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Abstract

Abstract

The objective of the work presented in this thesis is to propose a methodology for the
control and observation of the permanent magnet synchronous machine (PMSM). These
algorithms are based on the mean value theorem (MVT) and the sector non-linearity
transformations approach, with employing a linear parameter varying (LPV) systems, linear matrix
inequalities (LMIs) and Lyapunov theory. Firstly, generalization on the Takagi-Seguno (T-S)

model and the fuzzy control based on a parallel distributed control (PDC) approach are presented.

Using the MVT and the sector non-linearity approaches and the previously mathematics theories,
we developed deferent technics for designing the controller and the observer for PMSM
application like: MVT controller, MVT observer, PI-MVT controller, MVT_H,, controller and
observer, extended MVT observer and observer based-controller (sensorless control) ..., all these
algorithms have been validated through the numerical simulation in MATLAB/SIMULINK for
confirming the effectiveness of developed algorithms, and some of its affirmed by experimental

tests.

Finally, application of extended MVT observer for the detection and diagnosis of inter turns short-
circuit fault in PMSM has been presented, this using for an estimate all the parameters of the faulty
model of PMSM as an indicator of fault. This algorithm also validated through the numerical
simulation in MATLAB/SIMULINK to confirming the effectiveness of algorithms.

Keywords:

Permanent Magnet Synchronous Machine, Mean Value Theorem, Sector Non-Linearity Approach,
Parallel Distributed Control, MVT Observer, MVT Controller, Takagi-Sugeno Model, Fault
Detection And Diagnosis, Linear Parameter Varying systems, Linear Matrix Inequalities,

Lyapunov Theory.
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Résumé

Résumeé

L'objectif du travail présenté dans cette these est de proposer une méthodologie pour le
contrdle et I'observation de la machine synchrone a aimant permanent (PMSM). Ces algorithmes
sont basés sur le théoréme de la valeur moyenne (MVT) et sur ’approche des transformations de
secteur non-linéarité, en utilisant les systemes linéaire a parametre variation (LPV), les inégalités
matricielles linéaires (LMI) et la théorie de Lyapunov. Premiérement, on présente la généralisation
sur le modéle Takagi-Seguno (T-S) et le contrdle flou basé sur I’approche de contrdle distribué
paralléle (PDC).

En utilisant les approches, MVT et secteur non-linéarité et les théories mathématiques antérieures,
nous avons développé des techniques déférentes pour la conception du contréleur et de
I'observateur d'applications PMSM telles que : contréleur MVT, observateur MVT, contrdleur Pl-
MVT, contrleur et observateur MVT_H,,, observateur MVT étendu et contrbleur basé sur
l'observateur (contréle sans capteur)..., tous ces algorithmes ont été validés par la simulation
numérique dans MATLAB / SIMULINK afin de confirmer I'efficacité des algorithmes développés,

dont certains ont été confirmés par des tests experimentaux.

Enfin, I’application de 1’observateur MVT étendu pour la détection et le diagnostic des défauts de
court-circuit entre spires dans le PMSM a été présentée, ce qui permet d’estimer tous les
parametres du modele défaillant de PMSM en tant qu’indicateur de défaut. Cet algorithme a
également éteé validé par la simulation numérique dans MATLAB / SIMULINK pour confirmer

I'efficacite des algorithmes.

Mots clés:

Machine synchrone a aimants permanents, théoréme de valeur moyenne, approche de secteur non
linéaire, contrble distribué paralléle, observateur MVT, contr6leur MVT, modele de Takagi-
Sugeno, détection et diagnostic des défauts, system linéaire a parameétre variable, inégalités

matricielles linéaires, théorie de Lyapunov.
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CHAPTER I: General Introduction

CHAPTER I

1.1. General Introduction

Nowadays, electric motors are widely used. According to [1], more than 60% of the
electricity is used to run electric machines. The Permanent Magnet Synchronous Motor (PMSM)
is an important type of electric motor which is increasingly used in recent years. The main features
of a PMSM motor are its high power and torque density, low energy consumption (high power
factor) and good dynamic behaviour. Thus, PMSM is replacing asynchronous motors in many
types of applications. Besides, the fast development of power electronics components and the fast
increasing of signal processing speed are also behind the increased use of these motors.

PMSMs are used in multiple applications as electric vehicles and washing machines (which
need high power density). They are also used for high precision devices like the electric printer,
manufacture tools, high precision medical equipment (medical pumps, blowers and compressors)
and many other domains [2-4].

In general, an electric drive is used to control electric motors and in particular PMSMs. It
is a power electronic device which generates a variable frequency and variable amplitude voltage
using a voltage source with fixed frequency and amplitude. There are many advantages of using
an electric drive rather than plugging the motor directly into a fixed frequency and amplitude
voltage source. Indeed, an electric drive is used to vary the motor speed and to save the electric
energy where 50% of the energy consumed by the motor can be reduced.

Sensorless field oriented control becomes a major issue in the PMSM control. This research
field has been highlighted extensively in the previous few decades due to increasing demand in
the industry for high-performance sensorless control, in order to overcome the drawbacks of sensor
implementation within the machine [5]. Unfortunately, the use of sensors increases the weight, the
cost, and the electrical sensibility, as well as having an undesirable influence on system reliability.
Indeed, much research has focused on the improvement of the sensorless control’s performance
by using intelligent and sophisticated approaches like the model reference adaptive system
observer [6], Kalman filtering [7, 8], neural networks [9, 10], the sliding mode observer [11-13],
and the Luenberger adaptive observer [14].

Nowadays, a wide range of research activities is affected by the problem of application of

the observer-based controller for nonlinear systems. This is also a proof of the increased interest



CHAPTER I: General Introduction

in the utilisation of the control theory. The basis for making a precise choice of the controller is
the specific performance, which requires having knowledge of all the variables for the states of the
dynamic system. As a matter of fact, the observers were able to incorporate a filter that provides
an estimate for all the state vectors or even just the unmeasured part. It is considered one of the
major reasons for why the observers design problem has been extensively examined in numerous
papers of late [15-17]. The main motivations lie in the fact that state estimation may be used for
control design, diagnosis or supervision. More recently, other applications like synchronization
and input recovery, in communication systems, become one of the emerging and interesting
research areas

Until now, the issue of observer-based controls (sensorless controls) for nonlinear systems
is still a research subject. It is a difficult challenge to obtain a systematic observer-based control
method that can be utilised for nonlinear systems given the conditions of the LMIs. As we well
know, PMSM are considered to be non-linear multivariable dynamic systems. Thus, in the absence
of speed sensors and parameter, and under load perturbations, controlling motor variables with
high performance can be difficult when using conventional control strategies, like a sliding mode
control [18], backstepping control [19], and adaptive State Dependent Ricatti Equation control
(SDRE) [20], and methods used for the observer-based control problem for nonlinear systems
include the adaptive method and the sliding mode, as presented by the authors in [6, 12, 21, 22].
All the methods presented previously is difficult to reach a proof of the stability of all the system
(observer and controller), this because the conditions become very hard, this due to no separation
principle was proven in the determination of the observer and the controller gains.

