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Abstract
The aim of this thesis is to propose a new approach based on Fault Tolerant Control and Fault Diagnosis and
Detection schemes to detect, isolate and compensate the faults that can occur in Doubly-Fed Induction
Generator-Based Wind Energy Conversion Systems. Under fixed and random wind speeds, two fault scenarios
are specifically discussed, Doubly-Fed Induction Generator with stator Inter-Turn Short-Circuit fault and
current sensor fault. The approach proposed is based on the Sliding Mode Observer designed from a three-
phase faulty model of the Doubly-Fed Induction Generator. A Sliding Mode Observer scheme has been
developed and tested to ensure the non-stop operation of a Doubly-Fed Induction Generator-Based Wind
Energy Conversion System subject to fault. The simulation results show the effectiveness of the proposed

approach.

Keywords: Doubly-Fed Induction Generator (DFIG); Fault Diagnosis and Detection (FDD); Fault Tolerant
Control (FTC); Inter-Turn Short-Circuit (ITSC); Sliding Mode Observer (SMO); Wind Energy Conversion
System (WECS).
Résumé

L'objectif de cette these est de proposer une nouvelle approche basée sur des schémas de Commande Tolérante
aux Défauts et de Diagnostic et Détection de Défauts pour détecter, isoler et compenser les défauts qui
peuvent survenant dans une Génératrices Asynchrone & Double Alimentation intégrée dans un Systémes de
Conversion d'énergie Eolienne. Sous vitesse du vent fixes et aléatoires, deux scénarios de défaut sont
spécifiquement discutés, Génératrices Asynchrone & Double Alimentation avec défaut de Court-Circuit entre
spires du stator et défaut de capteur du courant. L'approche proposée est basée sur l'observateur & mode
glissant congu a partir d'un modéle défectueux triphasé du Génératrices Asynchrone a Double Alimentation.
Un schéma d'observateur en mode glissant a été développé et testé pour assurer le fonctionnement continu
d'un systéme de conversion d'énergie éolienne basé sur un Génératrices Asynchrone a Double Alimentation

soumis a un défaut. Les résultats de la simulation montrent l'efficacité de I'approche proposée.

Mots-clés : Génératrice Asynchrone a Double Alimentation, Diagnostic et Détection de Défauts, Commande
Tolérante aux Défauts, Court-Circuit entre Spires, Observateur & Mode Glissant, Systéme de Conversion

d'énergie Eolienne.
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GENERAL INTRODUCTION

The availability of conventional energy sources is limited, and they contaminate the en-
vironment. As a result, increasing emphasis has been placed on the use of renewable energy
sources. Due to its economic feasibility, wind energy is the fastest growing and most pro-
mising renewable energy source. Wind turbine generator systems are now widely available,
and their number is steadily increasing. There are different generator technologies adopted in
wind turbine generator systems, but the most promising type of wind turbine for the future
market is the Doubly-Fed Induction Generator (DFIG) wind turbine [1,2].

Newly, DFIG, as a variable speed generator, has generated considerable interest in the
application of wind energy. The use of DFIG could provide many advantages, such as ope-
rating over a wide range of rotor speeds and reducing the amount of power recovered by the
converter with an essential rarity in the cost of the converter, less mechanical complexity, easy
maintenance ; in addition, this machine can operate either in grid-connected or standalone
mode [3-5].

Nevertheless, DFIG-based Wind Energy Conversion System (WECS) is usually affected
by diverse disturbances and faults scenarios as described in [6-9], such as short circuit in
‘abc’ phases, current sensor faults ... etc. Thus, stator windings are subject to insulation
failure, machine bearings are subject to excessive wear and damage, etc. This is caused by a
combination of thermal, electrical, mechanical, magnetic and environmental stresses [10H12].
These disturbances and faults have many adverse effects on the normal behavior of the
real system [13-15], so the possibility of DFIG failures is unavoidable because many of its

components are sensitive to failure [16,[17].

In fact, there are many publications about stator Inter-Turn Short-Circuit faults (ITSC) of
DFIG that confirm the danger of these faults,( see |[18422]), which can cause phase-to-phase or
phase-to-ground faults. As a result, this may cause the system performance’s decrease as well
as the complete system failure. Accordingly, fault detection and isolation of stator ITSC faults
are necessary since control systems rely on information provided by measured signals [23-27].
Fault Diagnosis and Detection (FDD) of DFIG defects has been the subject of considerable
research interest, [28-33], due to its great influence on the operational continuation of certain
industrial processes. Correct diagnosis and early detection of emerging defects result in rapid
unplanned maintenance and short downtime for the process under consideration. It also

avoids harmful, sometimes devastating consequences, and helps to reduce financial loss.

The FDD of stator ITSC and current sensor faults is possible by means of several methods,
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that can be classified into external methods (approach without model) based on measured
inputs and outputs, such as intelligent systems [34H36], statistical analysis systems [37,38|,
Fast Fourier Transform (FFT) |39,40], and internal methods (approach with model), such as
the observational approach [26,41,42]. Using these techniques, the faulty current is detected
by analyzing the residual between the measured and estimated currents. In these studies,

different state observers have been used to estimate the current that was already measured.

In recent years Guezmil A., et al. In [43], have designed an active FTC for ITSC fault
on Induction Machine (IM) based on sliding mode, by using the Lyapunov stability theory.
An online diagnosis using a High Order Sliding Mode Observer (HOSM) allows the fault
detection and phase identification on the one hand and provides signal alarm on the other.
Another method is presented in [44], authors use banks of Unknown Input Output (UIO)
in the model-based fault detection and isolation schemes in order to detect and isolate the
ITSC fault and reduce or almost eliminate unknown disturbances’ effect. A fault diagnosis
method for IM is designed and implemented on the d-Space DS1103 platform. It is worth

pointing out that this technique has a characteristic of being low cost.

Yu, W, et al. In [45], in this paper, a fault detection method of novel sliding mode observer
is proposed, without a velocity sensor. In addition to better elimination of chattering for
the new sliding mode observer (SMO), at the same time, it has better stability and faster

convergence speed than the traditional sliding mode observer.

Teguia, J. B., et al. In [46] proposes an alternative strategy to the use of a speed sensor
in the implementation of active and reactive power-based model reference adaptive system
estimator in order to calculate the rotor and stator resistances of an IM and the use of these
parameters for the detection of ITSC faults in the stator of this motor. Compared to existing
works in the literature [43({46]. The main goal in this doctorate thesis is focused on the
proposed new and easy approach based of Fault Tolerant Control (FTC) and FDD schemes
to detect isolate and compensate the faults that occurs in DFIG-based WECS, under fixed
and random wind speed. This approach is based on the Sliding Mode Observer designed from
a three-phases faulty model of the DFIG.

Generally, the principal faults can broadly be classified as sensor faults, actuator faults,
and system faults [47]. In particular, this work focuses on two fault scenarios, DFIG with
ITSC fault as an actuator fault and current sensor fault. The aim of choosing these two
fault scenarios is because the ITSC of the stator winding and the current sensor faults are
the most common faults in induction machines, and it is a typical electrical fault of DFIG
[48]. Moreover, a significant number of authors studied these faults [10,/12,/16}/18], but they

focused on other types of Induction Machines, mainly squirrel cage induction machines [49)
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or induction machines in ‘dq’ coordinate |21}26], but in this work, we studied these types of
faults for DFIG-based WECS in three-phases coordinate. Furthermore, in DFIG, the methods
for diagnosis, identification, and isolation of these types of defects are primarily dependent on
external methods such as artificial intelligence and Fast Fourier Transform [35,137], whereas
in this work we concentrated on internal methods (approach with model), particularly the
Sliding Mode Observer.

The main contributions of this doctoral thesis are summarized as follows

1. DFIG modeling with I'TSC faults is analyzed. This model is used to represent the
fault in a single phase (namely a single-phase short circuit fault). By using this model, the
short circuit faults at any level and in any phase can be quantitatively represented. This
proposed model provides a basis for studies of model-based FDD and FTC approaches, and

also provides a model test bench for evaluating other approaches.

2. A SMO Scheme is very effective and derived to generate a set of residuals that are
used not only to detect the faults but also to isolate the fault that occurs, and it has been

examined to ensure the non-stop operation of DFIG-based WECS subject to fault.
3. Diagnosis and compensation of ITSC faults.

4. The proposed FTC scheme of DFIG-based WECS is subject to current sensor fault. It
can ensure perfect reference tracking of the torque and reactive power in the presence of a
current sensor fault. In addition, a robust control algorithm is proposed, which can ensure

desired control performance against model uncertainties.
The outline of this doctorate thesis is given as follows :

General Introduction as already noted gives general background and describes the

general structure of the work.

Chapter 1 gives an overview and a brief introduction to the field of fault diagnosis and
FTC. Additionally, their applications to DFIG-based WECS are investigated. Furthermore,
we present the three-phase dynamic model (in the natural ’abc’ coordinate) of the DFIG-
based WECS with stator I'TSC fault.

Chapter 2 in this chapter, a traditional control strategy (vector control with field-oriented
control) is implemented to control of stator active and reactive power of DFIG-based WECS
in order to maximize the power developed by the stator windings. This control is tested and

synthesizing firstly by conventional Proportional - Integral type regulators and compared to
Sliding Mode Controller.

Chapter 3 proposed a FDD approach based on Sliding Mode Observer to generate a



GENERAL INTRODUCTION 4

residuals signal to detect and isolate Single-Phase Short Circuit Fault in DFIG-based WECS.

Meanwhile.

Chapter 4 develop a FDD method based on the observer for DFIG with current sensor
fault, then generate residuals from the actual and estimated currents obtained by SMO to

isolate the fault and correct it thereafter.

Finally, a general conclusion that summarizes the research outcomes of this thesis and

some perspectives will be introduced.



CHAPTER 1

GENERALITIES

1.1 Introduction

This chapter will carry out a bibliographical synthesis of the field of fault diagnosis and
Fault Tolerant Control (FTC) as well ; its application to wind turbine systems is investigated.
It starts with Section 1.2 a general description of wind turbine conversation systems by
presenting their components. Section 1.3 introduces the current faults in the DFIG-Based
Wind Energy Conversion System. Section 1.4 summarizes the available methods used in the

field of fault diagnosis and FTC in wind turbine systems. Section 1.5 presents a model of
DFIG-based WECS.

1.2 Wind Turbine Conversion Systems

The demand of energy over the globe is unremittingly growing owing to the growing of
population, energy consumption per capita and huge industrialization. The availability of
conventional fossil fuels is limited. Thus, energy crises in the future will be increasing more.
Therefore, the use of renewable energy sources, such as solar, wind [50], biogas [51], ocean [52],
tidal [53], and so on is emerging at tremendous rate. Among these, wind energy is one of the

most promising and fastest growing renewable energy sources in recent years [54].

The wind turbine includes several components, which contribute, with their specific func-
tion, to the energy conversion process. Figure [I.T]illustrates the main components of a modern
wind turbine. which are, to a greater or lesser extent, common for all wind turbine concepts.
From left to right, there are the aerodynamical and mechanical part of the wind turbine
(aerodynamic rotor and gearbox), the electrical system (generator, power electronic inter-
face and transformer) and finally its connection to the grid. An interaction with the control

system is indicated as well [55].

1.2.1 Doubly Fed Induction Generator (DFIG)

The DFIG is broadly employed in wind turbines. It is commonly composed of an induction
generator with a multiphase wound rotor and a multiphase slip ring assembly with different
brushes that make it easily to approach the varied rotor windings (Figure 18]
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FIGURE 1.2 Doubly Fed Induction Generator (DFIG)

For wind power applications, this type of machine has distinct advantages over the conven-
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tional type of machines [56].

— Wide range of variable speed operation is possible.

— Stator is never been fully loaded and stress on the windings is also less and hence heat
generation is also less. This leads to the reliability and ruggedness of the generator.

— Highly capable of low wind sites in order to capture the maximum power available in
the wind.

— Cost of the system is less when compared to fully fed wind turbines since rating of the
required power converter is just even less than the 1/3 of the nominal power.

— Robust and well proven technology.

