

on the low-speed side of the gearbox.

In the context of our work, the aerodynamic torque of a 3kW wind turbine is approximated by the
following equation:

r,=dV2+dVvQ, +d,0 (1.10)
1
dy =.mpR%aq ap = 0.1253
With: d, = l.npR4a1 ;da; = —0.0047
2 a, = —0.0005

d3 = 1/2 Tpa,
Where T,,: is the aerodynamic torque, ();: Angular velocity and V: wind speed.

I.2. Modeling of mechanical part
The mechanical system of the wind turbine is composed of four parts and can be

represented as shown on the figure below [35].
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Let's consider a mechanical part of the turbine comprises with three steerable blades of
length R. They are attached to a drive shaft rotating at a speed Qturbine and which is connected to a

gearbox of gain G. This gearbox drives the electric generator (see Figure below)

Bbi1

Kb = turbine
TrB1
_’
db # f blade £ mec
Bb2 Kb Kh
——\AA—
TrB2 2 & Je Cg
——
Dh
——— -
' i
Bb3 Kb
i
F blade
_——
". + * >
Blades Driwve shaft . Generator

Fig. 1.2: Mechanical system of the turbine

The mechanical system of the wind turbines plays a big role in the energy transformation. The

essential and simplifying assumptions for the mechanical modelling of the turbine are: [35]

The three blades are considered identical in design and therefore have the same parameters:
o thesameinertia Jp44e
o the same elasticity K,
o the same coefficient of friction with respect to air d,,
= The blade drive shaft is characterized by: the inertia J,; the elasticity K;, and the friction
coefficient to the gearbox d,
= The speed multiplier, of gain G.

* The rotor of the generator has: inertia J4; a friction coefficient d,

This rotor transmits a torque (I) to the electric generator and rotates at a speed noted(2,,... If
we consider a uniform distribution of wind speed on all blades, and therefore equality of all thrust
forces (TB1 = TB2 = TB3), then we can consider all three blades as a single mechanical system,
characterized by the sum of all mechanical characteristics [35]. On the other hand, the

aerodynamic design of the blades means that their coefficient of friction with respect to the air is
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very low and can be ignored. Similarly, as the turbine speed is very low, friction losses are
negligible compared to friction losses on the generator side. The result is a mechanical model

with two rotating masses (Fig. I.3), driven by aerodynamic torque [24].

Qr Qm
| P
J, P/
I, J,
— Py

Fig.11.3: Simplified turbine model

1.2.1 Model of the multiplier

A gearbox is often used in a wind turbine to increase the rotational speed from a low-speed

main shaft to a high-speed shaft connecting with an electrical generator (see figure below).

‘4rt wmt

1 I | I
Turbine Low-speed shaft T Generator
Gearbox

High-speed shaft

Fig.1l.4: Diagram of the WECS system based on PMSG.

This speed multiplier G is mathematically modelled by the following [24]:

G — Qmec

Ft”r (I1.11)
G — aer

r

The synoptic diagram of the dynamic model of the turbine based on these equations is given in the

following figure.
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Fig.I1.5: Block diagram of turbine model
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11.2.2 Modeling of the Permanent Magnet Synchronous Generator

Electrical generator is the main device converting wind energy into electric power. The
permanent magnet synchronous generator (PMSG) has the property of self-excitation, which
allows an operation at a high power and a high efficiency [36]. The structure of PMSG comprises a
three-phase winding in the stator. The rotor excitation is created by permanent magnets in the
rotor. These magnets are assumed to be rigid and to have a permeability close to that of air. Its
operating principle is based on synchronization between the magnetic fields produced by the
stator and the rotor. In order to accurately reproduce the generator's behaviour in transient
regimes, we are building a dynamic model of PMSG. The representation of the variables in the
Park reference frame is shown in the following figure, where axis (d) is the directional position of
the permanent magnets and axis (q) is in quadrature with direction (d).

al
Pe + fas
-
_-’ l’al

Fig.l.6: Transition from a three-phase system (permanent magnet synchronous
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The following simplifying assumptions are used to model the PMSG [37]:

e The absence of saturation in the magnetic circuit

e The sinusoidal distribution of the MMF created by the stator windings
e Hysteresis is neglected with eddy currents and skin effect

e The notching effect is negligible

e Winding resistance does not vary with temperature

a. Mechanical part (Dynamic equation of the drive shaft)