This thesis will focus on the advanced techniques of controls and observers, this based on
the mean value theorem (MVT) and sector nonlinearity transformation for a class of Lipchitz
nonlinear systems. These techniques will be apply for the control, the observation and diagnosis
of PMSM drive. First appearance of MVT approach dates back to 2005 where it was applied on
the observer design for nonlinear system[23], in 2011 an author it was applied also to the nonlinear
observer for bounded Jacobian systems for application to automotive slip angle estimation [15], in
[24] the researcher was used the MVT on observer for Lipchitz nonlinear systems this in 2012, in
2014 first application of MVT observer on Induction Machine (IM) [25], and first controller design
was applied to the PMSM drive in 2015. Approximately these all researches use the MVT

approach.
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This thesis examines the problems of the observer and the control theory, based on the
MVT and sector nonlinearity approaches for a class of Lipschitz nonlinear systems, for designing
a controllers and observers for a PMSM drive application. Furthermore, we will use an extended
MVT Observer for a Fault Detection and Diagnosis theory (FDD). Where we can transfer the
nonlinear model of the PMSM into the Lipschitz form, and use the MVT and sector non-linearity
approaches to express the nonlinear error dynamics of the combined system, controller or observer
as a convex combination of known matrices with time-varying coefficients as linear parameter
varying systems (LPV). These kinds of problems have been solved by using MVT and sector
nonlinearity to nonlinear terms in the state error controller or observer equation. The controller
and the observer gains can be designed based on the results for that class of nonlinear systems by
using the Lyapunov theory, so, stability conditions are obtained and expressed in terms of linear
matrix inequalities (LMIs), That are solved through the YALMIP software in order to obtain the
observer and the controller gains separately based on the separation property [26]. The important
idea of this work is to find the observer and the controller gains and so as that the nonlinear and
coupling model of the PMSM drive makes as in linear model feedback control theory. The main
advantage of the MVT approach is to obtain the observer and the controller parameters gain
separately to each other with a proven methodology that stabilize the estimation and the control
errors of the PMSM, and doesn’t depend on the states of it, contrarily as in other technics for the

control and the estimation of the states of the nonlinear systems.

1.2. Outline

The thesis report is organized as follows.

Chapter 2: Controllers and observers design based on MVT and T-S fuzzy models; this
chapter starts with the introduction of the Takagi-Sugeno fuzzy model (T-S fuzzy
model) followed by construction procedures of such models. Then a model-based
fuzzy controller design utilizing the concept of “parallel distributed compensation
(PDC)” is described. The main idea of the controller design is to derive each control
rule so as to compensate each rule of a fuzzy system. The design procedure is
conceptually simple and natural. Moreover, it is shown in this chapter that the
stability analysis and control design problems can be reduced to linear matrix

inequality LMI problems. Secondly, the designs of observers and controllers based
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on MVT are presented, such as, we shown the basic mathematic tools used in the
MVT and sector nonlinearity approaches. The stability analysis expressed in term of
LMIs and solved by the YALMIP software in MATLAB are presented.

Chapter 3: Modeling of Permanent Magnet Synchronous Machines; this chapter presents a

generalized dynamic mathematical model of the PMSM which can be used to

construct various equivalent circuit models in the d-q rotating reference frame.

Chapter 4: Advanced Control and Observation Techniques Based on the MVT Applied to

Chapter 5:

the PMSM Drives; the focus of this chapter is on the notion of an extended observer
based-controller. The MVT and sector non-linearity approaches have been
implemented for a class of the Lipchitz model of PMSM. The MVT is applied to the
nonlinear error dynamic of the controller and observer. It is then can be considered
as a convex combination of LPV system. In order to obtain zero steady state error, an
integrator is added, thus making the structure of the proposed controller similar to
that of the PI controller. By using Lyapunov stability conditions, the linear matrix
inequalities (LMI) is obtained. Subsequently, the gains of the controller and observer
are obtained by solving the LMI. This chapter demonstrate the feasibility and
effectiveness of the proposed approach, despite of its simple implementation. The
extended observer and the controller gains are separately determined based on the
separation principles and have gotten by the exploitation of YALMIP software
computer. Furthermore, these gains have completely independent from the PMSM
states. As a proof of the efficacy of the proposed approach, one applies an illustrative
simulation to the sensorless FOC of the PMSM drive by utilizing the
MATLAB/SIMULINK environment.

Robust Extended H,, Observer and Controller Based on the MVT Approach
Applied to the PMSM Drive; in this chapter, we will focus on the synthesis of an
extended H,, observer and H., controller. The observer and controller are based on
the MVT approach applied to the PMSM drive, the extended observer is under the
Open Loop Field Oriented Control (OL-FOC). The robust extended observer and
controller design are based on the MVT combined with the sector nonlinearity

approach to stabilizing the observer and controller dynamic errors of PMSM drive
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and ensured a minimum disturbance attenuation level to the error. The dynamics of
the error are exhibited as LPV system after representing the nonlinear system of the
PMSM as a Lipschitz form. Using the Lyapunov theory, the stability terms are
obtained and expressed in form of LMIs, the extended observer gain and the
controller gain are calculated offline by solving the LMIs. With two line currents are
measured, the extended observer estimates all PMSM drive states and moreover the
rotor position. At the end, the suggested approach is applied to PMSM machine under
OL-FOC through an illustrative simulation to affirm the effectiveness of the concept.

Chapter 6: Fault Detection and Diagnosis Based on Extended MVT Observer Applied to the

1.3.

PMSM; this chapter present the concept of a special extended MVT observers, using
for the detection and diagnosis of fault in the PMSM. Firstly, general diagnosis and
deferent fault exist in the motor drive have been presented, such as, in this chapter
we will concentrate on the inter turns short-circuit fault. Secondly, modeling of the
PMSM machine in the presence of stator faults have been presented. Finally, the
application of the extended MVT observer on the “Healthy” and “Faulty” PMSM
model for estimate all its parameters, which we are used as an indicators of the fault
have been also presented. As a proof of the efficacy of the proposed approach, one
applies an illustrative simulation by utilizing the MATLAB/SIMULINK

environment.
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CHAPTER IT
Controllers and Observers Design Based on MVT and T-S Fuzzy Models

2.1. Takagi-sugeno fuzzy model and parallel distributed compensation

Recent years have witnessed rapidly growing popularity of fuzzy control systems in engineering
applications. The numerous successful applications of fuzzy control have sparked a flurry of
activities in the analysis and design of fuzzy control systems. In this chapter, we introduce some
of the analysis and design tools for fuzzy control systems to assist control researchers and
engineers to solve engineering problems. The toolkit presented in this chapter is based on the
framework of the Takagi-Sugeno fuzzy model and the so-called parallel distributed compensation,
a controller structure devised in accordance with the fuzzy model. This chapter introduces the basic

concepts, analysis, and design procedures of this approach [3].

This chapter starts with the introduction of the Takagi-Sugeno fuzzy model (T-S fuzzy model)
followed by construction procedures of such models. Then a model-based fuzzy controller design
utilizing the concept of “parallel distributed compensation” is described. The main idea of the
controller design is to derive each control rule so as to compensate each rule of a fuzzy system.
The design procedure is conceptually simple and natural. Moreover, it is shown in this chapter that
the stability analysis and control design problems can be reduced to linear matrix inequality LMI
problems.

2.1.1. Takagi-sugeno fuzzy model

The fuzzy model proposed by Takagi and Sugeno [4] is described by fuzzy IF-THEN rules which
represent local linear input-output relations of a nonlinear system. The main feature of a Takagi-
Sugeno fuzzy model is to express the local dynamics of each fuzzy implication (rule) by a linear
system model. The overall fuzzy model of the system is achieved by fuzzy ‘‘blending’’ of the
linear system models. In this chapter, the readers will find that many nonlinear dynamic systems
can be represented by Takagi-Sugeno fuzzy models. In fact, it is proved that Takagi-Sugeno fuzzy

models are universal approximators.
Continuous Fuzzy System: CFS

IF z,(t) is M;; and ... and z,(t) is M,
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x(t) = A;x(t) + Bju(t),
y(t) = Cix(t)

(-1)

THEN { i=12,..,r.