1.3  Fault Versus Failure

Wind power plants are commonly found in multifaceted terrain and bad climates. The
WECS are considered an essential part. It is characterized by its high fault rate, in its sensor
and actuator in particular. Its impact on the performance of the system can be highly noticed,
resulting in the system’s breakdown and innumerable damages. Therefore, realizing the fault
tolerant control of WECS is an important guarantee for improving the operation reliability
of wind power generation systems [57]. A brief review of fault-diagnosis concepts containing

basic definitions and classifications which is essential to the reader is covered in this section.

— Fault a fault in dynamical systems is a deviation of the system structure or the system
parameters from the nominal situation [58].

— Failure inability of a system or a component to accomplish its function [60] [?,7?].

— Disturbances an unknown input included in the system’s model. It can be incertitude,
noise or a nonlinearity term. It has a considerable affect in process’s performances. It is
an event that occurs when the delivered service deviates from correct service. A service
fails either because it does not comply with the functional specification, or because this

specification did not adequately describe the system function [59].

An important note is worth mentioning, here, regarding the relevant connotation and the
accurate usage in the engineering terminology of both failure and fault, a fault causes a
change in the characteristics of a component such that the mode of operation or performance
of the component is changed in an undesired way. Hence the required specifications on the
system performance are no longer met. Compared to the word fault, the failure indicates the
fact that a component or a system is not capable of successfully accomplishing its role and
task, taking into account that the failure is an irretrievable incidence and then the system or

the component should be switched off.
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1.3.1 Different Types of Faults

The faults are often classified as follows (Figure

Actuator Faults System Faults Sensor Faults
-
u .7 . . y
——» Actyators —»  Systdims — Sengors —_—
4° .
4° d

Ficure 1.3 Different types of faults

— Sensor faults the sensor readings have substantial errors.
— Actuator faults the influence of the controller on the plant is interrupted or modified.
— System faults dynamical properties of the plant are changed. Note that faults can

occur both in component level and overall system level.

The effects of a fault in a single component may be of minor importance to the component
itself. However, due to fault propagation throughout the overall system, the fault may even-
tually cause system failure. It would be very beneficial if fault-tolerant control is applied in

component level wherever is possible [60].

1.4 Fault in DFIG-based Wind Energy Conversion System

DFIG has a fixed part called a stator which consists of a three-phase winding placed in
the notches of the magnetic circuit and a moving part called a rotor (Figure . There
are, in fact, a lot of faults that can occur in the DFIG, but the common faults are current
sensor fault, bearing faults, stator and rotor winding insulation failures. They lead to the
short circuits as well as turn-to-turn faults in the rotor and stator windings [61,/62]. In this
doctoral thesis, we focus on investigating the behaviors of DFIG-based WECS in the presence

of a common electrical fault (i.e., stator ITSC and current sensor fault).

1.4.1 Stator Faults

Stator windings may have different types of faults. However, there are mainly four typical
stator faults : turn to-turn fault, Phase-to-Phase short fault, Phase-to-Ground short fault and
open circuit coil fault (Figure. These are asymmetric faults, which are typically associated

to insulation failures, caused by various reasons such as; poor connection, overloading and
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overheating, Figure [1.4] shows these main four faults. An open circuit in the stator winding
will affect the distribution of the stator Magneto-Motive Force (MMF) in the air gap [63].

Phase'a’

\ fas Turn-to-Turn

short Circuit
@/ Open Circuit
Wm e Phase'b’
O T Ibs

Vbs
Vs / ,,Q Phase to-Phase

g Short Circuit
\_,
1 /

CcS

./S/// Phase-to-Ground

¥ Short Circuit
Phase 'c’

F1GURE 1.4 Different three-phase stator winding faults

1.4.2 Inter Turn Short-Circuit Fault

Short-circuited turns affect the DFIG operation and cause high levels of vibration. Kno-
wing that the three-phase winding of the rotor is similar to that of the stator; therefore, the
faults which can affect the rotor winding are of the same type as the stator faults such as
short-circuits between turns of windings of the same phase, or of different phases, phase-to-

ground short-circuits, or phase opening, which cause asymmetry in the rotor [64].

1.4.3 Current Sensor Fault

Sensor is used to measure the electrical or mechanical variables of the machine. There are
types of sensors that are used in DFIG, current sensors and a speed sensor. The failure of

one of the sensors leads to serious operating problems [65].

1.5 Fault Diagnosis and Fault Tolerant Control of the DFIG-based WECS

In recent years, many works have been proposed on the topics of fault diagnosis of wind
turbines to detect and isolate the possible particular faults [30H32,/66]. Fault diagnosis applied

to safety-critical systems such as wind turbines has been proven to be a challenging issue



Chapter 1 10 GENERALITIES

@. A brief review of Fault Diagnosis and Fault Tolerant Control concepts containing basic

definitions which is essential to the reader is covered in this section.

{ FDD Approaches

——

A y
Hardware Analytlcal Signal
Redundancy | Redundancy Processing
;{ Model-based‘] [ Knowledge-based ]

Parity Space

~

» Joint state and parameter estimation]

\.

4{ Parameter estimation] / \
e Unknown Input Observer (UIO)

4

e Robust
1-H,,
(. T !
Observer-Based - > 2-Sliding Mode Observer (SMO) !
Approach ——————————————————————— ’
1-KF
2-EKF

3-UKF /

FI1GURE 1.5 Classification of the model-based FDD approaches.

1.5.1 Fault Diagnosis Detection Approaches

The main tasks of the FDD algorithm consist of :
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— Fault Detection (indicate whether a fault occurs in the monitored system).

— Fault Isolation (determine the exact location of the fault).

— Fault Identification (determine the size of the fault).
Many different FDD approaches have been developed, which are summarized in some survey
literature [38,/68,/69]. These approaches can be classified according to the diagram of the
Figure [1.5]

1.5.2 Analytical Redundancy

Analytical redundancy employs mathematical model of the system under examination.
Frequently, researchers of previous studies in fault diagnosis refer to analytical redundancy
as model-based fault diagnosis. Comparing measured signals (from the actual system) and
generated signals (estimated from a mathematical model of the process) can help achieve
fault diagnosis, making use of analytical redundancy. As stated previously, the difference
between the measured signals and the signals generated by the mathematical model forms
the residual. The decision whether or not an alarm signal should be identified is taken after
the use of a diagnostic logic that helps to evaluate this residual. Some problems may occur
when using analytical redundancy as there can be a false alarm rise due to poor mathematical

model of the process, high system noise and modelling errors [?].

1.5.3 Observer Based Approach

Observers are dynamic systems that can be used to estimate the state of a system using
its input-output measurements. The use of observers for fault detection is based on the total
or partial reconstruction of the output vector, through an estimate of the state vector, due
to the measurable signals of the monitored system. The difference between the reconstructed
outputs and the actual outputs, optionally followed by a filter, allows the generation of
residues (Figure [L.6]). However, there is a basic distinction between the use of the observer

to reconstruct the states vector and the observer to detect the fault [70].

When the fault appears, these inputs become non-zero. The role of the observer, realized
on the basis of the system without fault, is that it must then react very rapidly. It is also
required of this indicator not to confuse fault and disturbance. So, to achieve a reliable
detection system, the observer synthesis must be performed to detect faults and eliminate
the effect of disturbances [71].
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FI1GURE 1.6 Generation of residuals by observer-based approach

1.5.4 Generation of Residuals

The residuals, noted by the vector r, are the signals indicating the presence of fault. They
reflect the inconsistency between the behavior obtained and that expected of the monitored

process. They must be sensitive only to faults [72].

The structuring of residues represents a way to reinforce their performance. A subset
of residues is then intended for a particular defect. The advantage of structuring the sets
of residues is to simplify their analysis, to determine which of them has become zero. The
threshold test can be carried out separately for each residue, leading to a Boolean decision,
(a '1” corresponds an active residual) ; thus, making it possible to structure a signature table,
also called incidence matrix. Distinguishing three cases for a signature table (an example is
given in Figure[L.7]by a ‘0’, an interesting case, for the isolation of multiple faults, corresponds

to a diagonal structure |73].

| 2| fs L || f |k f

LE 1 1 1 1 1 1 1 L1 1 1 0

Ta 1 1 1 T2 1 ] 1 Ta 1 0 1

T3 1 0 0 3 1 1 0 T3 0 1 L]
Not insulating Weakly insulating Highly insulating

FiGURE 1.7 Different situations for an incidence matrix
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1.5.5 Fault Location

To solve the fault localization problem, the idea is to build a bank of q observer, each
one excited by a carefully selected set of system inputs and outputs. Each vector of residues
r1(t)...r4(t) is sensitive to a set of the fault. There are two strategies

— The DOS Strategy (Dedicated Observer Scheme) when the fault influences only one

residue vector.

— The GOS Strategy (Generalized Observer Scheme) when the fault influences all

vectors of residues except one [74].

1.5.6 Detection and Problem of Threshold

The main detection difficulty lies in the calculation of the residual threshold. A threshold
can be risky to generate a non-detection. A too small threshold would result in false alarms.
The problem is therefore to find an optimal threshold that would be the ideal compromise
between the rate of false alarms and the rate of non-detection ; this is called thresholding
problem [75]. So, the assessment of the residues will become a problem of determining a
threshold ¢ such that

r(t)>¢ : there is fault in the system. r(t) < € :no fault in the system.

1.6 Fault Tolerant Control (FTC)

FTC is an advanced control technique that can accommodate system faults, assure system
stability, and maintain acceptable performance, not only under normal condition but also in
the presence of faults. Several survey papers present a comprehensive review on development
of FTC system [43,65,76]. The FTC can be generally divided into two approaches : the

passive and active approaches. The general structure of FTC system is shown in Figure [1.8

1.6.1 Passive FTC

In this approach, the same controller is used throughout the normal condition as well as
the fault condition. Since only one fixed controller is used in the entire control process, the
passive F'TC is easily to be implemented. However, it can only tolerate a limited number
of faults, which are assumed known prior to the controller design. Besides, as the number
and level of the faults increase, this approach becomes very conservative, and attainable
performance may become unsatisfactory. Most passive FTC algorithms are based on robust

control techniques by treating the faults as model uncertainties or disturbances [77].
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1.6.2 Active FTC

In this approach, the controller reacts to the system fault actively and allows online fault
accommodation. An active FTC system can reduce the fault effects by online changing the

parameter or the structure of the controller 7§].

rSupervision [ Fault Compensator ]

L]

! |

I Detection
. ’—v[ Fault Diagnosis

|
Control | - T - -

e . . . y
> Controlloer Actugtors —» Systems ~—» Sengors —r>
4 4 “4°

FI1GURE 1.8 General structure of FTC system

1.7 Modeling of DFIG-based WECS with ITSC

The mathematical modelling of the DFIG-based WECS with ITSC is the first step in
the development of the fault diagnosis scheme. It can be easily obtained by representing the
electrical and magnetic relationships among these phase windings using circuit theory [79).
This idea is firstly brought by Tallam [80], where a simple model of induction motor was
developed. A similar work for DFIG is presented in [81]. Both modeling results are supported
by experimental data, whereas both of the work considers a special case that the short circuit

only occurs at the stator phase 'a’.

In this chapter, general mathematical model of DFIG for single-phase is proposed. The
model is developed in the natural 'abc’ coordinate. The DFIG model presented below assumes
that the stator and rotor consist of the three sinusoidal windings displaced by an electrical
angle of 120° with respect to the single-phase short circuit fault. In this model, the short
circuit fault is represented by two parameters, fault level parameter v (as in eq. ) and
fault position parameter F, (as in eq. (1.2))). v represents the percentage of the shorted
turns which is used to quantify the severity of the fault. It is calculated by the following

formula [82].
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Number of shortedturns

= 1.1
7 Total number of turnsin a healthy phase (1.1)

Where 0 < v < 1. v = 0 corresponds to the healthy condition. E, :represents the fault
position parameter, which is defined as follows for three cases, where fault occurs in phase

a,b and c, respectively with :

0 0
E, = |0|;E=|1|;E=]0|; (1.2)
0 0 1

1.7.1 Model of DFIG with Single-Phase ITSC Fault in ‘abc’ Coordinate

The winding configuration of a DFIG with a stator I'TSC fault in stator phase ’a’ is
shown in Figure [I.9] In natural reference frame and based on the notation of Figure [I.§] it
can be seen that the fault splits the faulty phase into two parts, the shorted turns (a;s)
and un-shorted turns(ass).The shorted turns (ass) form a closed-loop circuit, which can be
modelled as a new phase of the stator. As well, it is known that the rotor of DFIG has three
phase windings. Therefore, this faulty DFIG can be interpreted as a multi-phase induction
machine with 4 stator phase windings and three rotor phase windings. Using this strategy,
the mathematical model of the faulty DFIG can be easily obtained by representing the
electrical and magnetic relationships among these phase windings using circuit theory. In
this subsection, we developed the model for a special case where the fault only occurs at
stator phase 'a’. In the next, this model is generalized to represent the fault in any single
phase of the stator. However, this model neglects several factors that influence the behavior
of an actual wind turbine with DFIG configuration (which many would argue makes this

model simplified).
The following assumptions have been made for this detailed model [83,(84]

— Each stator phase of the machine has the same number of turns and uniform spatial
displacement (The machine is symmetrical).