The mass of the wind turbine is transferred to the turbine shaft in the form of inertia note: | =
Jturbine @nd includes the mass of the blades and the mass of the turbine rotor. The proposed
mechanical model considers the total inertia J consisting of the inertia of the turbine carried over
to the generator rotor and the inertia of the latter [38]:

J=1J

+J (11.12)

turbine generator

The fundamental equation of dynamics allows us to determine the evolution of mechanical

velocity from the total mechanical torque I'm applied to the rotor [38]:

Ih =gTm — Ty (11.13)

With Q,=0,xG and whereJ,: Is the moment of inertia brought back to the high-speed shaft.
Qp,m,Tgand G are respectively, generator speed, efficiency, electromagnetic torque and
multiplier ratio.

b. Electricals equations

The electrical equations of the electric machines in the fixed reference frame linked to the

stator are described by [39]:

Vga ISa d lll]sa
Vsb| = Rs | Lsp +- Ysp (11.14)
VSC ISC lpSC

With:R; : Resistance of the stator phases; [Vi,VepVic]” : Voltages of the stator phases; [Isqlsplsc]7 :

Stator phase currents and [, WspPsc]T : The total flux through the stator.

The equivalent electrical model of PMSG /Equivalent Load in the (d,q) is represented by the

electrical diagram in (see Fig. 11.8)
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Fig.Il.7: Equivalent Electrical model in reference frame (d, q) [40]
The PMSG dynamic equations are expressed in the d-q reference frame by the following equation

[40]:

Vsa = —Rsisq = La - isq + WeLqisa s,

Vg = —Ryisq — Lq 5 isq + We(Laisa = dm) '
with Rg: Stator resistance per phase; Ly, L,: Direct-axis and quadrature stator inductances
respectively; Vg4, Vsq: Two-phase stator voltages in frame (d-q); isq, isq: TWO-phase stator currents
in frame (d-q); w,: Electrical angular speed of the PMSG and ¢,,,: Amplitude of the flux created by
the permanent magnets through the stator windings.

The electrical state model is given as follows:

d. _ Re+R,. , P(Lg—Lp).

PrLY i d a{ly

t Lg+Lp Lg+Lp, (” 16)
d . Rs+Ry, . P(Lg+Lyp) . Podm :
—lq = — q quh + ‘Qh
dt Lg+Ly Lg+Ly Lg+Lp

Where R;: Equivalent inductance; P: number of pole pairs andd,, : Magnet flux. The relationship

. . P
between the electric speed and the mechanical speed can be expressed as: |w, = Eﬂm !

The generator torque equation is given by:

Tem = Pomiq = P[(Lg — Lg)iaiq — dmiq] (11.17)

Choosing, respectively the state vector x (t), the input signal u (t) and the desired output y (t) as
[11]:
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x(8) =[x, (%, (D23 (O] = [ia(®)ig (D2 ©)]"
u(t) = [uy (Ou, O] = [RL(0) v]” (1.18)
y(t) =Qy

The nonlinear state-space model of the PSMG is given by [41]:

{J'C(t) = () + g(x(©)u(t) (11.19)
y(t) = h(x(t)) '
where :
( r 1 7
L +1L, (—Rsxl + p(Lq - LL)x2x3)
1
flx) = Lo+ 1L, (—Rx; = p(Lg + L )x1x3 + pdpx3)
< % (dyv? + dyvxs + d3x§ — pdmxz) ] (I1.20)
~ 1 1 .
90 === T Lot L
\ h(x) = x3 = Q
And: u = Rg

7R3 nR* nRS
) - ]
BT g, dy =T gy =

The parameters are defined by: d; = q:

[1I.MPPT Controller Based on Feedback Linearization Method

l1l.1. Maximum Power Point Tracking Algorithms

The MPPT (Maximum Power Point Tracking) technique is a highly reliable control method and
simple to implement. It consists in tracking the maximum power point of a generator for a variable
source (e.g. wind speed in the case of a wind turbine). The aim is to determine the speed of the
wind turbine that will produce the maximum power [1-30]. Several MPPT techniques are used to
extract maximum power from variable-speed WECS, which requires varying rotor speed in

response to changes in wind speed.