Here, M, is the fuzzy set and r is the number of model rules; x(t) € R™ is the state vector, u(t) €
R™ is the input vector, y(t) € R? is the output vector, A; € R™*", B; € R™™ , and C; € RT*™;
z,(t), ... , z,(t) are known premise variables that may be functions of the state variables, external
disturbances, and / or time. We will use z(t) to denote the vector containing all the individual
elements z, (t), ... , z,(t). It is assumed in this book that the premise variables are not functions of
the input variables u(t). This assumption is needed to avoid a complicated defuzzification process
of fuzzy controllers [3]. Note that stability conditions derived in this book can be applied even to
the case that the premise variables are functions of the input variables u(t). Each linear consequent

equation represented by A;x(t) + B;u(t) is called a “‘subsystem”’.

Given a pair of (x(t), u(t)) , the final outputs of the fuzzy systems are inferred as follows:

oo Xiawi(z(D){Aix(e) + Bu(0)}
HO = E0)

= > hi(z(©)(Aix(® + Bu(®)} (2
i=1

Yioawi(z(®) Cix (o)
Y wi(z(D)

y(t) =

— 2 hi(2(®)) Cx(t) (-3)
i=1

Where

[Zl(t)’ Zy (t)r L Zp(t)]l

14
wi(z®) = | [ My (5®)
j=1

10
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wi(z(t)) (-4)

hi(z(t)) = > wi(z(®)

For all t. The term M;; (zj(t)) is the grade of membership of z;(¢t) in M;;. Since

x(t) = Zr:wi(z(t)) > 0, )
Wi(z(t)i)=12 0, i=1.2,..,r.

We have
x(t) = Zr: hi(z(t) =1, ¢
hi(z(t)i)zlz 0, i=12,..,r.

For all t.

2.1.2. Construction of fuzzy model

Figure 2.1 illustrates the model-based fuzzy control design approach discussed in this chapter. To
design a fuzzy controller, we need a Takagi-Sugeno fuzzy model for a nonlinear system. Therefore
the construction of a fuzzy model represents an important and basic procedure in this approach. In
this section we discuss the issue of how to construct such a fuzzy model. In general there are two

approaches for constructing fuzzy models:

a) Identification fuzzy modeling using input-output data.

b) Derivation from given nonlinear system equations.

There has been an extensive literature on fuzzy modeling using input-output data following
Takagi’s, Sugeno’s, and Kang’s excellent work [5, 6]. The procedure mainly consists of two parts:
structure identification and parameter identification. The identification approach to fuzzy

modeling is suitable

11
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Nonlinear system

/ \

Identification using
input-output data

\./

Fuzzy model
(Takagi-Sugeno fuzzy model)

Physical model

Parallel distributed
compensation (PDC)

Y

Fuzzy controller

Figure 2.1 Model-based fuzzy control design[4].

for plants that are unable or too difficult to be represented by analytical and/or physical models.
On the other hand, nonlinear dynamic models for mechanical systems can be readily obtained by,
for example, the Lagrange method and the Newton-Euler method. In such cases, the second
approach, which derives a fuzzy model from given nonlinear dynamical models, is more
appropriate. This section focuses on this second approach. This approach utilizes the idea of

b

“‘sector nonlinearity,”” ‘‘local approximation,”” or a combination of them to construct fuzzy

models.
2.1.2.1. Sector nonlinearity

The idea of using sector nonlinearity in fuzzy model construction first appeared in [7]. Sector
nonlinearity is based on the following idea. Consider a simple nonlinear system x(t) = f(x(t)),
where £(0) = 0. The aim is to find the global sector such that x(t) = f(x(t)) € [a; a]x(D).
Figure 2.2 illustrates the sector nonlinearity approach. This approach guarantees an exact fuzzy
model construction. However, it is sometimes difficult to find global sectors for general nonlinear
systems. In this case, we can consider local sector nonlinearity. This is reasonable as variables of

physical systems are always bounded. Figure 2.3 shows the local sector nonlinearity, where two

12
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lines become the local sectors under —d < x(t) < d. The fuzzy model exactly represents the
nonlinear system in the “‘local’’ region, that is —d < x(t) < d. The following example illustrate

the concrete steps to construct fuzzy models.
ax(r)

f(x(1))

w ayx(1)

x(t)

Figuré 2.2 Global sector nonlinearity[4].

f(x(0))

x(t)

Figure 2.3 Local sector nonlinearity.

13
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Example: consider the following nonlinear system:

(551(0) _ ( —x1(8) + %1 (£)x,3(t) ) (2-7)
%, (t) —x,(t) + (3 + x,(0))x,3(2)

For simplicity, we assume that x; (t) € [-1 1] and x,(t) € [-1 1]. Of course, we can assume

any range for x; (t) and x, (t) to construct a fuzzy model.
Equation (2.7) can be written as

£ — xl(t)_xlﬂt)] o, (2-8)

-1
I(B + x, (t))x12 (®)

Where x(£) = [%,(¢)  x,(£)]7 and x; (£)x,%(¢) and (3 + x,(£) )x,%(t) are nonlinear terms. For

the nonlinear terms, define z;, (£) = x;(£)x,2(t) and z,(t) = (3 + x,(£))x,2(¢). Then, we have

v [ -1 z(®) (2-9)
x(t)—[zz(t) 2)x@.

Next, calculate the minimum and maximum values of z,(t) and z,(t) under x,(t) € [-1 1]

and x,(t) € [-1 1]. They are obtained as follows:

Max Min
x4 (£), %1 (t) A =1, x, (), %, () z(t) = -1,

Max Min
q@®u0O2O=h 0,50

z,(t) = 0.
From the maximum and minimum values, z, (t) and z,(t) can be represented by
z1(t) = 21 ()x22(6) = My(z,(®)) X 1+ My(z,(£)) x (—1)
2,(t) = (3 4+ x,(0)x12(t) = Ny(z2(£)) x 4 + Ny(2,(t)) X 0
Where

M1(Z1(t)) + MZ(Zl(t)) =1,

Ny (z,(8)) + Ny(2,(D)) = 1.

14
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Therefore the membership functions can be calculated as

Z; (t) +1

M1(Z1(t)) =—F, Mz(Z1(t)) = Zl(t)

Zy (t) Zz ()

N1(Zz( )) =

N, (Zz (t)) =

We name the membership functions “Positive”, “Negative”, “Big”, and “Small” respectively.

Then, the nonlinear system (2-7) is represented by the following fuzzy model.
Model Rule 1:
IF z,(t) is “Positive” and z,(t) is “Big”,
THEN %(t) = Ayx(t).
Model Rule 2:
IF z,(t) is “Positive” and z, (t) is “Small”,
THEN %(t) = 4,x(t).
Model Rule 3:
IF z,(t) is “Negative” and z,(t) is “Big”,
THEN %(t) = A3x(t).
Model Rule 4:
IF z,(t) is “Negative” and z,(t) is “Small”,
THEN %(t) = A,x(t).
Where
Ay = [_41 _11] A = [_01 —11]

I e A e |

15
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My(z,(1)) M](.zl(.f):)_

gNegalivc _ Positive

0| I 1 zi(1)
-1 0 1
Figure 2.4 Membership functions My (z,(t)) and M, (z,(2)) [4].

i -

1 | z>(1)
0 2 4
Figure 2.5 Membership functions Ny (z,(t)) and N, (z,(t))

Figures 2.4 and 2.5 show the membership functions.

The defuzzification is carried out as
4
£(©) = ) hi(2(0) 4ix(0),
i=1

Where
hy(z(t)) = My(z,(£)) x Ny(2,(1)),
ho(2(8)) = My(z,(8)) X Ny(2,(1)),
hs(z(£)) = My (z,(0)) X Ny (2, (D)),
ha(z(1)) = My(2,()) X Ny(25(D)).