— The three-phase stator and rotor windings are sinusoidally distributed.

— The machine is operating at an unsaturated point.

— The skin or slot effect is not considered.

— Iron losses are neglected.

— Insulation break resistance r; is negligible.
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FIGURE 1.9 Stator winding configuration with a short circuit fault in stator phase ’a’

1.7.2 Generalized DFIG Model

As described earlier, a DFIG with a single-phase short circuit fault can be interpreted as

a multi-phase induction machine with four stator phases and three rotor phases. By taking

the case that fault in stator phase ’a’ as an example [82], a general model of DFIG is given

as follows : Voltage equation

‘/abcs
‘/abcr

Flux equation :

Pabes

Paber

Pags

R,

03X3

| yrsET

03x3

R,

01x3

| YETLL

_fYTsEx

Ole

_fyrs

My,

LT"I’

YEITME

Iabcs

I aber

_Jyl%slgx ]

_’yMerx

—vLpp

[abcs

Iabcr

Iy

This is a general model for the single-phase short circuit fault, which can represent the

stator ITSC fault at any level in any stator phase, by setting appropriate values of parameters
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~v and E, according to eq. and eq. . where the subscripts 's” and 'r’ denote stator and
rotor, and the subscripts ’a’, b’ and ’¢’ denote phase 'a’, 'b’ and ¢’ ; Vs and V. represent
the voltages of stator and rotor phases; I,.s and I, represent the currents of stator and
rotor phases; Iy is the short circuit current. @gpepsand @qper are the magnetic fluxes for the

stator and rotor phases. Therefore, the variable vectors are given as :

Vas Var Los
Vaves = | Vos | s Vaver = | Vir | idabes = | Ips |5

Ves Ver Ies

Ior Pas Dar
Tober = | Ty | 5Pabes = | Pbs | i Pabes = | Por |

I, Pes Per

The parameter matrices of model of eq. (1.3]) and (1.4) are given as :

re 0 O r. 0 0
Ri=|10 r, 0 |;R=|0 r. 0|; (1.5)
0 s 0 0 r,
Las + MS _245 _]2\45 LUT + MT _]2\/[T _]2\/[T
J— —Ms —Ms — =M, =M,
Lss = 2 Las + MS 2 JL’V"I‘ - o Lar + Mr o ) (1 6)
=" M Lot M, 5 2 Lot M,

cos(6,) cos(b, + %) cos(0, — )
My, =mg | cos(0, — 3F) cos(0,.) cos(, + &) | . (1.7)
cos(0, + %) cos(6, — %) cos(b,)

With :r, and r,represent the stator and rotor resistances. L, and L, represent the stator
and rotor leakage inductances. 6, represents the electrical angle between the stator and
rotor. M, and M, represent the mutual inductances of the stator and rotor. my, represents
the stator-rotor mutual inductance. By referring the rotor parameters to stator side, these

mutual inductances are equal :



Chapter 1 18 GENERALITIES

LDD - L05+Ms (18)

M,y =ML (1.9)

1.7.3 The Mechanical Equation

The mechanical equation of DFIG is written as [82] :

J&r =T, — T, — frw,
Tem = p(Ig;)cg 8%? [abcr + nyngf aggir Iabcr) (110>
dor __
a W

1.8 Summary

This chapter presents an overview on the DFIG-based WECS concepts and emphasizes
their different characteristics. The first part is devoted to general information on wind tur-
bines, accompanied by a state of the art on electromechanical conversion. Then, we showed
that the DFIG-based WECS can present failures which lead, for most of them, to an unti-
mely shutdown of the generator, or even of the process. For overcome this problem the fault
detection has become important. Wherefore, in the second part we summarized the available
methods used in the field of fault diagnosis and FTC. In Section 1.7 a mathematical model
of DFIG-based WTCS with stator I'TSC fault was proposed, where a set of new parameters

were introduced to quantitatively represent the fault.
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CHAPTER 2

Control of DFIG-based WECS

2.1 Introduction

Control systems technology is significant and undeniable for wind turbine operation. As
for DFIG, the main function is to sustain magnitudes of the high-speed shaft torque, active
and reactive power of the generator, and grid side converter magnitude such as the DC bus
voltage and the reactive power, close to their optimum values, so as to accomplish an effective

energy generation [85].

In this chapter, vector control-based Field Oriented Control (FOC) is implemented to
control the stator active and reactive power of the DFIG-based WECS in order to maximize
the active power developed by the stator windings. This control is developed and tested by
synthesizing firstly by conventional Proportional - Integral type regulators and compared
with Sliding mode controller. Then in a MATLAB / Simulink environment, we will present
the results which make it possible to analyze the behavior of the variables of the DFIG-based
WECS with ITSC fault.

2.2 Control of DFIG-based WECS

The control of the DFIG-based WECS has two objectives [86]

— The decoupled output (i.e., electromagnetic and reactive power) control.

— Maximize the active power.

The conventional approach for the first objective is Field Oriented Control, which can
be realized by the two independent rotor current regulations on the stator flux-oriented
coordinate. For the second objective, a recently proposed method, maximum power point
tracking (MPPT) (see more [87]), has been extensively used in the wind power generation
context. These two control strategies are always applied simultaneously to DFIG wind turbine

systems.
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2.2.1 Vector Control with Field Oriented Control

The purpose of the DFIG’s variable speed control is to extract the maximum amount of
wind power. For this, we need an algorithm acting on the setpoint variables in order to have

the best possible performance of the device studied [88].

Id Ias
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FIGURE 2.1 Analogy between control of the DC-generator and the DFIG

Since the control outputs of the DFIG (i.e., the electromagnetic torque and reactive power)
are nonlinear in terms of the state variables (i.e., currents), a challenging task of the controller
design is to deal with these output nonlinearities. The vector control is a commonly used
approach to solve this problem. Another important advantage of this approach is that it allows
the decoupled control of the electromagnetic torque and reactive power. Vector control is a
control method that controls an AC machine as a DC machine with independent excitation,
implying that the flux and torque can be controlled separately (Figure[2.1)) [8§].

Different types of vector control schemes have been presented in the literature [89,/90],
which can be classified as shown in Figure[2.2]

The field-oriented control (FOC) proposed in 1970 by Blaschke [91] and Hasse [92] is
based on an analogy with a mechanically commutated separately excited brushed DC motor.
The main noticeable aspects in this motor are the separation of the excitation and armature
windings, the control of the flux by the inductor excitation current, and the indirect control
of the torque by the armature current regulation. Hence, the currents of the flux and the

torque are electrically and magnetically separated. Figure. 2.5 represents the principle of
Field-Oriented Control.
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F1GURE 2.2 Different types of vector control schemes

2.2.2 Control of Active and Reactive Powers

In order to achieve the objectives of control, the DFIG is connected directly in the network
on the stator side, moreover, the rotor circuit is supplied by a source of assumed constant

DC voltage through an inverter controlled by the PWM technique.

Control of Active and
Reactive Powers

A 4 A 4

Indirect Control [ Direct Control }

Close Loop control Open Loop control

FIGURE 2.3 Control of Active and Reactive Powers

The purpose of vector control with FOC is to control stator active and reactive powers
of the DFIG-based WECS with ITSC in order to maximize the active power. This control
is developed and tested by synthesizing regulators. The reference values of these regulators
will be the active power for the rotor axis q and the reactive power for the rotor axis d. The
reactive power setpoint will be kept zero to ensure a unit power factor on the stator side so
as to optimize the quality of the energy returned to the network. The active power setpoint
should make it possible to keep the power coefficient of the optimum wind turbine. Figure[2.3]
represents the different strategy used for controlling the active and reactive powers .
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2.2.3 Model of DFIG in ‘dq’ coordinate

Recall that the dynamics of the healthy DFIG (v = 0) in ‘abc’ coordinate is expressed by
eq. (1.3) see more chapter 1. To simplify the model in eq. , the ‘dq’ transformation is
applied to project the model into a two-axis stationary coordinate, known as stationary ‘dq’
coordinate. In this coordinate, g-axis is 90 degrees ahead of the d-axis, and d-axis coincides
with stator phase ‘a’. The stationary ‘dq’ coordinate and its relationship with the stator ‘abc’

coordinate and rotor ‘abc’ coordinate is presented in figure
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FIGURE 2.4 Principle of Field-Oriented Control

The general dg transformation matrix T5e (from ’abc’ to ’dq’) is given as [93] :

cos(9)  cos(@—3%)  cos(f+3)

—sin(0) —sin(0 —3°) —sin(0+ %)

T3 =

N

(2.1)

Then the variables in the stationary ’dg’ coordinate can be transferred from the variables

in the ’abc’ coordinate by following equation :

Xags = |Ts2lo=0Xs; Xagr = |T32]o=—0,X;; (2.2)

So, the reduced model is written as follows :
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‘/ds s 0 0 0 [ds Pds 0 —Ws 0 0 Pds
V S S [ S S S 0 0 0 S
q — T q 4 % (10(1 4 w Sﬂq (2 3)
Vdr 0 0 r r 0 I dr Ldr 0 0 0 —Ww Lar
Var 0O 0 0 r, y Ogr 0 0 —w O Pgr
Pds ls 0 Mgy 0 Ids
S 0 lS 0 Yl I S . . .
With : Pas | _ " % | . Stator active and reactive powers in
Pdr Mgy 0 L, 0 1y,
Pgr 0 mg O l, Iy

'dq’ coordinate given by [94] :

P
Qs

Vds V;]s
‘/qs - Vds

Vs
and| °

Iys
|0
Pgs 0 Vs '

If we neglect the stator resistance of the windings r, = 0, an assumption often accepted

Iy
¢ ] (2.4)
. . Pds o Ps
With stator flux constant and oriented [ ] = [

qs

for large power machines used for the production of wind energy [95], the DFIG voltage

equations are reduced to the following form :

0 Vs Ids
_ [ O”Iqsl 25)

The active and reactive powers are therefore in terms of the stator currents, we have no

P
Qs

direct action. We must therefore look for a relation between the rotor currents and the stator
currents. From the eq.(2.3)) of the direct and quadrature component of the stator currents,

we can write the equations relating the stator currents to the rotor currents as follows :

Ids o %Ssr 0 ]dr
Ios 0 me ||,

By replacing I4s and I s by their terms given by eq.(2.6]), we obtain the following expres-

+
0

ol ] (2.6)
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sions for the active and reactive powers :

RS
,vsl:ns'r O [qr

Taking into account the chosen of benchmark and the approximations, and if we consider

P

+
Qs

UQL ] (2.7)

S wsls

the magnetizing inductance mg, as a constant, the system obtained relates proportionaly the

active power with the rotor current of axis 'q’ and the reactive power with the rotor current

vi

of axis 'd’ at constant near imposed by the network.

lss

2.2.4 Rotor Voltages

From the system of eq.([2.3)), the expressions of the rotor voltage equations can be written

as follows :

‘/;lr :_Tr 0 ] [Idr]_i_[lr_nfr 0 , ]d[—[d'l’:|
Vol [0 n)[ 0 L—me|dt| g, o8
+ 0 gl - ) ] [ T ]
| gl = ) 0 Loy gL

where : g = @~ is the slip of the machine; o = (I, — (m,)/l;) In steady state, the
terms involving the derivatives of the two-phase rotor currents disappear, we can therefore
write [95] :

Var
Var

Ty  —QWsO 1 0
= g s (2.9)
gwso Ty Iy g

Var and V,, are the 'dq’ components of the rotor voltages to be imposed on the DFIG to

obtain the desired rotor currents;

(I, — "i'“) is the coupling term between the two axes ; gws% represents the coupling term
between the direct and quadrature axis. For weak slips, this coupling term can be neglected in
order to have perfect decoupling between the two axes [95]. However, for certain applications
of the DFIG, the variation of the rotation speed can be important and the slip cannot be
neglected ; In this case, it is necessary to consider compensation terms to have control of each

axis independently of the other.
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To regulate powers optimally, we will set up two control loops on each axis with pro-
portional integral controller for each, a loop on the power and the other on the current
corresponding while compensating the terms of disturbance and couplings appearing on the
block diagram model DFIG. We obtain the control structure shown in ( Figure .

vV 0 — QWO 1, Cdr 0
- :[ g ] { TUrRE) | ] (2.10)
Var Ywso 0 Iy Cqr 9=
I* 0 —VUsMsr R VsMsr
ar | _ I SEP | 4| Twls (2.11)
I;T %:n” 0 Rser 0

This structure results in a more complex regulatory system. However, it offers better robust-
ness in the face of possible instabilities on the electrical network. The proportional integral
regulator used for the control of currents and powers is simple and easy to set up while offe-
ring acceptable performance for use as a generator of the DFIG. In addition, the symmetry
of the system after compensation leads to calculate the regulators for a single axis, the other
two will be identical to the first [95].