Two main MPPT techniques are used to detect and track the maximum power point (MPP);
the indirect power controller (IPC) and the direct power controller (DPC). Recently, other MPPT
techniques based on meta-heuristic optimization algorithms have been used. The following figure

shows a general classification of the various MPPT techniques [9].
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Fig.I.8 : Classification of different MPPT techniques

111.1.1 MPPT algorithms based on IPC

The TSR algorithm is one of three in the group of IPC algorithms [9]. This method
needs a wind velocity sensor to change the gear ratio and alter the speed of the turbine
rotor to drive the generator. However, wind turbulence can cause the wind speed sensor
to be inaccurate, leading to deviation when extracting the maximum power of WECS. The
additional two MPPT methods are power signal feedback algorithms (PSF) and the torque
optimization algorithm (OT). There is no need for an aerometer, but the manufacturer

must provide exact wind speed parameters.
a- MPPT with the optimal specific speed (Tip Speed Ratio - TSR)

In our work, we will use MPPT based on TSR technique to control the PMSG-WECS system.
This is a straightforward strategy to be executed as only the measured wind speed is required for
the input of the MPPT controller [30-43]. It's necessary to regulate the turbine power to extract a
maximum wind power. The turbine power P; is depend to the wind speed v and the power
coefficientC, . In order to maximize the turbine power, we have to research the optimum one. The
objective is to keep the TSR at its optimum value by measuring the speed of the turbine and the

instantaneous speed of the wind. The aim is to remain constantly at the point (44, , Cpmax)- This
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involves varying the turbine speed (2, according to variations in wind speed v.

dopt = 7, Comax = 0475)].

For the speed control of the synchronous generator with permanent magnets, the reference

speed of the wind turbine is obtained by:
Q=2 (1.21)

Figure 11.12 shows the schematic diagram of PMSG-WESC using the TSR method.

Yo

Aopt
R

—

To Utility Grid

Wm

Anemometer > Jrossitiiels

w
Vwind ref

Fig.1.9: MPPT with the optimal specific speed (TSR).

b- MPPT with the power profile (PSF)
Figure below explains the PSF algorithm diagram. This technique is comparable to the OT
algorithm, which frequently has high inertia when wind speed is low but reasonable cost and quick
processing speed. In this method Wind speed and torque speed are used as input signals, and the

controller corrects the difference between the optimal and actual power of the system [40].
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|2
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P
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Pm opt

—

To Utility Grid

c- MPPT with Optimal Torque Control (OT)

Fig.11.10: Diagram of PSF MPPT algorithm.

Without wind speed measurements, the goal of maximum conversion efficiency can be

achieved by producing an optimum torque reference based on just a few turbine parameters and

simple generator speed measurements (2, as illustrated in Figure 11.14.

B

a3

I
T

<3

K opt

Controller

A

Fig 11.11 MPPT based Optimal torque control (OTC).

With:

\

Tem = Koptﬂfl—opt
1Ch o (Q)*prr*R®
P2 25 (Q,)*G
Vi A
_ opt
Ql—opt - T
o =%
G

(11.22)

(I1. 23)
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The power extracted by a wind turbine is expressed as:
szi*p*n*Rz*ﬁ*Cp(/l) (1. 24)

From the expression for the power extracted by a wind turbine, it follows that:

1 1 C,(4
Pm:—*p*r[*Rz*v3*Cp(A):E* 211(3)

5 *px1x RY* Q3 (1. 25)

Replacing A(t) by A,pcand C, by Cp(/lopt) with; gives the reference value of the power for the

second region of the power-wind speed curve:

Pn=Pp=K=0Qj (1. 26)
C (4
Where: K :%% prR® (11.27)

opt

In this method, the torque of the generator is controlled at its optimum in order to obtain the
maximum value of the power maximum value of the power coefficient and, consequently,

maximum energy efficiency.