(2-10)

16
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This fuzzy model exactly represents the nonlinear system in the region [—1,1] X [—1 1] on the

x1 - x1 Space
2.1.2.2. Parallel distributed compensation

The history of the so-called parallel distributed compensation (PDC) began. with a model-based
design procedure proposed by Kang and Sugeno (e.g., [8]). However, the stability of the control
systems was not addressed in the. Design procedure. The design procedure was improved and the
stability of the control systems was analyzed in [2]. The design procedure is named °‘parallel

distributed compensation’” in [9].

The PDC [2, 9, 10] offers a procedure to design a fuzzy controller from a given T-S fuzzy
model. To realize the PDC, a controlled object (nonlinear system) is first represented by a T-S
fuzzy model. We emphasize that many real systems, for example, mechanical systems and chaotic

systems, can be and have been represented by T-S fuzzy models.

In the PDC design, each control rule is designed from the corresponding rule of a T-S fuzzy
model. The designed fuzzy controller shares the same fuzzy sets with the fuzzy model in the

premise parts. For the fuzzy model (2-1), we construct the following fuzzy controller via the PDC:
Control rule i:
IF z,(t) is M;; and ... and z,(t) is M,

THEN u(t) = —K;(t)x(t), i=12,..,r.

The fuzzy control rules have a linear controller state feedback laws in this case in the consequent

parts.
The overall fuzzy controller is represented by

i wi(z() Kix () (2-11)

(0 = -y = —;hi(zm) Kix(t)

The fuzzy controller design is to determine the local feedback gains K; in the consequent parts.
With PDC we have a simple and natural procedure to handle nonlinear control systems. Other

nonlinear control techniques require special and rather involved knowledge.



CAPTER II: Controllers and Observers Design Based on MVT and T-S Fuzzy Models

Remark: Although the fuzzy controller (2.11) is constructed using the local design structure, the
feedback gains K; should be determined using global design conditions. The global design
conditions are needed to guarantee the global stability and control performance. An interesting

example will be presented in the next section.
The open-loop system of (2.3) is
s (2-12)
£(0) = ) hi(2(0) 4x(®
i=1

A sufficient stability condition, derived by Tanaka and Sugeno [1, 2], for ensuring stability of
(2.12) as follows.

Kl'heorem 1: [1, 2] the equilibrium of a fuzzy system (2.12) is globally asymptotically stable if\

there exists a common positive definite matrix P such that

A'PA,-P<0, i=12,..,71, (2-13)

\T hat is, a common P has to exist for all subsystems. /

2.1.3. Stable controller design via iterative procedure

The PDC fuzzy controller is

" (2-14)
£(0) = = ) y(2(0)Kx(®
j=1
Note that the controller (2-14) is nonlinear in general.
Substituting (2-14) into (2-3) we obtain
(2-15)

£(0) = ) h(2(O)y (2(0) {A; — Bik}x(©)

i=1j=1

Applying Theorem 1, we have the following sufficient condition for quadratic Lyapunov stability.
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KI'heorem 2: the equilibrium of a fuzzy system (2.15) is globally asymptotically stable if therex

exists a common positive definite matrix P such that

Cor hi(z(0)). hi(z(D) # 0,V ¢, i,j = 1,2, ...,7. /

Note that system (2-15) can also be written as

, r (2-17)
(6) = z hi(2(0)ha(2(®) (A — BKJx(t) + 2 Z z hi(2() by (2(£)) Gy ()
i1 i=1 i<
Where
Gy = A _B"Kj};{Aj _BjKi}, i<jst hnh#¢

Therefore we have the following sufficient condition.

(Theorem 3: the equilibrium of a fuzzy system (2.15) is globally asymptotically stable if there\

exists a common positive definite matrix P such that the following tow conditions are satisfied:

{A;—-BK}"P{A;—BK}-P<0, i=12..,r. (2-18)
G,-jTPG"f —P<0, i<j<rs.t hnh#¢. (2-19)
- J

The meaning of the notation < j < r s.t. h; N h; # ¢. This means that the condition should be
hold for all i <j excepting h; Nh; = ¢ [ie, h;(z(t)) x hi(z(¢)) = 0 for all z(¢)], where
hi(z(t)) denotes the weight of the ith rule calculated from membership functions in the premise
parts and r denotes the number of IF-THEN rules. Note that h; N h; = ¢ if and only if the ith rule

and jth rule have no overlap.
2.2. Fuzzy observer design

In practical applications, the state of a system is often not readily available. Under such

circumstances, the question arises whether it is possible to determine the state from the system
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response to some input over some period of time. For linear systems, a linear observer [3, 11]
provides an affirmative answer if the system is observable. Likewise, a systematic design method
of fuzzy regulators and fuzzy observers plays an important role for fuzzy control systems. This
chapter presents the concept of fuzzy observers and two design procedures for fuzzy observer-
based control [12, 13]. In linear system theory, one of the most important results on observer design
is the so-called separation principle, that is, the controller and observer design can be carried out
separately without compromising the stability of the overall closed-loop system. In this chapter, it

is shown that a similar separation principle also holds for a large class of fuzzy control systems.
2.2.1. Fuzzy observer

Up to this point we have mainly dealt with LMI-based fuzzy control designs involving state
feedback. In real-world control problems, however, it is often the case that the complete
information of the states of a system is not always available. In such cases, one need to resort to
output feedback design methods such as observer-based designs. This subchapter presents fuzzy

observer design methodologies involving state estimation for T-S fuzzy models.
As in all observer designs, fuzzy observers [14] are required to satisfy
x(t)—x(t) >0 ast— oo,

Where x(t) denotes the state vector estimated by a fuzzy observer. This condition guarantees that
the steady-state error between x(t)and X(t) converges to 0. As in the case of controller design, the

PDC concept is employed to arrive at the following fuzzy observer structures:
Continuous Fuzzy System:
Observer rule i:

IF z,(t) is M;; and ... and z,(t) is My,

x() = A2 + Biu(®) + Li(y(@® — 9(D), . (2-20)

THEN { R R i=1.2,..,r.
(@) = Cx(t)

The fuzzy observer has the linear state observer’s laws in its consequent parts.

The fuzzy observer is represented as follows:
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_ Zimawi(z@®){Aix(©) + Biu(®) + Li(y(®) - 9(0)}

@ ow(2®)

= Z hi(z(®){A:2(©) + Bu(®) + Li(y(®) — 9(0)} (2-21)
i=1

Yioawi(2(1)) CiE(E)
Z?=1 Wi (Z(t))

y) =

= > () c2® (2-22)
i=1

We use the same weight w; (z(t)) as that of the ith rule of the fuzzy models (2-1) and (2-2), and
(2-3) and (2-4). The fuzzy observer design is to determine the local gains L; in the consequent

parts.
The estimation error is e(t) = x(t) — X(t), we obtain the following system representations:

r (2-23)
6@® = ) > hi(#O)ly(2(0) {4 - LiGle(®

i=1 j=1

We have the following sufficient condition for quadratic Lyapunov stability.

K‘I’heorem 4: the equilibrium of a fuzzy system (2.23) is globally asymptotically stable if therex

exists a common positive definite matrix P such that

{4, - L,c;) P{a;— Lic;}—-P <0 (2-24)

kFOI’ hl(Z(t)) h](Z(t)) *0,V¢t, i,j = 1,2,..,r. /

2.3. Designs of observers and controller based on MVT

2.3.1. Problem statement

This section presents an efficient methodology for designing observers and controllers for the class

of nonlinear systems described by[15]:
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{J'c(t) = f(x(t)) + g(x(t))u(t) (2-25)
y(t) = Cx(t)

Where x(t) € R™ is the state vector, u(t) € RP is the input vector, and y(t) € R™ is the output
measurement vector, are appropriate matrices. The functions f(x(t)):R™ - R™ and
g(x(6)): R™ x R? - R™ are nonlinear. In addition f(x(t)) is assumed to be differentiable.