Turbine Gearbox shaft
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_—— = =

P e e e T T B T ]
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FI1GURE 2.5 Diagram bloc of the MPPT
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2.2.5 MPPT Control Strategy

The Maximum Power Point Tracking (MPPT) control strategy is mandatory in order to
extract the maximum power from the available wind energy. The MPPT control strategy is
based on adjusting the rotor speed to track the optimal reference power. The rotor speed can
be adjusted by controlling electromagnetic torque of the DFIG rotor. Figure[2.5] shows the

model scheme of the MPPT control strategy (for more details see more [96]).

Park!
Voltage Inverter
DFIG

F1GURE 2.6 Block diagram of the proposed control strategy design

2.3 Synthesis of Regulators

The synthesis of regulators is necessary for the realization of the active and reactive power
control of the DFIG. This control is developed and tested by synthesizing firstly by conven-
tional Proportional-Integral type regulators and compared with Sliding Mode Controller.

2.3.1 Application of the Proportional Integral (PI) Control to the DFIG

In this section, we will adopt conventional type regulators PI necessary for controlling the
active and reactive powers of the DFIG- based WECS. The rotor currents are controlled by
Proportional Integral (PI) regulators. This type of regulator remains the most commonly used
for controlling the DFIG- based WECS, as well as in many regulation systems. industrial.

The regulators of each axis have the role of canceling the difference between the reference of
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active and reactive powers and their measured values (Figure. . DFIG’s control strategy
uses a proportional integral PI regulator. It is a simple and quick regulator to implement ;
it gives a good compromise between complexity and performance. The PI regulator results
from the harmonious combination of two actions [97] :
— A proportional action which is used to regulate the speed of the dynamics of the
system.
— An integral action which makes it possible to eliminate the difference between the

reference variable and that which one wishes to control.

2.3.2 Application of the Sliding Mode (SMC) to the DFIG

Sliding mode control strategy is proposed to improve the effectiveness of the DFIG-based
WECS and to achieve high dynamic performance of stator active power and reactive power

control [32] and compensate the fault that occurs in DFIG.

Active and reactive powers control surface
The sliding surface proposed by J. SLOTINE [98] is given by :

S(z) =( jt—l— §)" Le(z) (2.12)

To control the active and reactive powers, we take n = 1; the expression of the active power

control surface is as follows :

S(P) = e(P) = P: = P,

: (2.13)
S(Qs) G(Qs) = Q: - Qs

Their derivatives are given by :

S(P) = ¢(P) = Py — P,

) ) ) (2.14)
S(Qs) = é(Qs) = Qs — Qs
Recall that fqr, fdr are given by :
Ly = =21y + qugl, + LV,
I g dr T Jislar 5 Vd (2.15)

r r Mgy Vs 1
[qr = —;T qr — ngIdT — 94;;5 s 4+ ;‘/qr
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By replacing the expression of P, by its expression as well as _fqr and Q, by its expression as

well as fdr which results in :

S(P) = B4 vemer (<220, — gy, — g + 1V,,)

| | (2.16)
S(Qs) = QZ + % (_%[dr + gws[qr + %V;lr)

By replacing the expression of V,, with V... +V,, and Vg, with Vg, + Vg, the control clearly

appears in the following equation :

S(P) = Py 4 vetter (o — guo I, — gieste 4 HoreaThurn )

' : ‘. (2.17)
Q) = Qf + ter (=L [y, + guo I, + et )
In sliding and permanent mode :
S(P,) = 0=S(P,) = 0,and V,,, =0 o1
S(Q,) = 0=5(Q,) = 0,and V, =0 '
Hence, the formula of V,,,, and Vg, becomes as follow :
V;]Teq = _milrsvs Ps* + TrIq'r + Ugws_ldr + g% (2 19)
‘/Cl'req = _mzlrsvs Q: + el — Ugwslqr .

Vdrn
A N

k kd—

> S(Ps) > S(Qs)

FIGURE 2.7 Sign function
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The discontinuous control V,,, and V., are given by :

Ve = kq.sign(S(Ps))

(2.20)
Vir, = ka.sign(S(Qs))

Where : k,, kq are a positive gains. The controllers Vg, and V,,, are given by the basic form,

which is that of a relay represented by the function "sign" Figure

FIGURE 2.8 Soft "sat" control

However, the use of the relay type control can cause undesirable dynamics characterized
by the chattering phenomenon. Other methods are proposed to limit this phenomenon. We

use for the control by sliding mode regulators so-called "soft control" with a single threshold.

It is given by the eq.(2.21)), (2.22)) and represented in the Figure .

v, - L=k (S(P) if |S(P)|(e (221)
ky.sign(S(Ps)) if |S(Ps)|)e

Vi = ka(S(Qy)) if [S(Q)|(e (2.22)
kq.sign(S(Qs)) if |S(Qs)|)e

This function is also known as the saturation function "sat'. The high-frequency oscil-
lations that appear in the responses of the sliding regime can be avoided by making the

discontinuous controls V., , Vg, continuous. To do this, the sign function is replaced by the
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sat function.

Ve, = kg.sat(S(Ps))
Vir, = kq.sat(S(Qs))

(2.23)

Where : kg, kq are a positive gains. The block diagram of the proposed SMC control strategy
design is presented in Figure

Park™!
v
PWM
%
DFIG

>‘ Calculatlonof
Vdreq :

-------------------------------

% 3
__9@—9{ kq.Sat(S(Qy)) —
dr

---------------------------------------------------------------------------------------------------

F1cUrE 2.9 SMC control strategy

2.4 Results and Discussions

The simulation results presented in this part will make it possible to check the proposed

control objectives :

— The decoupled output (i.e., electromagnetic and reactive power) control.

— Maximize the active power.

The results obtained by Q% = 0V AR. The control is developed and tested by synthesizing
firstly by conventional Proportional-Integral type regulators and compared with Sliding mode
controller. The simulation studies in this work are carried out in the MATLAB/Simulink
environment, using the « Euler » method with the fixed step size of 0, 3ms and the schematic
diagram of the implemented system is given in Figure [2.6]and [2.9] The DFIG is rated power
at 7.5kW, and its parameters are provided as follows : Rated line voltage = 220/380V ;
Rated stator frequency f = 50H z ; Inertia of rotor J = 0.3125kg.m?; Coefficient of friction
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fois = 6,73.1073N.m.s~1; Stator resistance ry, = 0,455Q; Rotor resistance ry, = 0.62Q);
Mutual inductance m,,. = 0,078H ; Stator inductance M, = 0,084H ; Rotor inductance
M, = 0,081H ; Number of pole pairs p = 2; Wind Turbine Parameters of 10kWW ; Diameter
R = 3m ; Number of blades= 3.

TABLEAU 2.1 Scenarios of stator [TSC fault under fixed wind speed

Time [s] | O[s] — 2[s] | 2[s] — 3.5[s] | 3.5[s] — 5][s]
v v=0(0%) | v=0.01(1%) | v=0.03(3%)
Vivinal "] 13[%]

Figure presents the constant wind speed; this curve remains constant at 13 [m/s].
The aim of considering this type of wind speed is that it doesn’t make any noise, in addition
to being able track and study the fault very well. This is contrary to the real wind speed,

which contains a lot of noise that makes the study of faults difficult.

14— ul
13.8 wind
13.6
13.4
13.2

13

Vwind [mis]

12.8
12.6
12.4
12.2

12 L 1 L 1 1 L
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
t[s]

L

F1GURE 2.10 Fixed wind speed

Figure [2.11] illustrates the variation of measured, and reference values of rotor speed w;,
controlled respectively by PI and SM controllers. It can be seen after starting, that the tow
controller provides good tracking of the rotor speed at its reference without any overshoot
and with zero steady-state error. When the target rotor speed is 121.68rps, the rise time
of the PI control is 0.15[s] and that of the SMC is 0.16[s]. When the fault occurs at ¢t =
[2,3.5][s],y = 0.01(1%)) the PI and SM controllers maintain the DFIG stable and not too
affected by the 1% ITSC fault.

At (t = [3.5,6][s],y = 0.03(3%)) we remark that the measured rotor speed exceed their

reference value and the poor dynamic performance of the PI control in the steady state.
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However, the SMC shows good dynamic performance compared with PI, and it is trying
to maintain its robustness against the I'TSC fault. The SMC avoids the chattering problem
because the use of function ‘sat’ as illustrated in eq.(2.23)).
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FIGURE 2.11 Variation of rotor speed under fixed wind speed

The active power P, response regulated by two control methods PI and SM under a fixed
wind speed condition is shown in Figure . We remark (at t = [0,2][s], v = 0%) when
using PI control, during the starting period, the active power had overshoot (approximately
50%) lasted until 0.15[s].

When using SMC, the active power could basically achieve a poor overshoot (approxima-
tely 10%) and last until 0.5[s]. The presence of oscillations generated by the inverter is also
noticeable; at t = [0.5,2][s] the measured value of active power P, dynamic is fast, follow,
and converge perfectly to their reference value without any overshoot and with zero steady-
state error for both types of control. When (¢ = [2, 3.5|[s],y = 1% and t = [3.5, 5][s],7 = 3%),
for PI control, it is remarkable that there is an increase in oscillations in measured value of

active power when the fault occurs, in contrast to the SMC, which remains robust and not
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affected by fault.
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FIGURE 2.12 Variation of stator active power under fixed wind speed

Figure [2.13] presents the variation of reactive power (); controlled by PI and SM. We
remark that when the target reactive power is Q% = OV AR, the rise time of the PI control
is 0.15[s] and the SMC is 0.15[s]. However, the speed response time of SMC was slightly
faster than that of PI control. During the starting period, the reactive power had overshoot
(approximately 60%) for both kinds of control. The presence of oscillations generated by the
inverter is also noticeable ; it was especially noticeable in the PI controller, which lasted until
0.9[s] compared to the SMC, which lasted until 0.15[s]. The measured value of reactive power
Q)s dynamic is fast, follow, and converge perfectly to their reference value at t = [0.9, 2][s]

for both types of control, with no overshoot and zero steady-state error.

When t = [2,3.5][s],y = 1%, for PI control, there is an increase in oscillations in measured
reactive power value when the fault occurs in contravention of the SMC, which remained
robust and was unaffected by the 1% fault. When ¢t = [3.5,5][s],y = 3% for PI control,
we remark an increase of oscillations in measured value of reactive power. This oscillation

is bigger than when v = 1%. However, for SMC control, we remark a slight increase of
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oscillations in reactive power compared with when it is controlled by PI.
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FI1GURE 2.13 Variation of stator reactive power under fixed wind speed

It can be seen that the results of Figure [2.13] agree with the simulation results displayed
in Figure (stator active power) show a perfect decoupling between the active power

(electromagnetic torque) and the stator reactive power.