IV.PSMG-WECS Controller Design Based on Feedback Linearization

The aim is to maximize the power extraction when the WECS operates in the partial-load
regime. This is accomplished by controlling the shaft speed. Feedback linearization is a common

strategy employed in nonlinear control to control nonlinear systems . Because PSMG-WECS is a

strong multiplication nonlinear system, the system is globally linearized based the feedback
linearization method, and the maximum power point tracking control law is obtained. The goal of
feedback linearization is to produce a transformed system whose states are the output and its first
(n-1) derivatives. For this, we use the Lie derivative [11]

To simplify the complexity of the complete non-linear system we assume that the wind

speed varies slightly from one operating point to another. These results in a simplified system
T

presented by a single input signal u = [R, V] , X = [x;x,x3]T = [idiqﬂh] and the desired output

is 1y (seeeq.ll. 19; eq. I1.20). The system given by Eq. (.19 and 11.20) is considered as non-linear

with smooth functions whose synthesis of feedback linearization control is possible to make the

system linear. The approach involves transforming a nonlinear control system into an equivalent
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linear control system through a change of variables and a suitable control input. To calculate the

Lie derivatives, we determine the relative system degree:

Leh(x) = dv? + dvxs + dax? — dux
{f() 1 2VX3 3X3 4X2 (11.28)

Lgth(X) = —d4a3x2 * 0

SinceLgL?h(x) # 0, with n = 1 the relative of the system isr = n + 1 = 2. This means that only
a partial linearisation is possible. The linearization affects only the system dynamics that are
responsible for the input/output mapping, while the rest of the dynamics are internal and they do

not influence the input-output mapping.

In order to bring the system in the normal form, a coordinate transform, fulfilling the

diffeomorphism condition, must be found:

0Z3 0Z3 6Z3 623 6Z3
— — — =—a3xX; +—azx, =0 11.29
6X1 1 6X2 2 aX3 6X1 371 + 6X2 372 ( )

1
(Lg+Lp

Where az = — . The condition is fulfilled for z; = asx; /x, .The coordinate transform that

leads to a partial linearization of the system is [46]:

X
¢1(x1,X2,X3) dv? +d 3 du? — d
z = (X, Xp,X3) = |02 (x1,%5,x3) | = [ D1V +dz2VXs +X 3X3 ~ UaXz (1.30)
1
b3 (xq, %2, X3) a3,
The direct coordinates transform is:
z; = h(x) = x3
z, = Lh(x) = dyv? + dyvxs + d3x5 — dax, (1.31)

_ X1
Z3 —a3x_2

And the inverse coordinates transform is given by :

( dV?+dVz +d,z2 -z

X, = 8,Z,. 1 2 dl 371 2

4
2 2
xzzdlv +dv-z,+d,z -z, (11.32)
d4

=1

\
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The control input will be:

1

_ 2
u= Lgth(x)( Lzh(x) + u,,) (11.33)

Where:

{lech(x) = —dy. fo + (dv + 2d3x3). f5 (11.34)

Lgth(x) = _d4a3x2

The control input has a state feedback component, szch(x)and LgLsh(x) and a component u,, are

Lie derives, which forces a dynamic linear input/output mapping. The latter is a state feedback

control, as shown in Fig. I1.1.

v

1=A-z+Bu==y V=01

|
L
-._R-‘

Fig.11.12: State-feedback control.

The control input u, is calculated by:

2y
uy, = —[ky ky — k4] [Zz l (1.)
€

And k; ,k, , k; are calculated using a pole-placement technique. In our work, we use these
parameters values:k; = 4000; k, = 136; k3 = 40000.

As the aim of controlling the wind energy conversion system is to extract the maximum wind,
which will be achieved by driving the generator at a speed () that asymptotically should
asymptotically follow the optimal reference speedi,,.. The output tracking error and its

associated vector are defined by:

{yref :Qref — lopt'v
t
E=vy" -y with ! o R (11.29)
—_"h
=%

The block diagram of the maximum power extraction using feedback linearization control is

presented in Fig 11.10.
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th Feedback
LgL;h linearization fdsiqsgh=and speed

Fig.11.13: Feedback linearization control of PMSG-based WECS

V.MPPT-TSR control based on a Pl controller

The Pl controllers have been extensively used in the renewable energy conversion systems
due to their satisfactory behaviour in most of the control processes, simple structure, and simple
design procedure. The Pl controller is used to reduce the error between the optimal speed
reference and the applied speed. To determine the Pl controller parameters (Kp, Ki and Td), the
Ziegler-Nichols method is used [24]. Figure below shows the diagram of TSR —MPPT technique for
PMSG-WECS system control.