The (2-25) can be transformed into Takagi-Sugeno form as follows[3]:

£(0) = ) w(x(0) (Ax() + Bu(®))
i=1

(2-26)
y(t) = Cix(t)
One can suppose the following matrixes:
1v 1% _ _
A0=—2Ai B BO=—ZBL' ; AizAi_AO; BizBi_BO (2'27)
= T3
It’s simple to rewrite (2-26) in the Lipchitz form based on (2-27) as follows:
#(t) = Agx(t) + Bou(t) + Z i (x(®) (Ax(©) + Bau(®))
i=1 (2-28)
y(t) = Cx(t)
So
{a‘c(t) = Apx(t) + Bou(t) + ®(x(t)) (2-29)
y(t) = Cx(t)
Where
u _ B (2-30)
o(x(8)) = Z w(x(®) (Ax(®) + Bau(®)
i=1
So, one can also present the observer in state space Lipchitz form as follows:
{fc(t) = Ap2(t) + Bou(t) + () + Lo(y(®) — 9(®) (2-31)
y(@) = Cx(¢)
Where
(2-32)

O(2(0) = ) m(2(0) (A2 + Bu(®)
i=1
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2.3.2. MVT observers Design
The estimation error e(t) is defined in such a way that
e(t) =x(t) —x(t) (2-33)
Using (2-33), one can obtain the dynamic of the estimation error as follows:
e(t) = x(t) — x(t) (2-34)
So, the (2-29) and (2-31) are replaced in (2-34), one can obtain:
é(t) = (Ay — LoC)e(t) + (CD(x(t)) - @(J?(t))) (2-35)

Before going to the stability analysis for the proposed observer, we will introduce some
mathematical tools, which the mean value theorem and the sector nonlinearity transformations in

the next subsection that will be applied it to the nonlinear part of equation (2-35).
2.3.2.1. Mean value theorem for bounded Jacobian systems

In this sub-section, we present a mathematical tools which are used subsequently to develop the
observer gain in the next section. First, we present the scalar mean value theorem and the mean
value theorem for vector functions. Then, we define the canonical basis for writing a vector
function with a composition form. Lastly, we present a new modified form of the mean value

theorem for vector functions[16].
2.3.2.2. Scalar MVT

Lemma 1: Let consider f(x) be a function continuous on [a, b] and differentiable on (a, b). There

exist numbers ¢ € (a, b) such as

f@-f) =2 x@-n
“ =l @ (2-36)
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.l.}r 1!:’

Secant

y=re9 'y

Tangent ot «

(1 c Ir ;
Figure 2.6 Mean Value Theorem
The equation (2-36) can also rewritten as
df df
f(a)—f(b)=<61— + 8~ )X(a—b)
dx X=C1 dx X=Cy
61, 62 > O, 61 + 62 = 1 (2-37)

Where ¢4, ¢, € (a, b) and §;, 6, are parameters depend on the value of a and b.
The proof of lemma 1 is presented in [17].
2.3.2.3. MVT for a vector function[18]

Lemma 2: Let consider f(x) be a function continuous on [a, b] and differentiable on convex hull

of a set (a, b) with a Lipchitz continuous gradient Vf . There exist numbers ¢ € (a, b) such as

fa@) = f(b) = Vf(c) X (a—b) (2-38)

However, we cannot directly use the mean value theorem of equation (2-38), since is a varying
parameter that continuously changes with the values of a and b. Thus Vf(c) is an unknown and

changing matrix. We need to modify the mean value theorem before it can be utilized.
canonical basis [19]

Lemma 3: Let’s define the vector function as
T -
FGO = [0, (), ) (0] (2-39)
Where f;(x) is the i*" component of f(x)

The function f(x) can be written as
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q

f(x) = Z eq(Dfi(x) (2-40)

i=1
Where
eq(i) = (o,...,0,1,0,...,0), i=12,..,q (2-41)

Now, we are ready to state and prove a modified form of the mean value theorem for a vector

function.
2.3.2.4. modified MVT for a vector function (sector nonlinearity transformation) [18]

Theorem 1: Let consider f(x) be a function continuous on [a, b] and differentiable on convex
hull of a set (a, b) with a Lipchitz continuous gradient V£ . There exist &;;"** and 6ijmi" for

i,j = 1,2,..nsuch that:

nn nn
; min
F@-f® =|| >z, |+ | Y 28" || @@= b) 02
i,j=1 Lj=1
Where
af; ; . (0f;
hi;™ = max (a—xl) and h;™" < min (a) Vx € (a, b)
And
Z;™m = ey (Den," (Nhy; ™™ and Zijmin = en(i)enT(j)hijmin
Based on lemma 2, we have
of O of
0x, 0x,  0x,
2 9z Of
f@—fB) =Vf(c)x(a—Db) =|gx, dx, dx, |[(a—b)]
o Oh Ok 249
[0x, 0x, =~ 0x,]

25



CAPTER II: Controllers and Observers Design Based on MVT and T-S Fuzzy Models

Lemma 1 shows that each derivative function can be replaced with a convex combination of 2
afi(c)
a

]

values of the derivative of the function. Hence, the derivative function can be replaced by

afi _ max afi min afi

5ijmax 6ijmin >0 6ijmax + 6ijmin =1 (2-44)
Where
Y=V Vo) and &= (&,&,,...,&,) with y, & € (a,b)

The values of % (y) and % (¢) need to be chosen as follows in order to satisfy lemma 1
] ]

afi max afi afi min . afi
5%, (¥) = hy; > max o%;)’ and 2%, () = hy; < min 5%, (2-45)
Then the equation (2-45) can be rewritten as
af; . .
a_.xl. (C) — 6Umaxhl]max + 6ijmmhijmm
. (2-46)

6ijmax’ 6ijmin > 0, 6ijmax + 6ijmin =1

With §;;* and &;;™™" are parameters that vary with the value of a and b. Subsequently, the

equation (2-43) become as

[511maxh11max 612maxh12max 51nmaxh1nmax-|
f(a) 3 f(b) _ l521max:h21max 622max:h22max . 52nmax:h2nmax} [(a 3 b)]
6n1max hnl max 6n2 max hnz max 6nnmax hnnmax
r(sllml:nhllml:n 612ml:nh12mi'n 61nml:nh1nmi'n-| (2-47)
4 621mm-h21mm 622mm.h22mm . 62nmm-h2nmm [(a B b)]
6n1minhn1min 6n2min hnz min 5nnminhnnmin

Use the canonical basis from lemma 3, then f(a) — f(b) can be written as
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nn nn
: min
fla) = f(b) = Z Z;;m e, |+ Z Zi™" 8y (a—b)

i,j=1 i,j=1 (2'48)

Where Zijmax = en(i)enT(j)hijmax and Zijmin = en(i)enT(j)hijmin
7] i ] . 7] i
hi;™ = max (a_;]:) and h;;"™" < min (a—j:])
The equation (2-48) can be modified as
r
f(@)— f(b) = (Z 5y u@-) (a=h)
r=1 (2'49)

With
r = 1,2 6”1 = 6ijmax and (Sijz = 6ijmin

And

nn,r
_ E T
i,jr=1

r = 1,2 Zijl = Zl'jmax and Zijz = Zijmin

So, based on the equation (2-49) the dynamics of the estimation error (2-35) can be expressed as

2
é(t) = (A—LyQ)e(t) + <z 8" dqi) (x() = 2(D))
r=1

(2-50)
Then the dynamics of the estimation error can be expressed as follows
2
ét) = (AO — L+ Z 5" c/zi) e(t)
r=1 (2-51)

Due
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It’s possible to rewrite the dynamics of the estimation error as the next final form
2
60 = ) 8y (Ao = LoC + ADe(®)
r=1 (2-52)

2.3.3. Stability analysis

The stability analysis of the dynamic of the estimation error represented in (2-52) will study by
the quadratic Lyapunov function with common matrix as follows:

V(e(®) =eT(t)Pe(t), P=PT>0 (2-53)
The stability is checked when the derivative of the Lyapunov function (2-54) is lower than zero
V(e(®) <0 (2-54)

The stability is related to the derivative of (2-53), so:
V(e(®) = e’(0) ((Agp + PAy — CTLTP — PL,C) + ATP + Pc/ll-) e(t) (2-55)

The stability of the estimation error dynamic is ensured if the time derivative of the Lyapunov
equation (2-55) is negative definite, such that the following LMIs is with time-independent

ATP 4+ PAy — CTLEP — PLyC + ATP + PA; < 0 (2-56)

To express the inequality (2-56) in term of LMI, the change of variables N = PL, isused and the
LMIs conditions are obtained as follows, with the addition of « representing the rate of
convergence.