2.4.1 Performance of the PI and SMC for DFIG Operating under random Wind
Speed

In order to see the effect of the variation of the wind speed and fault on the rotor speed,
active and reactive powers, the DFIG-based WECS was tested and simulated in a faulty
operation under random wind speed. The results obtained by Q% = 0V AR.
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TABLEAU 2.2 Scenarios of stator ITSC fault under random wind speed

Time [s] | O[s] — 2[s] | 2[s] = 3.5[s] | 3.5[s] — 5][s]
¥ v=0(0%) | v=0.01(1%) | v=0.03(3%)%
Vivina| ] Random wind speed

Figure[2.14represents the random wind speed ; the aim of choosing this profile is to contain
noise and correspond with the real wind speed.
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FIGURE 2.14 Random wind speed

Figure shows the variation of measured and reference value of rotor speed controlled
by PI and SM controllers. It can be seen after starting that there is an overshoot that has
remained until 0.15[s] for PT and until 0.16[s] for SMC. When (¢t = [0.15,2][s],y = 0%) the
SMC provides good tracking of the rotor speed at its reference values coming from the MPPT
of the wind turbine, without any overshoot and with zero steady-state error, the PI controller
provides poor tracking of the rotor speed reference, and we note there is steady-state error.
When the fault occurs (at ¢t = [2,3.5][s],y = 0.01(1%)) ] for PI it is remarkable that it is
sensitive to the variation of the wind speed and of fault, there is a large error between the
desired and measured values. For SMC increase in oscillations in measured value of rotor

speed, the SMC provides good tracking of the rotor speed reference values.

At (t = [3.5,5][s],7 = 0.03(3%)) we remark that the measured rotor speed exceed their
reference values and the poor dynamic performance of the PI control. However, the SMC
shows good dynamic performance compared with PI, and it is trying to maintain its robust-
ness against the ITSC fault.
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FI1GURE 2.15 Variation of rotor speed under random wind speed

The active power P, response controlled by PI and SM controller under random wind
speed condition is illustrated in Figure We remark after starting that for PI there is
an overshoot (approximately 50%) that has remained until 0.15[s] for PI and there is no
overshoot for SMC. Also, in order to achieve the maximum wind energy capture, the rotor
speed changes accordingly, and the optimal power curve is tracked. When (¢ = [0.5,2][s],y =
0%) the SMC provides good tracking of the active power at its reference values coming from
the MPPT of the wind turbine, the PI controller provides poor tracking of the active power
reference values, and we note there is steady-state error.

When the fault occurs (at ¢t = [2,3.5][s],7 = 0.01(1%) and (¢t = [3.5,5][s],y = 0.03(3%))
for PI, it is notable that it is sensitive to variations in wind speed and an increase in oscilla-
tions in measured value of active power, with a large error between the desired and measured
values, in contrast to the SMC, which remained robust and was unaffected by the fault and

wind speed disturbance.
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FIGURE 2.16 Variation of active power under random wind speed

Figure presents the variation of reactive power @) controlled by PI and SM. We
remark that when the target reactive power is Q% = 0[V AR], the rise time of the PI control
is 0.15[s] and the SMC is 0.15[s]. However, the speed response time of SMC was slightly
faster than that of PI control. During the starting period, the reactive power had overshoot
(approximately 60%) for both kinds of control. The presence of oscillations generated by the
inverter is also noticeable; it was especially remarkable in the PI controller, which lasted
until 0.9[s] compared to the SMC, which lasted until 0.15[s].

At t = (0.9, 2][s] for PI, we notice that the Q)5 changes with the change of wind speed and is
affected by disturbance of wind speed. We also note a poor performance for dynamic tracking
for PI compared with SMC. For SMC, the measured value of reactive power ()5 dynamic are
fast, follow, and converge perfectly to their reference value without any overshoot and with

zero steady-state error and are not affected by disturbance of wind speed.

When the fault occurs (at ¢ = [2,3.5][s],y = 0.01(1%) and ¢ = [3.5,5][s],y = 0.03(3%)),

for PI it is remarkable that it is sensitive to the variation of the wind speed and increases in
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oscillations in measured value of active power. There is a large error between the desired and

measured values, for SMC we observe an increase in oscillations in reactive power because it
is affected by 1% and 3% ITSC faults but it is not affected by disturbance of wind speed.
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FIGURE 2.17 Variation of reactive power under random wind speed

It can be seen that the results of Figure agree with the simulation results displayed in
Figure (stator active power), a perfect decoupling between the electromagnetic torque

and the stator reactive power.

2.5 Summary

This chapter has allowed us to study and apply the vector control in stator active and
reactive powers of the DFIG-based WECS. The choice of the Field Oriented Control (FOC)

was made by orienting the stator flux along the axis d. Indeed, this choice allows us not only

to simplify the model of the machine but also to decouple the control of the torque and the

flux.
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The simulation results show that the SMC strategy has shorter regulation time, less over-
shoot, stronger immunity, and adaptability for the given value change compared with PI

control strategy.

Furthermore, SMC can adjust the active power output with the change of the external
wind speed and the reactive power can also be adjusted according to the needs of the system,
which realizes the active power and reactive power decoupling control well and verifies the
effectiveness of the control method applied to the DFIG-based WECS.
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CHAPTER 3

FDD of ITSC Fault in DFIG-based WECS

3.1 Introduction

In this chapter, we propose an approach to detect and isolate the stator ITSC fault in
DFIG-based WECS. We focus on diagnosing the first fault (i.e. single-phase ITSC fault).
The single-phase fault can be formulated as an additive term in the state space model (i.e.
the additive fault); in this state-space form, the single-phase ITSC fault is represented by
unknown parameter (i.e. v), which can be considered as the additive fault. To estimate this
unknown parameter, a SMO-based on residual generation is firstly designed. Residual signals
are generated by taking measured three-phase stator currents and those reconstructed by
SMO from a faulty model of the DFIG, from which a decision system is developed to isolate
the I'TSC fault.

In addition, the influence of model uncertainties is considered. The condition that DFIG
operates under varying of wind speed is also discussed in this chapter. To ensure the stability
of the SMO in the presence of wind speed variation, a SMO is developed based on the

Lyapunov theory to assure stability condition.

The FDD approach explained in this chapter has been selected for the purpose of fault-
tolerant control. Emphasis is laid on approach that does not only detect, but also isolate or
identify fault.

3.2 Stator ITSC Fault Diagnosis

Generally, a model-based fault diagnosis approach consists of three main steps, which are
the fault detection, the fault isolation and the fault identification. Firstly, the fault detection
aims to decide if there is a fault in the system or not. Secondly, the fault isolation enables the
determination of the fault position and its occurrence time. Finally, the fault identification
permits the fault level estimation, its type and nature [99]. The fundamental problem of fault
detection method is concerned with designing a residual generator which yields residuals that
allow a reliable decision between two cases : healthy or faulty DFIG [100]. The Observer plays
the main role in model-based fault diagnosis for monitored systems ; the idea of using a SMO-

based approach for the DFIG with stator I'TSC fault diagnosis consists of using an estimated
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three-phase stator current to generate a residual [101].

3.2.1 State Space Model Representation

The model of the single-phase ITSC fault as presented in chapter 1 Section 1.7 is given
by two equations : the voltage and flux equations, which can be written in a compact form
as. There are usually two methods to transform this model into a state-space representation.
One is to select the currents as the state variables, and the other is to select the fluxes as the
state variables. In this work, the first method is utilized and the fault is formulated into an
additive fault represented by two unknown variables. The state-space representation can be

obtained as :

]abcs Rs W dé\gjr —Ts Ea: Iabcs V;zbcs
% -[abcr = _L_l W dcjl\g:s Rr — YWy dé\gir T Iabcr =+ L_l ‘/abcr (31)
Iy yroEl =y Elw, 40 —Ts Iy 0
Ay
Lss Msr _’yLssEz
where : L7t = M, s Ly, —~vM,. E, |;the matrices Ry, R,, Ly, L. and M, are

VE; Ly —yELMG =
given in ([1.5)) and eq. (1.6]).

The general state-space representation of state variables of eq. (3.1]), is writing in the

following form :

i = A(w,,0,)% + B

(3.2)
y=x
with: € R";ae R"; Ae R"™*"; Be R™";
[a CS ~ V(I CS
i=| " ER";;y=12= b | eRS G = v ER"u = b €R%I; € R;
]f aber 0 aber
The Partial decomposition of the matrix A(w,,6,) and B is given as follows :
- Alw,,0,) A - B B _
Ay, 0,) = | AlorOr) Ao LA, B= 2o (3.3)
An Ags By By
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With : A(wT,HT),B c RGXG;AH,BH € R6X1;A22,BQQ S R; Agl,le c RlXG;C = Igxg- The
model of eq. (3.1]) is defined through the following structure :

T = A(WT, QT) + Bu + Au]f

——
F() (3.4)
y=ux
So, we can rewrite the eq. (3.1]) as follows :
d I abcs I abcs abcs 2
B - A wr, 67- + B + t 35
dt [ [abcr ( ) [ [abcr ‘/abcr f( ) ( )

The general model of the DFIG with single-phase ITSC fault written by the derivate of

the currents, given as follows :

d [ Iabcs ] o Lss Msr B Rs wrdé\giT Iabcs
dt | Lper | | My Ly, w Mo R, Ler
’ E @ ’ (3.6)
Lss Msr V;zbcs 3
+ /()
Mrs er Vabcr

3.2.2 Sliding Mode Observer

The main advantage of using sliding-mode observers over their linear counterparts is that,
while in sliding, they are insensitive to the matched unknown inputs. Moreover, they can be
used to reconstruct unknown inputs which could be a combination of system disturbances,
faults or non-linearities. The reconstruction of unknown inputs has found useful applications

in fault detection and isolation [70].

It is obvious that the analysis of the observability of nonlinear systems is complex because
the observability can depend on the input of the system and there can be observability
singularities in the state space [102]. DFIG is strongly nonlinear and the analysis of its
observability is rather difficult if we consider the rotor speed w, as one of the state spaces.
But, in practice, DFIG is predominantly running under slowly varying speed conditions. In
eq. , the rotor speed w, can be considered as a time-varying parameter while can be
measured in real time. Therefore, this model is a MIMO line time-varying system. According
to the dynamic model, given in eq. , the ITSC is considered as an actuator fault. The
sliding mode observer is defined through the following structure [103] :
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? = A(wr, 0,)% + Bu+ k.sign(e,) (3.7)

where, estimated states, input signals and prediction outputs are defined respectively as :

g — 5= Iabcs Vabcs
I aber Vabcr

So, the model of the observer is defined as follows :

€ER%u = €Re;

A

I
_ A(WT,HT) [ Aabcs

aber

Vabcs

+ B + k.sign(e;) (3.8)

aber

where : k € R :is the gains of observer. We define a sliding surface sign(e,) = S%gn(eabcs)
sign(€aper)
Sign(eabcs)

SZgTL (eabcr)

As to converge to zero the two sliding variables [ ] =0 [104].

3.3 Fault Detection and Isolation Approach

Accurate and fast fault detection and isolation in DFIG-based WECS minimize the down-
time of the units as further damages can be prevented and determine the occurrence of a
fault in the system, by using dependencies between different measurable signals [105]. To
detect the fault in DFIG with I'TSC, consider the estimation error e, generated by SMO and

given by the following equation :

ex=r—i=¢€ = -1 (3.9)

€R’;.

. €abes
with e, =
€aber

The dynamic of the derivative error estimation is given by :

€, = A(wr,0)es + f(t) — k.sign(ey) (3.10)

] |
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We choose the Lyapunov candidate function V'(e,) associated to the state system error, such

as

Vie,) =1 ele, (3.11)

Using eq. (3.6), (3.9) and the derivative of eq. (3.11]) is written as follows :

Vie,) = ele, (3.12)
This can be rewritten as follows :
Viea) = el[Alwr. 0 )eq + f(t) — k.sign(e,)] (3.13)
SO
Vie,) = el A(w,,0,)e, + el f(t) — el ksign(e,) (3.14)

We have : el A(w,,0,)e, < 0, because A(w,,0,)is Hurwitz (the eigenvalues of the A(w,,0,)

have strictly negative real parts).