Wind 0, Rat 0,

PMSG Model

w

— /R Controller PI

Fig.11.14: TSR control based on a Pl controller for PMSG-WECS system.

e Calculate the gain (Ku) and the period (Tu) using Ziegler and Nichols method [4]
Firstly, the integral action and the derivative action are cancelled out. The proportional
action is increased until the output signal of the closed loop oscillates in a maintained. This

gain k,, is then noted as the maximum gain (or critical gain). We note the period of oscillation
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of the signal. The parameters of the controllerk,, k;end T, are chosen by referring to the table

below.

Qref Ren

S? + 2{wg + wy?

Fig.11.15: Mathematical calculation of (k,, ) and (T, )

The closed loop transfer function:

_R(S) _ 400k ,
" Y(S) p°+36p+400k, +400

(I1. 37)

By applying criterion of to calculate the (k,, ) for the given characteristic equation by: p? + 36p +
(400k, + 400)

p? 1 (400k, + 400)
p' 36 0
p° (400k, + 400) 0

So, k, =1 and k, = 1.to calculate the period, we have T, =0.26 and

(jo)? +36(jw) + (400k , +400) =0  So: @ = 24.08 and the period: T, = 2z =0.26
w

So: (k, =1andT, =0.26)

VI. Conclusion

This chapter is devoted to Modeling and control of a wind power conversion system in
autonomous mode based on a permanent magnet synchronous machine with the random nature
of wind speed. The maximize energy captured from the wind of a grid-connected variable speed
WECS based on a PMSG is also investigated. Because the WECS based on a PMSG is a strong
multiplication nonlinear system, the system is globally linearized based the feedback linearization
method, and the maximum power point tracking control law is obtained. To do this, we began by
describing the three parts of the wind turbine conversion system (the mechanical part containing

the turbine and generator shaft, and the electrical part representing the permanent magnet
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machine model, operating in stand-alone mode). The modelling was carried out under a number
of simplifying assumptions, resulting in a non-linear mathematical model that required the system
to be linearized using the feedback linearization method.

In the following chapter, we will present the various simulation results obtained by the two
proposed control approaches for capturing maximum power using variable wind speed. The two

MPPT control structures are: Pl controller and feedback linearization controller.
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I. Introduction

The simulation is carried out for a small wind power conversion chain based on a
synchronous generator with permanent magnet (PMSG) of 3KW having a maximum power
coefficient Cpmax = 0.476 which corresponds to an TSR optimal A* =~ 7. We have started the
simulation performance without MPPT technique then the simulation performance with MPPT
technique based on P1 controller and Feedback Linearization Control (FLC) respectively.

The PMSG based WECS modelled in Chapter 2, having parameters given in Table I11.1, was
designed with the FLC method. The controller imposes the generator speed in such a way that the
system operates on the optimal regimes characteristic (ORC). The control input is the equivalent

load resistance Rch. The simulation steps are as follows:

A first test on the performance of the proposed controller with respect to the extraction of the
maximum MPPT power is carried out under a typical wind profile (Figure 111.11) having an average
speed of 7 m/s and a sinusoidal spectrum. A second robustness test of the controller is carried out
under an average speed of 7 m/s and an average turbulence intensity using the white noise spectrum
( Figure 111.20).

Turbine rotor Training PMSG Torque coefficient
parameters
R,=25m |n=l P=3:R¢ = 3.3Q qo = 0.0061
p=1.25kg/m3 G=7 Ly = 0.0416H q, = —0.0013

Jn = 0.0552kg.m? | L, =0.0416H | q, = —9.7477 x 10~
L, = 0.08H
$,,0.4382wh

Table I11.1: Parameters of the low-power (3-kW) WECS equipped with PMSG.
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I1. WECS simulation results without MPPT control
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W_TrL —\
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M_aero wind