Kl'heorem 5: The dynamics of system (2-52) is asymptotically stable, if there exist P = PT >\
0, such that:
ATP + PAy + AP + PA; — CTNT —NC +aP <0 (2-57)

Fori=1,..,r,

Che observer gain is Lo =P7IN. /

2.3.4. MVT controllers Design
According to the state feedback control law, the control vector is given by:
u(t) = —Kpe(t) (2-58)

Where K|, is the controller’s gain matrix and e.(t) is the state error vector given by:
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ec(t) = x(t) — x.(t) (2-59)

In (2-59), x,. is the desired states

From (2-29) and (2-59), we can write the error dynamic equation as:

éc(t) = x(t) — x(t) (2-60)

Because x.(t) is a stepwise signal, so, x.(t) = 0 then from (2-29) and (2-60) we can write:

éc(t) = (A — BoKo)e(t) + (@(x(1)) — (x.(1))) (2-61)

The objective is to determine the gain matrix K, such that the non-linear lipchitz system (2-61)
becomes asymptotically stable.

The MVT and the sector nonlinearity transformation are then applied to the nonlinear part of the
Lipchitz system (-36) (the approaches are presented in the last subsection 3.1.), so, when applied
the MVT, the system (-36) becomes:

éc(t) = | A — BoKy + Z Z en(De1 () 22 (21 et (2-62)
i=1j= %
When applied sector nonlinearity transformation, the system (2-62) becomes

é.(t) = Z 8i;" (Ao — BoKo + A )e(t) (2-63)
2.3.4.1. Stability analysis

The stability analysis of the dynamic of the state error represented in (2-63) will study by the
quadratic Lyapunov function with common matrix as follows[20]:

Ww(e(®) =eT(t)Pe(t), S=ST>0 (2-64)
The stability is checked when the derivative of the Lyapunov function (2-65) is lower than zero
W(e(t)) <0 (2-65)

The stability is related to the derivative of (2-64), so:
W(e(r) = e.7(2) ((Ags +SAg — KIBYS — SBoK,) + ATP + PA ) ec(t) (2-66)

The stability of the estimation error dynamic is ensured if the time derivative of the Lyapunov
equation (2-66) is negative definite, such that the following LMIs is with time-independent
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(AGS + SAyg — K§ BGS — SBoKy) + AP + PA; < 0 (2-67)

To express the inequality (2-67) in term of LMI, the change of variables M = K,P is used and
the LMIs conditions are obtained as follows, with the addition of £ representing the rate of
convergence.

Kl'heorem 6: The dynamics of system (2-67) is asymptotically stable, if there exist S = ST >\
0, such that:

AGS + SAg + A]S + SA; — M"Bj — BoM + BB < 0 (2-68)
Forj=1,..,r.
Che observer gain is Ky = MS™1. j
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CHAPTER III

Modeling of Permanent Magnet Synchronous Machines
3.1. Introduction

The permanent magnet synchronous machine has permanent magnets instead of field
windings. The permanent magnet synchronous machines can be classified into two main groups
according to the installation of the permanent magnet materials on the rotor, Surface Mounted
Permanent Magnet (SMPM) machines and Interior Permanent Magnet (IPM) machines. The
magnets can be mounted on the rotor surface or they can be internal to the rotor. The permanent
magnets are located on the outer surface of the rotor core in surface mounted permanent magnet

machines, as shown in Figure 3.1 [1].

Permanent magmet

material
5 - - 5
k1
N T N
! r 5,
.'. I'|
N N | <.
\. ;,-' —— » Mag:ne.ti;:
— material
I — N
YR

Figure 3.1 Permanent magnet rotor construction using surface mounted magnets[1]

In interior permanent magnet machines, the permanent magnets are embedded inside the

rotor core. The structure of the interior permanent magnet machine is given in Figure 3.2.
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Figure 3.2 Permanent magnet rotor construction using embedded magnets[1]

The rotor magnetic axis is called direct axis (d-axis) or field flux axis and the principal path of the
flux is through the magnets. The torque axis (quadrature axis or g-axis) of rotor is electrically
orthogonal to the direct axis. Regardless of the manner of mounting the permanent magnets on the
rotor, the basic principle of operation of machines are same. An important difference exists
between the direct and quadrature axes inductances for different types of permanent magnet
synchronous machines. The SMPM machines have many small permanent magnet materials that
are placed whole surface of the rotor. Therefore, they have symmetrical reluctance in both axes
and they are non-salient pole synchronous machines. In other words, the d and g axes reactances
of SMPM machines are equal (L, = L,). The arrangement of the permanent magnets to the rotor
surface provides the highest air gap flux density as is directly faces the air gap without the
interruption of any other medium such as part of rotor laminations. Drawbacks of such an
arrangement are; lower structural integrity and lower mechanical robustness. Besides that, the
interior construction relieves the problem of retaining the magnets against centrifugal force.

Therefore the interior construction is suitable for high-speed applications [1].
3.2. Steady-state machine modeling of PMSM

This section presents steady-state analysis of the surface mounted synchronous machines

considering the per-phase steady-state equivalent circuit shown as in Figure 3.3 [2].
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Figure 3.3 Per-phase equivalent circuit of non-salient surface mounted permanent magnet
synchronous machine[2]

In Figure 3.3, V, is the motor terminal voltage, E, is the back-emf voltage induced due to the
permanent magnet flux and I, is the motor phase current. And R, and X, are the per-phase winding

resistance and synchronous reactance. From the equivalent circuit, we can write
V,=E,+ IRy + jI, X, (3-1)
The average power input to the machine;
P;, = 3V,1, cos® (3-2)
Where 6 is the power-factor angle between the applied voltage and the phase current. V, and I,

are the RMS values of phase voltage and current.

The total copper (electrical) loss in a surface mounted permanent magnet synchronous machine is;

Py = 3Ia2Ra (3-3)
By subtracting the total copper loss from the power input, we obtain the power developed by a

surface mounted permanent magnet synchronous machine as;

P,,: = 3V,1, cosf@ + P, (3-4)

Eddy current and hysteresis losses are also assumed as negligible.

Steady-state phasor diagram for the SMPM machine by neglecting the winding resistor is given in
Figure 3.4.
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Figure 3.4 Phasor diagram of the non-salient PMSM machine[2].

From the per-phase equivalent circuit in Fig.3. 3, the total output power can be written as [2];

Pyt = 3E,l, cos® (3-5)
For the flux linkage A, due the permanent magnets and the electrical speed w,, the back-emf is

given by;

E, = Welf (3-6)
If 2 is the angular velocity (rad/s) of the motor, the electromagnetic torque developed by the motor

is then given as;

_ Poyr  3Eqly cos® (3-7)

0 and w,, are related by;

w, = p (3-8)

Where, p is the pole pair number.
Then, from (3-6) — (3-8) the electromagnetic torque equation can be obtained as;

T, = 3pAsl, cos® (3-9)
It is obvious that the maximum torque can be achieved by controlling the magnitude and phase of

the phase current I,.