So : el f(t) — eLksign(e,) should be negative to guarantee V(e,) < 0. We have :

eb f(t) — elksign(es) = Y e(filt) — k.sign(e;)) (3.15)

=1

where : k is selected to ensure the asymptotic convergence of errors estimation and satisfy

the eq. (B.15) If we chose : k > |fi|maz, then :

A

sign(fi(t) — k.sign(e;)) = —sign(e;) (3.16)

because :

{ Ife, <0= ﬁ(t) +k>0; sz’gn(fi(t) +k)=1= —sign(e) (3.17)

Ife; > 0= fi(t) — k < 0; sign(fi(t) — k) = —sign(e;)

thus : V(ex) < 0, else : lim;_ooe; — 0. As a consequence, ¢, = 0. This latter means that :
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fi(t) = k.sign(e;) (3.18)

3.3.1 Extraction of Fault Indicators (Residual Generation)

The residual generation goals are to reconstruct faults indicators using inputs and outputs
taken from the system [44]. When the sliding surface estimated by SMO is attained, the fault
detection can be easily executed by observing the stator current residuals eq.s, and it is

presented as follows :

leases (t)]| < &; No fault occurs (3.19)
l€apes(t)]| >¢; fault has occurred .

with : € or what is called (threshold) is a very small number and achieves ¢ > 0.
lim; oo, — 0 only when v = 0, that means no fault occurs. Thus, the residuals egpes
can provide reliable fault detection in all cases where the fault occurs. Generated residuals
in the condition of the fault absence and parametric variations are established in the aim
to determine the threshold. The highest value of I, Is and I, registered, respectively, by
fault indicator eyq,65s and e, agree to the stator phase affected by the I'TSC. If one or all

fault indicators overcome the e, the ITSC fault is detected.

3.3.2 Faulty Phase Isolation

To be able to isolate a faulty phase for stator ITSC in DFIG-based WECS, the following
steps must be respected :
— A fault in a phase will affect a stator current. Its residual signal is going to be different

from zero, i.e. if :

leas (t)] > € = [ fa(t)] > 0
lens(D)] < &= | /()| =0 (3.20)
lecs()] < & = |fu(t)| =0

— A fault in b phase will influence b stator current and its residual signal exceeds their
threshold, i.e. if :
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leas(D)] < € = | fu(t)] = 0
levs(t)] > € = /()] > 0 (3.21)
lees(B)] < &= | fo(t)] = 0

— A fault in ¢ phase will influence ¢ stator currents and its associated residuals exceed
the threshold, i.e. if :

leas()] < & = | fult)] =
leas ()] < e = |fo(t)] = 0 (3.22)
ees (8)] > € = | felt)] > 0

This technique can isolate the faulty phase whether is a or b or ¢ phase. Simulation tests are

investigated in Figures (3.4} [3.7).

3.4 Fault Compensator

Although the control algorithm mentioned in chapter 2 is effective for a healthy DFIG-
based WECS, its control performance can degrade in the presence of short circuit faults.
In order to maintain a normal and continued operation, a fault compensator is designed to
compensate the impacts of ITSC faults on the closed-loop controlled DFIG-based WECS.
(Figures represents conventional closed-loop control of DFIG-based WECS with ITSC

fault compensator.

in order to keep a normal and continuous operation, a compensator is proposed and
combined with the conventional controller in order to compensate the harmful effects of stator
ITSC defects. The construction of the compensator is established based on the estimated
defect current components /. ,I; supplied by the use of SMO. Thus, the relationship between
the healthy current and the derived faulty current is given as follows :

newly, = Iy — Ly newly = I, — ]Aqr (3.23)

I, and fqr represent the estimate currents components, I and I, represent the defective
currents components. The current flawless can in this way supplied by the difference between
the estimated defective currents components and the measured currents. Then utilized for

the closed-loop control. The fault compensator configuration is illustrated in Figures [3.1]
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Park1
v
PWM
Vi

DFIG

%, Fault Compensator fi..ievesesees

---------------------------------------------

--------------------------------------------

F1GURE 3.1 Closed-loop control of DFIG-based WECS with I'TSC fault compensator

3.5 Results and Discussions

In order to validate the correct and precise operation of the proposed FDD approach, a
sliding mode observer is developed based on the Lyapunov theory for the diagnosis (detection
and isolation) of the single-phase short circuit fault that occurs in DFIG-based WECS. Firstly,
the models presented in eq. section are simulated in order to analyze and evaluate the
behaviors of DFIG-based WECS in the presence of ITSC fault occurring in the stator phase
‘a’, then the proposed FDD approach performances under various conditions (i.e., wind speed
variation) are evaluated through simulations. In these simulations, the DFIG-based WECS

operates under closed-loop conditions. Two scenarios are considered :

3.5.1 Performance of the Proposed FDD Approach for DFIG Operating under
Fixed Wind Speed

In this part, the DFIG-based WECS was tested and simulated in a faulty operation under
fixed wind speed Figures|2.8. To test the detection and isolation approach for the stator [TSC
fault, a fault in phase ’a’ is introduced. The results obtained by Q% = 0[V AR].

Figures[3.2)shows simulation result of measured three-phase stator currents Iypes. It is clear
that three-phase stator currents when (v = 0% at ¢ = [0, 2][s]) in healthy cases are balanced,
when an ITSC fault occurs (v = 0.01(1%) at ¢t = [2,3.5][s]), Lapes becomes unbalanced due
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to the winding asymmetry ; this is because the effective impedance of the faulted phase is
reduced by the short circuit. The current of the faulted phase has a significant magnitude
increase compared to the other two phases and the phase with more serious fault (i.e., higher

percentage short circuit) (v = 0.03(3%) at t = [3.5, 5][s])presents larger increase in its current.

60 - , , , , -

[A]

abcs

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
t[s]

FIGURE 3.2 Evolution of the three -phase stator currents under fixed wind speed

Figures|3.3| present the simulation result of measured three-phase rotor currents Ipe,. It is
clear that three-phase rotor currents are balanced in healthy cases. However, when an I'TSC
fault occurs (y = 0.01(1%)at t = [2, 3.5][s] rotor currents become unbalanced and sensitive

to the fault due to the relation between rotor currents I, and stator currents I,pcs.

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
t[s]

FIGURE 3.3 Evolution of the three -phase rotor currents under fixed wind speed

Figures illustrates respectively the measure of three-phase stator currents (1 s, Iys, Ies)
of the DFIG and their estimated values (fas, Iy, fcs) based on the SMO, the dynamic of
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FIGURE 3.4 ITSC fault detection and isolation under fixed wind speed
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the steady state errors and the residual signatures generated by proposed SMO. It can be
clearly observed from the simulation results that the state’s estimation generated from the
SMO converges rapidly to those simulated by the real system, especially in healthy operation
~v = 0%. Furthermore, it can be observed that the estimated errors are very weak, which

confirms an ideal estimation by using this observer.

In faulty operation ¢t = [2,5][s], it is noticeable that the current in phase ’a’ presents
increase in its amplitude compared with its amplitude in healthy operation, when the stator
ITSC fault occurs, with considerable errors of measurement. These errors allow us to detect
the fault when it occurs. The residual r;, 7o and r3 generated from the difference between
the estimated currents and the measured one, shown in Figures [3.4] indicates the occurrence
of a fault; in the case of ITSC fault in current phase ‘a’ at ¢ = [2,3.5][s] and ¢t = [3.5, 5][s],
the fault is characterized by fraction of shorted turns of v = 1% and v = 3% respectively
of the phase and insulation. The analysis of residuals shows that all residuals are affected
and exceed their maximum value (threshold). However, only the first residual according to
affected current phase ‘a’ increases more than others’ residuals. That allows the isolation of

affected phase.

3.5.2 Performance of the Proposed FDD Approach for DFIG Operating during
Variations of Wind Speed

In order to see the effect of the variation of the wind speed on the active power, the stator
currents and the rotor speed, the DFIG-based WECS is tested and simulated in a faulty
operation under random wind speed (Figure [2.12]). The results obtained by Q% = 0V AR.

z h,m ol \ummw L \HHH L m\\\m\““ W il l m
: g \J T \“Mn

t[s]

FI1GURE 3.5 Evolution of the three -phase stator currents under random wind speed
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Figures represents the evolution of the measured three-phase stator currents I,,.s of
the DFIG under random wind speed. We remark the increase in the oscillations caused by the
application of the random wind speed, we observe also that the three-phase currents become
asymmetrical when the fault occurs, and an obvious increase can be observed in the current
of the faulted phase, this fault influences in the equilibrium of the three-stator phases and

therefore the equilibrium of stator currents which affects the power that is generated.
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FI1GURE 3.6 Evolution of the three -phase rotor currents under random wind speed

Figures show the simulation result of measured three-phase rotor currents I,p... It
is clear that three-phase rotor currents are balanced in healthy cases. When an I'TSC fault
occurs (v = 0.01(1%) at t = [2,3.5][s]) rotor currents are affected by the fault occurred in
the stator currents and it is very sensitive to the disturbance presented by variation of wind

turbine.

Figures illustrates the measure of three-phase stator currents (1, Ips, I0s) of the DFIG
and their estimated values (f as fbs, fcs), the dynamic of the steady state errors and the residual
signatures generated by proposed SMO. Accordingly, the increase in the oscillations caused
by the application of the random wind speed can be clearly observed from the simulation
results, we also remark an evolution of the stator currents, a distortion after the application
of the stator ITSC fault at t = [2,5][s], for all phases stator current (I, Ips, Ics). However,
the states’ estimation generated from the SMO converges rapidly to those simulated by the
real system, especially in healthy operation v = 0%. Furthermore, it can be observed that
the estimated errors eq,.s are very weak, and not affected by the application of random wind
speed, while affected by the stator ITSC fault applied at ¢ = [2, 5][s] which confirms an ideal

estimation and robustness by using this observer.
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F1GURE 3.7 ITSC fault detection and isolation under random wind speed
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We remark that the residual generated from the difference between the estimated currents
and the measured one shown in Figures [3.7] indicates the occurrence of a fault ; and always
allows to isolate the fault, whatever their type and location are. The presented results are
obtained for the ITSC modeled in a-phase of the DFIG. However, due to the symmetry of

the DFIG, the results of I'TSC fault occurrence in the remaining phases are similar.

3.5.3 Fault Compensator

The obtained estimation results of the defect current are then used by the fault compen-
sator in order to eliminate the harmful effects that the stator ITSC single phase may cause

to some crucial electrical within the system.
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F1GURE 3.8 Fault compensation

The proposed fault compensation scheme is implemented on a closed-loop controlled
DFIG-based WECS. The sliding mode observer-based fault diagnosis scheme is firstly em-

ployed to provide online diagnosis for the short circuit faults, and meanwhile estimate faulty
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current components (i.e., /4, I,;). These components are then utilized in the fault compen-
sator to remove the influences of the fault. To compare the performance of the DFIG-based
WECS before and after the fault compensation, a single 3% short circuit fault is introduced
stator phase ‘a’ and the fault compensator is activated at ¢ = 1[s]. The simulation results are
given in Figures [3.8

Figures presents the simulation results of fault compensation. 3% short circuit fault
is applied to stator phase ‘a’; and the fault compensator is activated at ¢ = 1[s|]. When
the fault occurs, the torque active and reactive power are still able to track their reference
values but with strong oscillations. These oscillations are significantly reduced when the fault
compensator is applied. Simulation results obtained reinforce and assert the effectiveness of
the proposed control FTC and observer. It has been observed that the control synthesized
SMC rejects the effect of the disturbance which comes from the variation in wind speed.
Indeed, the effects of the short circuit fault on a closed-loop controlled DFIG-based WECS
are highly reduced and the system performance is recovered by using the proposed fault

compensation scheme.

3.6 Summary

In this chapter we have proposed an adapted FDD approach for a DFIG with a stator [TSC
fault which is based on SMO. The proposed observer is able to generate specific residuals.
These residuals indicate the difference between measured three-phase stator currents and
reconstructed ones. Residuals allow to detect and isolate the fault a, b or ¢ faulty phase.
However, in order to avoid false alarms, the threshold value must be established after the
analysis of the residual level in healthy operating case of the DFIG. Simulation results confirm
that the proposed ITSC fault FDD approach offers rapid and precise detection and isolation
of fault. Thereafter, based on the block FDD provided by the adaptive observer, a fault
compensator is constructed and added to the controller. The simulation studies show that
this fault compensator can highly reduce the oscillations in the output power and some other

electrical quantities in the presence of short circuit faults.
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CHAPTER 4

FDD of Current Sensor Fault in DFIG-based WECS

4.1 Introduction

Accuracy, timeliness and reliability are crucial to the stable operation of DFIG- based
WECS. Once a fault occurs, it will affect the overall control performance of the system,
and even lead to entire system deficiency. In fact, the early detection and isolation of faults
point out the increasing significance of DFIG for Wind Turbines and is beneficial to avoid
false alarms due to possible undesired perturbations [105]. The purpose of this chapter is to
design an FDD algorithm for DFIG-based WECS with a stator current sensor fault. This
FDD algorithm is based on the multiple Dedicated Sliding Mode Observers Scheme (DOS),
which generates a set of residuals for detecting and isolating current sensor faults that can
affect DFIG behavior. A decision system is employed to accomplish an effective process of the
residual vector to detect and isolate of the current sensor fault. Through simulations, it will
be demonstrated that the detect and isolate of stator current sensor faults will be correctly

achieved, and the diagnosis result will not be affected by disturbances and reference changes.