Wind

Z transform coordinate

R

Scope

Fig. I11.1: WECS Block Diagram without MPPT Control

The following Fig. 111.2, shows the power coefficient without MPPT technique, where the
power coefficient is between (0.1 and 1.16), while the maximum power is estimated at Cpp a5 =
0.467 and the Fig. I111.4 represents the mechanical power, Fig. 111.3 shows the Tip speed ratio
against the optimal Tip speed and we conclude that the simulation results relating to the fact that the
energy efficiency of WECS is not satisfactory compared to the maximum values, so we need a

MPPT control structure to ensure a good efficiency.
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Fig. 111.3: Tip speed ratio A.
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Fig.111.4: Mechanical power P,,.
I111. WECS simulation results with MPPT control

In this section, we tested the robustness of two controllers for two wind profiles (Low and
High Turbulence).
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Fig.111.5: MPPT control simulation using a PI controller diagram block.
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Fig.111.6: MPPT control simulation via Feedback linearization controller diagram block.
I11.1. Comparative study (Pl controller and FL controller)
111.1.1. Low-turbulence wind speed (DSP noise=0.001)

To verify the robustness of the system and the performance of a conventional Pl speed
controller, we will study the effect of a random wind speed with low disturbance varying between

Vmin=4.5 (m/s) and Vmax=10.5 (m/s) to simulate the real variable behaviour.

In our work, the wind profile is modelled by the sum of several harmonics plus the mean of
the wind speed, as follows:

V. +V . n
Vin =w And v(t)=v, + > Asin(ot)
i=1

V(t) = 7.5 + 0.2 5in(0.1047¢t) + 2 sin(0.2665t) + sin(1.2930¢t) + 0.2 sin(3.6645¢t)

The Figure bellow, represents wind speed profile studied at low disturbance (Fig.111.7).
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Fig. 111.7: Wind speed profile with low disturbance.

The system responses are given in Fig.111.8-111.15. The test shows a satisfactory response of
the wind system with low transient disturbances at the level of the power coefficient Cp
(Figure.111.8), of the TSR (Figure.l11.9) and of the speed of the generator (Figure.ll1.10). These
disturbances do not influence the stability of the control structure but cause small static errors. In
addition, the control performance of PI varies considerably at different wind speeds, which is due to

the fact that PI control cannot maintain global control consistency.

-

Power Coefficient (Cp)

.1 3 4 9 8 bl 1] Q 100
time(s)
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Fig.111.8: Power coefficient Cp, (t) for a FL controller versus a Pl controller.
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Fig.111.9: Specific speed A (t) for a FL controller versus a PI controller
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Fig.111.10: Generator speed for an FL controller versus a PI controller
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Figure 111.11: Turbine speed for a FL controller versus a P1 controller

In the case of low disturbance, Fig.I11.11 shows that the proposed FL controller has a faster
convergence than the PI controller which allows it to move closer to the baseline more quickly

despite fluctuations.

Fig.I11.12: compares the electromagnetic couples provided by the two controllers Pl and FL
respectively; we notice that after a peak at transient speed, the torque flows a value of the order of

23 N.m in steady state and stabilizes at a value of load torque.
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Fig.111.12: Electromagnetic torque for a FL controller versus a PI controller
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Fig.111.13: Aerodynamic torque for a FL controller versus a PI controller

The following figures represent electrical and mechanical power. It should be noted that when

the wind speed increases at a specific time, the mechanical power is increased immediately.
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B 0B MK B

Elactrical Power(\Watt)
B

0 | | \ \ | | | l
0 2 4 8 Gl 10 12 10 180 180 b

time(s)

Fig.111.14: Electrical power for a FL controller versus a Pl controller.

We find that the maximum of the electrical power does not generally coincide with the
maximum of the mechanical power. This is due to the losses in the generator which vary from one
operating point to another. We also notice that the electrical power captured by the wind turbine

conversion chain is not always optimal over the entire wind speed variation range.
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Fig.111.15: Mechanical power for a FL controller versus a Pl controller
111.1.2. High-turbulence Wind speed (DSP noise= 0.01)

To mimic strong variation in wind speed, a wind speed can change considerably, which
makes MPPT a very difficult task because it requires a fast and timely response from the controller.
Here a highly turbulent stochastic wind speed varying between Vmin=4m/s and v,,,,,=11m/s is tested
to study the MPPT performance of each approach.the wind profil can be modeled by a sum of

several harmonics plus a noise of spectral density equal to 0.01 like

v(t)=v_ + Zn: A sin(et) + Noise (gaussien)

i-1
V(t) = 7.5+ 0.2sin(0.1047t) + 2sin(0.2665t) + sin(1.2930t) + 0.2 sin(3.6645t) + white noise