35



CAPTER I11: Modeling of Permanent Magnet Synchronous Machines

3.3. Dynamic modeling of the PMSM machine

In the previous section, steady-state analysis of the surface mounted permanent magnet
synchronous machines was introduced. This section presents the dynamic model of permanent
magnet synchronous machine. The mathematical model of permanent magnet synchronous
machine is developed with the help of Park and Clarke transformations which are derived in
Appendix A. Actually; the model of permanent magnet synchronous machine is nonlinear. For

simplicity, the following assumptions are made in the derivation:

» Saturation in machine is neglected,
» The back-emf is purely sinusoidal,
» Eddy currents and hysteresis losses are negligible,

» Balanced three-phase voltage source is considered.

There is no external voltage supply connected to the rotor side and the permanent magnet flux
variation is negligible. Therefore, rotor voltage equations need not to be taken into account in the
SMPM synchronous machine modeling [3].

The circuit equations of the three stator windings in terms of phase variables can be written as:

v, R, 0 07rig Lo Lap LaclTial  [€a (3-10)
V=10 R, 0]|i +- Lpa Ly Lpc|lin]+|en
Vc 0 0 Rc le Lca ch Lc ic €c

Where R,, R, and R, are the stator resistances, L,, L, and L. the self-inductances, and L, L,
Lacy Leas Lper Lep the mutual inductances. Assume that the stator windings are balanced and there
is no change in the rotor reluctance with rotor position change for surface mounted permanent

magnet synchronous machines, then

R, =R, =R, =R, (3-11)
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v, Ry, 0 07rig Ly M M7yi, €a (3-12)
Vpl=0 Ry Of|ip|+—|M Ly M||ip|+|e»
/A 0 0 Rglli. M M Lgli. ec
Where i, = —i, — i, and we have that;
v, Re 0 07ria] 4 [Ls—M 0 0 iq €q (3-13)
Vb = 0 RS 0 ib + d_ 0 LS - M 0 ib + eb
v.l Lo o rJLi.l ¢ o o L,—Mmlli.l le

In Figure 3.5, a dynamic phase equivalent circuit of PMSM is presented.

Figure 3.5 Phase equivalent circuit of a PMSM

A two-phase equivalent equations and d-g model of a permanent magnet synchronous machine

rotating at the synchronous speed is obtained by using Park and Clarke transformations which are
given in Appendix A.

21 21 (3-14)
S— -S|
[Vd ~ E cos(®) cos(® 3 ) cos(® 3 ) va
vl 2| . 2m 2z ||,
—sin(®) —sin(® — ?) —sin(® — ?) Ve
. ld . (3-15)
Vg = Rgig + Ld% — Welgl,
. dig . (3-16)
Vg = Rsig + Ly at + welgiq +w,Pf

Figures 3.6-(a) and 3.6-(b) show the dynamic two-phase equivalent circuit.
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Figure 3.6 Two-phase (d, q) equivalent model of PMSM machine[2]

For three-phase permanent magnet synchronous machines, the input power (P;,) can be

represented as:

Pin = Uaia + vbib + vCiC (3'17)

Which in terms of d, g variables is;

3 . 3-18
Pi =§(Udld+vqlq) ( )

The output power, P,,,; can be obtained from the (3-18) by ignoring the copper losses.
3 . . 3-19
Pour = E (_Weﬂ'q lg T Weldlq) ( )

Where,

Aq = Lqig (3-20)
/1(1 - Ldid + (Df (3'21)

The instantaneous torque T, is obtained by dividing the output power, P,,; by mechanical speed

0

3 . . 3-22
T, = Ep(fpflq + (Ld — Lq)lqld) (3-22)

The torque equation includes two terms. First term is called as “the mutual reaction torque” that is

produced from the interaction between the permanent magnet flux, @, and i, current component.
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The second term corresponds to the “reluctance torque” due to the differences between d-axis and
g-axis reluctances. In order to produce additive reluctance torque, iz must be negative and L, must
be greater than L. Besides that, the reluctance variation between the direct (d-axis) and quadrature
(g-axis) axes is fairly small in non-salient surface mounted permanent magnet synchronous
machine. Therefore, the second term, “reluctance torque”, can be neglected for this machine type

[3]. The output torque (T,) is linearly dependent with the magnet flux and g-axis current;

3 . 3-23
Te = Ep(pflq ( )
3.3.1. Mechanical equation
The mechanical equation of the machine is given by:
dn (3-24)
J g =Te=T. =Ty
The (3-23) is replaced in (3-24), so the dynamic rotor speed becomes:
a2 3p . 1 f (3-25)

a =y T

One can deduce the final form of the dynamic model of the PMSM in the d-q referential as follows:

dig _ Ry, Lo o 1

dt = Lt Pt T e

di, R, L p 1

dig _ Ry, La . P 1 (3-26)
_ 0 0

T T B L A

a0 3p 1 f
=L —-T,-L0

dt 27 STy

Equation (3-26) can be written in a state space form with the stator current (i, and i) and rotor
speed as the state variables, as follows:
{x(ﬂ = f(x(t)) + Bu(t) (3-27)

y(t) = Cx(t)
Where

39



CAPTER I11: Modeling of Permanent Magnet Synchronous Machines

Ry, L,
_EX1_ZPXZX3 [i 0]
R, Ly - L 10 0
FaO) = | =72 — i + = -0 |5 B =] Li =y 1 o @29
3p f 1 l
2y e Ty y
And
X171 [ig v
, da
x(t)=[x2 =|iq| s ul®) = ||
x3 !2
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CHAPTERIV

Advanced Control and Observation Techniques Based on the MVT
Applied to the PMSM Drives

4.1. Introduction

The focus of this chapter is on the notion of an extended observer based on a state feedback
controller. The mean value theorem and sector non-linearity approaches were implemented for a
class of the Lipchitz model of PMSM. Based on these mathematical approaches, the proposed
design allows the expression of non-linear error dynamics for the state control and the extended
observer becomes a convex combination of known matrices that have time varying coefficients.
This is similar to a LPV systems after the non-linear system of the PMSM is represented in the
Lipchitz form. Through the Lyapunov theory, one can obtain and express the stability conditions
in aterm of LMI’s. The extended observer and the controller gains are separately determined based
on the separation principles and have gotten by the exploitation of YALMIP software computer.
Furthermore, these gains have completely independent from the PMSM states. As a proof of the
efficacy of the proposed approach, one applies an illustrative simulation to the sensorless FOC of
the PMSM drive by utilizing the MATLAB/SIMULINK environment.