4.2 Modeling of DFIG with currents sensor Fault

4.2.1 Model in ’abc’ coordinate
In natural ’abc’ reference frame, the currents model equations in matrix form are given

as [106] (Figure [4.1)) :

-1 -1

d Iabcs Lss Msr Rs Wy % [abcs Lss Msr ‘/abcs
d — " +
dt Lober M,s Ly, Wy %Lg:s R, Laper M,s Ly, Vaber (4 1 )
A(W'r',e‘l')
y=x + fsensorabcs (t)
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fsensor“bcs (t) :is the stator current fault sensor in ‘abc’ coordinate. Where : The resistance
matrices R; and R, are given in eq. (1.5 chapter 1, Ly, L., and M, are respectively the
stator and rotor inductance and mutual inductances matrix given by eq. (1.6) chapter 1.

Sensor Faults
I .7 y
u abc
input ——  DFIG ——  Sempors  —— output
4‘

FIGURE 4.1 Current sensor faults

Recall that the model of eq. (4.1)) can be write in ‘dq’ coordinate as follows :

i Ids ] i 0 wsls 0 WMy 1 ]ds ] | ‘/ds ]
I, —wglg 0 —WgMygy 0 1, Vs
41T | = Lag C o+ Lgg | * | (42)
Idr 0 GWsMigy -7y gwslr [dT VdT
Iy — WM, 0 —quwgl, =1, I, Var
= 0 —-mg O
. 0 gl—; 0 — Mgy
With : Lg, = e OS 1 0 ;
0 = 0 3
So, the reduced model is written [106] :
ftdq = Adqxdq + quudq (4 3)

Ydqg = Tdgq + fsensor(t>

Where : fsensor(t) :is the stator current fault sensor in ‘dq’ coordinate.

I dqs qus
Taqg =

ERYu = cR*: f t)ER?,
) ?fsenso'f'

dqr

1, dqr qur

4.3 Fault Diagnosis and Fault-Tolerant Control Strategy

Supper twisting control strategy is proposed to improve the effectiveness of the DFIG-

based WECS and to achieve high dynamic performance of stator active and reactive powers
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control. The stator active and reactive power given by |107] :

— MsrVs
P, = Iqr

Q= eIy, +

lsw

The switching functions are selected as shown in eq. (4.5)) :

S(Ps) = (P; — P) +cp, [(P; — Py)dt (4.5)

S(QS) = (Q: - QS) + cq. f(@: - Qs)dt

Where : PF and )% are the reference values of the stator active and reactive power respectively,
the integral terms, weighed by the positive constants cp, and cg,, are added for steady-
state errors elimination [108]. Combination of eq.(4.5)) with eq.(d.4)), the time derivatives of
switching variables S(Ps) and S(Qs) are given as :

S(P) = P* + UsMisr ((—;’T-)Iqr _ gws[dr _ gvsmsr) + vsmsy-vr + CPS(PS* . PS)

ols ol
(4.6)
$(Q0) = Q5 + v (72) Ly + gl ) + 2 Vi, + €0, (Q5 — Q)
So the eq.(4.6) can be rewritten as follows :
S(P) = P+ cp Py + s (25 4 ep gy — gualay — gUsiior ) 4 2ax 1, (4.7)

S(Qs) Q* + CQSQ* vqmw ((%TT + cQs)]dr + gwslqr — CQs w;flsr) + vsc?lljr Viar

In this section, the Supper twisting SMC will be replaced by Supper twisting SMC in

order to generate the ‘dq’ components reference voltages V. and V,, are given by :

QS(PS) _ UsMsr 7£O

B?(/Cg ) _ o (4.8)
avd,.s ol 70

As far as relative degree is concerned, the sixth equation highlights that the DFIG holds a
relative degree of first order. Hence, the application of conventional SMC or Supper twisting
SMC can result a control of the DFIG [109], taking into account that the construction, which
is determined by Supper twisting SMC, can eliminate the chattering phenomenon as well as

stimulate the control’s accuracy ; therefore, Supper twisting SMC is selected. Accordingly,
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the voltage that is employed is deduced from the control law that follows |108] :

‘/dr - ‘/dreq + V;irn

(4.9)

Var = Varey + Var,
Where : Vy,,, in addition to V,,, represent the switching, control terms. The components
of the control law in the seventh equation are the switching control terms in addition to the

equivalent control terms. In finite time, the switching control terms make the system in any

initial state arrive at the sliding manifold.

g E______'____» .............................. : ‘,':
: d * g . :
PS) Calculationof : .-~
Tar —T Vareg ‘7 .
wesnhasnnnnn >'-. R & g —
el IIIIIIITIIIIIININN, é > N > =
RS : Ny Q
I . H H Q”‘
dr _.HQ* : Calculation of .
........... g _____§__>E V H ...'0.
: dreq *,
E . ........... };.. R ‘.\
Q: Calculation of Vg, J—»(%}%
Vdr Vrlr
Qs "

FIGURE 4.2 Supper Twisting SM control strategy

The application of the super-twisting algorithm, in this research, can be used to calculate
them. Both Vg, and V. represent the equivalent control terms of the equation as they
lead, under typical circumstances, to the movement of the system along the sliding manifold.
The system’s response can be accelerated by the aforementioned terms which also diminish
the steady-state errors. By considering S(P,) = S(Q,)=0 can be a catalyst for derivation

of the equivalent control terms, and taking into account the aforementioned method. The
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application of the voltage to the rotor is shown as follows :

Var, = kpJI1S(Ps)|sgn(S(Fs)) + kp, [ sgn(S(Ps))dt
Var, = kqu\/|15(Qs)|sgn(S(Qs)) + kg, [ sgn(S(Qs))dt

. (4.10)
Virey = =325 [P + cp (P — Py + 17Dy + ogwelay + U
%Teq = _ﬁ[Q: + CQ, (Q: - QS)] + 741”[d7” - g%lqr

where kp,,kp,, kg, as well as kg, represent positive constants to be adjusted. The control
diagram is shown in Figure (4.2]).

4.4 Current Sensor Fault Diagnosis

Our objective is to develop a method based on the observer of the current sensor fault for
the DFIG diagnosis, then generate residuals from the actual and estimated currents obtained
by SMO to isolate the fault and correct it thereafter.

4.4.1 Fault Detection Block (Sliding Mode Observer)

The idea of sliding mode observer when the error between the actual and estimated stator

currents converges to zero, which guarantees the accuracy of the rotor currents observer
[110,/111].

In this section, the purpose is to design a currents sliding observer based on a general
class of manifold ©. The basic sliding mode observer design procedure is performed in two
steps. Firstly, an attractive manifold O(z,t) € RP is designed so that the output estimation
error trajectories restricted to ©(z,t), will have a desired stable dynamic. In the second step,
the observer gain, to stabilize the equivalent dynamic on O(z,t) is determined. The (z1, z5)
representing the components current, the rotor speed w, and the control input (uq,us) are

assumed to be available by measure.

Furthermore, the dynamic of rotor speed w, is assumed more slower than the stator and
rotor current dynamics. The observer is considered as a copy of the DFIG electric equations
where the w, speed is taken as a time varying parameter. In the sequel,(Z1, #3) denote the
observed stator currents and (23, Z4)the observed rotor currents, (egs, €,s) the stator currents
observation error and (eg;, e,-) the rotor currents observation error. Further, we assume that

the real rotor currents are bounded as follows :|z3| < ps; |x4| < pa.
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The sliding mode observer of the (4.3)) is given by :

j s f S V S
qu = Ay, das |4 B, das | 4 Asign(e,)
Id r -[d r ‘/d r
I I I (4.11)
édq jdq Udg
gdq = fidq
n 0 00
0 6 0 O
Where : A = ?
0 0 0O
0 0 0O
where the matrices A4, and By, are given by :
r Al AQ T B B1 B 7]
[al az] {a?) CL4] |:bl bz] {53 b4]
bs b b; b
Agy = as ae ar as . By = 5 U6 7 Us (4.12)
Qg a10 ai; a2 by 1o bir bi2
a3 Q4 ais Qi b1z by bis bis
L As Aq A Bs By d
We propose an observer constituted by this subsystem for (stator currents)
Ligs = Ailygs + Aol + B1Vigs + BoViagr + 0sign(eays) (4.13)

01 0
and the gain matrices 0 is taken as : § = [ 01 5 ]
2

®ll(eds) - with : €ds _ Ids — fds .
O21(€qs) , €qs Tos — 1gs ,

where : O11(eqs) and Oy (eys) are class C! functions characterized by some properties, which

we define a sliding surfaces error : ©; =

will be derived later.
Proposition 1 For the first subsystem (4.13)), if the following conditions are fulfilled :

1) ©1(xqys) is strictly increasing function satisfying : O (z44s) = 0 if and only if x4, = 0.
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2) The coefficients ¢; and s satisfy :

81 > aileqs| + asleqs| + as(|la| + p3) + as(|Iy| + pa)

R R (4.14)
Oy > asleas| + asleqs| + ar([Lar| + p3) + as(|1g| + pa)

Then, the manifold ¥ = {z4,s€R*/O; = 0} is made globally attractive and invariant, mo-

reover the observation errors e4s and egs converge at least asymptotically to zero.

Proof 1 On the manifold ¥ one has :
O1(edqs) =0 (4.15)

when ©1(x44) is chosen among functions that take zero value only at the origin x4, = 0,

the condition (4.16]) leads to eqs = €4 = 0.

In order to determine the gains of the observer, we propose the positive defined Lyapunov

function :
1 7

The derivative of the Lyapunov function is :

Vv = efe, (4.17)
L 45 21 . . €as | . .
With :0, = dg‘; as the current error dynamic of é445 = ; is given by :
48 degys qs

bagr = AiCags + A€y — dsign(eqys) (4.18)

e
with :eqq = [ dr ], and

Eqr

éds = Q1€4s + a2€qs + as€dr + a4€qr - 518ign(eds)

(4.19)
€qs = A5€4s + AeEqs + Areqy + Ag€qr — O25ign(eys)
hence V can takes the form :
. d@ €ds d@ €qs
V = O, (e0)On(ean) ) 0 ()0 () 2021 C02) (4.20)

degs degys
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In order to make V < 0 (negative)vVO; # 0, it is sufficient that the terms Ouleas) 54

degs
de%ii‘”) must be positive Veg,s # 0 and the gains ¢; and dy are taken as :

01 > max{|aieqs + aseys + aseqr + aseqr|} = arleqs| + aslegs| + a3(|fdr| + p3) + a4(|fqr]
|

62 > ma${|a5€ds + A6€qs + areqr + a8€qr|} = af5|6ds|a6|eqs| + a7(|fdr| + pS) + a8<|fqr

The manifold W, is then globally attractive and the observation errors e4s and e, converge

at least asymptotically to zero value.
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FIGURE 4.3 Detection of sensor faults by the multiple Dedicated Observers Scheme (DOS)

4.4.2 Residual generation block

To isolate the failing phase, we need a block of three observers. Each observer of which
has as input two measured currents and the third current is calculated (taking as current
value of the missing phase minus the sum of the two phases) this is illustrated in Figure
then we calculate the residuals :

Is_js Is_js Is_js
p= | 1| 2 | e T e g = M2 | | das — las - Tig | _ | Ads T A3 (4.22)
21 Iqs - Iqsl 22 Iqs - Iqu 23 Iqs - Iqs3
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Theoretically, in the case of three-phase systems balanced to fictitious neutral the sum of

the three currents :
I = 1,5+ Iys + I is zero.
So : I =0 — Normal operation (no fault).
I # 0 —Existence of fault (Stator current sensor fault).