Fig.111.16 shows the wind speed profile studied during a high disturbance.

wind Velocity {(mis)

0 il i i 8 100 1 1 180 18 0
time(s)

Fig.111.16: Wind speed profile with high disturbance

The simulation results obtained show the high performance of the FL control (see Fig. 111.17
to 111.24). We can clearly see an almost perfect tracking of the power coefficient to the maximum
power coefficient curve for the FL technique (Fig.111.17). In contrast to this technique, a significant

deviation from the maximum power coefficient is obtained if the PI control is applied.
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The FL control allows better tracking of the generator speed (Fig.111.19), and therefore better
aerodynamic efficiency (Fig.111.22) than the PI control. This is confirmed by an optimum specific
speed (A=7) (Fig.111.18) and consequently a power coefficient close to its maximum value
(Cp=0.47).

A smooth change in Cp reduces the deviation from mechanical energy (Fig.111.24). In
addition, from the point of view of power curves and aerodynamics, the FL's steering performance

is also satisfactory.
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2 L &0 ] 100 12
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Fig.111.17: Power coefficient Cp (t) for a FL controller versus a Pl controller
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Fig.111.18: Tip speed ratio A (t) for a FL controller versus a Pl controller
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Fig.111.19: Generator speed for a FL controller versus a Pl controller
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Fig.111.20: Turbine speed for a FL controller versus a Pl controller
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Fig.111.21: Electromagnetic torque for a FL controller versus a P1 controller
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Fig.111.23: Electrical power for a FL controller versus a P1 controller
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Fig.111.24: Mechanical power for a FL controller versus a PI controller

IVV. Conclusion

In the last chapter, the simulation results for two wind speed profiles were used to consider
the objectives set by these control strategies. Overall, the results obtained by feedback linearization
control in terms of the results of the generator speed control are better than those obtained with the
PI control. Especially when testing wind speed variation. We have tested FL control on WECS
based PMSG in isolated process. The elaborate control treats the problems of nonlinearity of the
system as well as the parametric uncertainty. It is based on the technique of feedback linearization
control. The results obtained showed the performance and efficiency of the proposed control
technique. In non-autonomous mode of operation or integrated into a powerful network has given
good results, but it has a major drawback with regard to the dimensioning of the power converters

which induces significant costs especially in the high-power ranges.
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General conclusion

The objective of this work is the modelling of a permanent magnets synchronous generator
(PMSG) with variable speeds in the case of the isolated sites, with the design of the control

strategies making it possible to maximize the total output, and to control generator speed.

In order to understand the principle of operation of the wind turbine, a descriptive study of
these components and these characteristics was presented in the first chapter. A state of the art
was presented of the different electrical configurations used in the field of wind energy. Among
the topologies cited, the choice was made on the synchronous wind turbine with permanent
magnets at variable speeds. After having deduced the main aerodynamic characteristics of the
turbine, the different operating zones and the control strategies used were presented. The
particular area, where the maximization of the energy extracted from the wind is carried out has

been detailed.

The effectiveness of the feedback linearization control has been tested on a permanent-
magnet-synchronous-generator (PMSG)-based WECS in isolated operation, as detailed in Chapter
2. As analytically proven, the exact linearization is not possible in this case. A partially linearized
model has thereby been obtained, in order to derive the control algorithm. The case study
considered has revealed good closed-loop behaviour when the wind speed ranges from the cut-in

to the rated value.

For the chapter three, the simulation results for two wind speed profiles (low and high
turbulence) made it possible to consider the objectives set by these control strategies. Overall, the
results obtained by the FL control in terms of generator speed regulation are better than those

obtained by the PI control especially during wind speed variation tests.

This analysis could not finish without recalling that the final goal is the real world
implementation of that WECS control structure most suitable for a given situation. One can
remark that this choice is not necessarily a (purely technical) optimal solution, but must represent
the best trade-off between closeness to the targeted optimum on the one hand and simplicity and

robustness, on the other.
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