While, practically the sum of the three currents is not exactly zero. but it is close to zero.
So, we set a threshold € such that :

|I| < e -Normal operation (no fault).

|I| > ¢ —Existence of fault (Stator current sensor fault).

4.4.3 Isolation Block and Fault Correction

From the residual expressions calculated above, Table shows the sensitivity of each

residue to each defect :

TABLEAU 4.1 Sensitivity of residues to defects.

Fault in Phase a | Fault in Phase b | Fault in Phase ¢
Residual r; + + -
Residual 79 + - +
Residual 73 - + +

(+) sensitive to the fault.

(—) not sensitive.

Thus, if there is a fault (current sensor fault), two residues will necessarily vary (out of
the value of the tolerated error). The third remains unchanged, which will make it possible

to locate the phase in fault. Table summarizes the three cases that can occur when only

one of the phases is faulty.

TABLEAU 4.2 Possible cases allowing the detection of a phase

Residual behavior Phase a | Phase b | Phase ¢
r1 Varied r9Varied rgdo not vary + - -
r1 Varied rodo not vary rqVaried - + -
r1 do not vary ro Varied r3 Varied - - +

(+) Presence of fault.
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(=) No fault.

In normal operation (without presence of fault), there will be no correction i.e. the two
currents represented in the landmark ’dq’,

I45 and I, will be calculated from the three phase currents measured. In the opposite
(presence of fault), the two currents Is and I, will be obtained according to the fault
location, i.e. if the fault is current sensor fault :

a 145 and I, will be taken from the third measure i.e. the measure or the current,/,; =
_(Ibs + Ics)~

b : I and I, will be taken from the second measure i.e. the measure or the current, ;s =
_(Ias + Ics)-

c : Iys and I,s will be taken from the first measure i.e. the measure or the current, I, =

_(Ias + Ibs)'

4.5 Results and Discussions

In order to show the performance of the proposed diagnostic and isolation scheme we
applied a current sensor fault in phase ‘a’ on DFIG-based WECS. The fault-tolerant control
used was developed and tested by synthesizing supper twisting SMC controller, in order of
correct and precise operation of the proposed method. The studies were conducted in under
MATLAB / Simulink environment, using 'Euler’ method with the fixed step size of 0.3ms,
The results obtained by Q% = 0[V AR] in the following variation of wind speed protocol and

scenarios of sensor fault :

15 , , -
14
o
E 13
T
[
£ 12
>
1 - .
10\ J
0 1 2 3 4 5 6 7
t[s]

FIGURE 4.4 Variation of wind speed
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TABLEAU 4.3 Scenarios of sensor fault
Timel[s] [0:3] [3;4.5] 4.5 ;6] [6:7]
Viina[m/s] 12 14 14 13
fsensor(t) Health operation | Health operation | Fault operation | Fault operation

4.5.1 Fault in One Current Sensors

Several tests have been performed to check out the accuracy of the proposed model in
the first step; the DFIG-based WECS was tested and simulated in a faulty operation with
a rotor speed of 112.32[rad/s| and controlled by orientation of the flow stator with reactive

power control and adjustment of the speed of rotation to maximize the active power.

150
— 100 - Zoom of w, / ﬁ
0 131.4 ]
° 131.2
o =
= 130.8 |
3 507 130.6
538 5.4 5.42
— w
r
o
r
0! |
0 1 2 3 4 5 6 7

t[s]

FIGURE 4.5 Variation of rotor speed

Figure shows the rotor speed tracking with super twisting control and sliding mode
observer. It can be seen after starting, which is done in closed-loop, that the measured
and estimated values rotor speed dynamics are fast, follows and converges perfectly to their
reference value coming from the control in MPPT operation conditions of the wind turbine,

in the steady-state with zero static error. There is a very good speed estimate by the observer

over the entire speed range.

The active and reactive power tracking are respectively illustrated in Figure It is
noticeable that it is present oscillations due to the harmonics injected by rotor inverter. It is
also remarkable that it is insensitive to the variation of the wind speed except the increase
of the oscillations at the time of the variation of the wind t= 3[s| and t= 6[s|; however,
it is noticed that there is an increase in oscillations in estimated value on the active and

reactive power when the fault occurred at t = 4.5 [s]. The obtained results reinforce and
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assert the effectiveness of the proposed control and observer. It can be observed that the
control synthesized super twisting control rejects the effect of the disturbance which comes

from the variation in wind speed.
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FIGURE 4.6 Variation of active and reactive stator powers
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FIGURE 4.7 Three-phase stator currents
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Indeed, this fault-tolerant control compensated for the effect of this disturbance introduced
at time t = 3 [s].

Figure [4.7] presents the evolution of the measure of three-phase stator currents Inp.s for
healthy operation between the times t = 0 [s] and 3 [s], as well as in the faulty operation of a
current sensor in phase ‘a’ at t= [4.5; 7s]. In healthy operation, it can be clearly observed that
the behaviour of three-phase stator currents is normal and stable and gives high performance.
In faulty operation, it is noticed that the current in phase ’a’ presents decrease in its amplitude

compared with its amplitude in healthy operation when the sensor fault occurs.

Figure . represents respectively the measure of three-phase stator currents (/s Ips, Ics)
of the DFIG and their estimated values (fas,fbs,fcs) based on the use of SMO, and the

dynamic of errors of the states, and the residual signatures generated by proposed SMO.

To test the detection and isolation block for the current sensor fault, a fault in phase ’a’ is
introduced. This phase will reconstruct through the two remaining phases 'b” and ’c¢’. It can
be clearly observed from the simulation results that the state’s estimation generated from the
SMO converges rapidly to those simulated by the real system (DFIG), especially in healthy
operation. Furthermore, it can be observed that the estimated errors are very weak, which

confirms an ideal estimation by using this observer.

At t=3 [s], we note the increase in the amplitudes of the stator currents Figure with
the increase in the wind speed which causes the increase in the torque applied to the DFIG

and subsequently the active power developed as shown in the Figure [4.6]

In faulty operation t=[4.5 ;7s|, it is noticeable that the current in phase 'a’ presents decrease
in their amplitude compared with their amplitude in healthy operation, when the sensor fault
occurs, with considerable errors of measurement. These errors allow us to detect the fault
when it occurs. The residual (71,79, and 73 ) generated from the difference between the
estimated currents and the measured one (Boolean variation) shown by Figure indicated
the occurrence of a fault ; it is clear that the residues r; and ry vary at the moment when the
defect appears. Nevertheless, the residue r3 does not vary, which corresponds to the developed
results in table £.2
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FIGURE 4.8 Three-phase stator currents with sensor fault and their residual signatures
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4.5.2 Control with Variation of the Reference Reactive Power

In order to see the effect of the variation of the reactive power on the active power, the
stator currents and the adjustment of the rotor speed, we propose to set the reference of the
rotor speed of DFIG from the wind speed at a constant value equal to 13 [m/s] Figure

and the reference of the reactive power is changed as shown in the following table [4.4] :

TABLEAU 4.4 Variation of the reference of reactive power

Time[s] |[0;2] | [2;4.5] | [4.5:6] | [6:7]
Vwinalm/ ] 13

Q*[Var] 0 | -3000 | -3000 | 3000
fsensor (t) O fsensor (t)

14 -

13.5 -
)
E
- 13
E
=
>
12.5 - .
12 L 1 1 -
0 1 2 3 4 5 6 7
t[s]
FIGURE 4.9 Fixed wind speed
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FIGURE 4.10 Variation of rotor speed
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FIGURE 4.12 Three-phase stator currents with variation of reference reactive stator powers

Figure present the variation of measured and estimated values of rotor speed of the

DFIG , for a variation of the reference of reactive power and constant wind speed for healthy

and faulty operation.
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After a transient state, the rotor speed follow its reference value. In Figure [£.10] we
notice that measured and estimated values of the rotor speed follow exactly their reference

independently of the variation of the reactive power.

As for active and reactive powers Figure 4.11] we can see the same remarks about the
increase in the oscillations after the application of the fault, compared to the healthy opera-
tion. According to the results obtained, the variation in reactive power does not affect the

appearance of active power.

Figure [£.12) presents the evolution of the measure of three-phase stator currents I,p.s for
healthy operation between the times t = 0 [s] and 3 [s], as well as in the faulty operation of a
current sensor in phase ‘a’ at t= [4.5; 7s|. In healthy operation, it can be clearly observed that

the behavior of three-phase stator currents is normal and stable and gives high performance.

Figurdd. T3] presents the evolution of the measure of three-phase stator currents of the
DFIG and their estimated values based on the use of SMO ; they are dynamic errors and the
residual signatures generated by proposed SMO. At the time of the fault at t=4.5 [s], this
fault influences in the equilibrium of the three-stator phases and therefore the equilibrium of
stator currents which effects of the power developed. affects the power that is generated. We
also notice, in the evolution of the stator currents, a distortion after the application of the

fault sensor.

The variation of the reactive power has no remarkable effect on the stator currents. Conse-
quently, the simulation results show the efficiency and feasibility of the proposed current

sensor fault detection strategy.

4.5.3 Fault in Two Current Sensors

In the case of two or three faulty current sensors, one will not be able to correct them
because in vector control there is a need for at least two-phase currents and a speed sensor
to ensure control of the DFIG. To ensure continuity of operation, scalar control can be used.
The principle of scalar control is to keep V/f = constant which means to keep the flow

constant. The torque control is done by the action on the slip.

4.6 Summary

In this chapter, we have treated the problem of sensor fault detection and isolation of
stator currents in a DFIG- based WECS. In faulty conditions, the DFIG was unbalanced and

there was a significant decrease of the stator’s current. For the proposed control scheme, the
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estimated value of the speed remained equal to their real value and the overshoot currents
cannot be avoided. When the current was not exceeding the acceptable level, the DFIG

continued to operate with degraded performances until its repair or exchange.

Hence, it was always necessary to execute early fault detection for less damage. A multiple
Dedicated Observers Scheme (DOS) and statistical change detection algorithms had been
used as a residual generator and decision systems, respectively. So, the global control and
sliding mode observer schemes introduced high performances of robustness, stability, and
precision. Through simulations, it had been demonstrated that the detection and isolation of
current sensor fault for stator currents had been correctly achieved, and the diagnosis result

was not affected by disturbances and reference changes.
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GENERAL CONCLUSION

The growing evolution of induction machines, especially at DFIG-based WECS, forces
some users to protect themselves against the appearance of a fault, most often causing the
machine’s untimely stop. The work presented in this thesis was devoted to the study of
the FDD and FTC schemes of the DFIG based-WECS with two fault scenarios that are
specifically discussed : ITSC and current sensor faults. The short-circuit faults between turns
can appear following the degradation of the insulators caused by an overcurrent or overvoltage
during the switching of the converter thus inducing a circulation of a very high current in the
short-circuited coils. This type of fault can lead to short circuits between phases or between
a phase and the earth which can be avoided by permanent monitoring of the state of the

generator.

For this reason, we have proposed new and adapted FDD approaches for a DFIG-based
WECS with a stator ITSC and current sensor faults which is based on SMO. The proposed
observer is able to generate specifics residuals. These residuals are the difference between
measured three-phase stator currents and reconstructed ones. Residuals are allowing to detect
and isolate the a or b or ¢ faulty phase. However, in order to avoid false alarms, the threshold
value must be established after the analysis of the residual level in healthy operating case of
the DFIG. Based on the proposed fault diagnosis scheme, a fault compensator is developed
and integrated with a traditional control algorithm (i.e., stator flux-oriented control), which
is able to provide online compensation of any possible faults, regardless of their level and

location.

The simulation studies confirm that the proposed fault FDD approach offers rapid and
precise detection and isolation of faults. The robustness and effectiveness of the proposed
approaches from the obtained results, the superiority of the proposed approaches is clearly

revealed and demonstrated.

PERSPECTIVES

1. In this thesis, we only examined two types of faults. DFIG winding short circuit and
current sensor faults. Other fault scenarios of wind turbine systems, such as grid fault and

pitch control failure, require further investigation.

2. To improve our study of the diagnosis of induction machine faults, the study could

be extended by considering other types of faults and other advanced diagnostic and detection
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tools or by parametric estimation.

3. The most significant future work, of course, is to put the created problem diagnosis
and FTC methods to the test on an actual wind turbine system. All of the work provided
in this thesis is based on MATLAB simulation, which raises the question of how well it will
perform in real-world situations. As a result, some additional experimental research will be

required in the future.
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