4.2. Extended observer based controller design: a PMSM drive application
4.2.1. Extended dynamics model of PMSM

By setting the assumption that the load torque and the rotor position can be taken as state
variables, one can write the mathematical model of the PMSM, which is utilised for observations,

as follows:
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( dly R, q
e S+ p0+—
dt ~ L, et laPt Tt
dl R L 1
q S d
4= S 2200, + L0+ —
dt = L, L Pt P
L
dt_](e L= f1)
o
dt
dr,
\ dt

The electromagnetic torque is written by:

3
T = Ep[d)f Iq]
From (4-1) and (4-2), the extended state model is rewritten as

{J'Ce(t) = fe(xe () + Beu(t)
Ye(t) = Cox, (1)

Such that
[alxel T AxXe2Xe3 ]
b1Xez + byXe1Xe3 + b3Xes
fe(xe(t)) = | €1Xez + C2Xe3 + C3Xes
Xe3 J
0
And
Ay 0
B:[O Aq]C:[l 0 0 O 0]
e|8 8|'e 0100 0
lo ol
Where

Xe = [Xe1 Xez Xe3 Xea Xes ]T =[iq iq 0T, ]T And u = [ug uq]T

R, Lg R, Ly or 3p

= -, = — , b = -, b — e —_ , b —_ , —_

a; Ly a, L p 1 L, 2 L, p 3 L, p, ¢ 2]
1 1 1
C3=——’ Ad=_: /1q= T

J Lq Lq

(4-1)

(4-2)

(4-3)

(4-4)
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4.2.2. Problem statement

First, one can transfer the model (4-3) of the PMSM into the Lipchitz form as:

{D'Ce (t) = AAox.(t) + BBou(t) + B (xe (1)) (4-5)
Ye(t) = Cexe (1)

Where
a; 0 0 0 0
[o b, bs 0 0]
Ay =10 ¢ ¢ 0 ol
0O 0 1 O OJ
0O 0 0 0 O
And @, (x,.(t)) is defined by
Q)e(xe (t)) = fe(xe(t)) — AAyx, (t) (4'6)
One can also present the state equation of the extended observer in the Lipchitz form:
{fce (t) = AAoR,(t) + BBou(t) + B, (£ () + Lo(ye(t) = 9 (1)) (4-7)
}A’e(t) = Cefe(t)
Where @, (x.(t)) is defined by
e (%) = fo(Re (1) — AdoZ, (1) (4-8)

Thus, the state estimation error e, (t) is defined in such a way that e, (t) = x,.(t) — X.(t). Using

(4-5) and (4-7), one can obtain the dynamic of the state estimation error:
€o (t) = (AAO - LOCe)eo(t) + (Q)e(xe) - (De(fe)) (4_9)
4.2.3. Observer based controller case

The structure of the dynamic equation that is utilised for the controller case can be given in the
Lipchitz form:

{X(t) = Apx(t) + Bou(t) + B(x()) + D T, (4-10)
y(t) = Cx(t)

Where D =[00 — 1/]]

The classical feedback P control law is stated as:

u(t) = —Ko( 2.(t) — x-(t) ) = —Kpe.(t) (4-11)
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Where K, represents the controller’s matrix gain. The desired states, x, = [ig, i4 (2], are
meant to serve as stepwise signals or zeros, while x,(t) refers to the estimated states where £, =
[Ze1 %oz Xes] = [La iq -Q]-
When (4-5) and (4-11) are used in the regulation case, the augmented dynamic systems can be
obtained with x,.(t) = 0 (or a stepwise signal) as follows:
x(t) = (Ag — BoKo)x(t) + BoKoeo (t) + (D(x(t)) + BoKox,(t) + D T}, (4-12)
{e‘o (£) = (Ady = LoCo)eo(t) + (B (xe (1)) = Be(%e (D)) )

Where BOKO = [B()KO 0]

When we apply The MVT on the nonlinear parts in (4-12), so, the augmented dynamic systems

becomes[1, 2]:

. I[Ao ByK, + Z Z en(Del(j : (z411) B~0K0 ] (4'13)
X i=1j=1 X
[eo] l 0 AAg - La Ce + Z Z en(l)e.gj(]) g?e]l (ZZi)J
i=1j=1 €

+Buko[g]+ 0[]

Then, when we apply the sector nonlinearity transformations[3] on (4-13) the system can be obtain

as LPV system as follows:

[et] - ZZ”"@)‘” © [AO B Ay _5’;@ AA; ] e, ]+ 40 [5]+ 2 [4] 9
If we chose Ay + A; = A; , we can obtain:
i RO T NN [ P R I
4.2.4. Augmented state feedback controller
Then, the PI control law is presented below as known as:
w0 =6 kgl =k o

Such that:
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ér(t) = 2.(t) —x-(t) (4-17)
One can express the dynamics of the augmented closed-loop control state equation as:
— g - —_ — ——— —_ (4-18)
£(0) = ) (o) (A — BROZ() + BoFoeo () + Dw ()
j=1
Where ¢ € [x,X], € € [x,x,] and
—._A0+c/l' 0 __Bo_ —_BoKo D __xT‘_ ~—[BOK0]
Al_[ I l 0]’3_[0]’D_[0 o]’w_[TL]’BOKO_ 0
Therefore, the global state equation (observer/controller) under the control is:
(4-19)

— r r — - — e _
x| _ _ _ A; — BK ByK, [x] = [W
[éo] ZZ‘“(S)’“(O[ 0 AAg—LoCe+cAJZj] e +D[0]
i=1j=
One can obtain the design of the controller gain and the Extended observer of the equation (4-19)
by using the separation principle [4]. Consequently, one can separately analyse the stability of the

augmented equations by utilising a quadratic Lyapunov function having a common matrix for

every state equation below [5]:

i} N o — _ (4-20)
() = Z 1:(e) (4; — BR)Z(E) + BoRye, (t) + Diw(t)
j=1
And
s (4-21)
60(t) = ) 19 (A = LoCo + AA)e,(©)
j=1
4.2.5. Stability analysis
v(x®) =x"(t)Px(t), P=PT>0 (4-22)
And
W (e, () = e,T(t)Se,(t), S=5ST>0 (4-23)
Respectively
When one obtains the derivative of the Lyapunov functions (4-22) and (4-23) as follows:
V(%(t)) = 2" (¢) (4, P + PA; - K"BTP — PBR) %(¢) (4-24)

And
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W (e, () = e,7 (1) ((Ags +SAy — CTLLS — SLoC) + ATS + c/zj) e, (t) (4-25)

KI’ heorem 3: One can classify the augmented dynamics systems (4-26) and (4-27) aﬁ\
asymptotically stable, if there exist S = ST >0, P = PT > 0, in such a way that
PA," + AP —MTBT — BM + aP < 0 (4-26)
And
AATS + SAAy + AA]S + SAA; — C,"NT = NC, + pS < 0 (4-27)

One can determine the gains of the controller and the observer as follows:
\ K =MP~t, Ly = STIN respectively. /

4.2.6. Simulation results

The proposed extended observer-based control is applied based on the MVT theory. The results of
the simulation are obtained through the MATLAB/SIMULINK environment. As proof of the
efficacy of this approach, it’s applied to a PMSM drive, which has the parameters in Appendix 2:

Figure 1 presents the general scheme of the extended observer-based PI-MVT controller. This is

used to estimate the two-line stator currents, the rotor speed, the rotor position, and the load torque.

The determination of the observer and controller gains was done using theorems (4-26) and (4-27)

by the exploiting of the YALMIP software computer and their values are given below:

12 —45
[ -20 180 l
Ly=10%+| 260 —467
-30 -310

-1730 1220

—-43 106 56 -—-12162 7610 -0.391

K =
[23 —-27 319 -5134 —-65 2413
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Inverter PR =N
¢t I=f(x)+Bu
oo I~ + I r |

. _|:_:X=Z,ul(x){ﬂfx-|—31u) :

‘—I—I | i=1 .' |

Vi = /
x hAgx—I—BDu—I—tD(xl

Desired state

generator

e

Extended MVT observer
Figure 4.1 Overall scheme of the suggested extended MVT observer based PI-MVT controller.

It has been proposed that the simulation results can be used to demonstrate the efficacy of the
approach with a PWM inverter, as presented in figure 4.2 The desired states were selected through
the orange line, where the estimated and the real states were presented by the dashed red and black
lines, respectively. The desired rotor speed’s trajectory begins by a step of 150 rad/sec and goes
down to 50 rad/sec at t = 0.5 sec. To conduct the negative tests, a desired speed of -150 rad/sec is
selected at t = 1 sec. alternatively, the zero speed is implemented at t = 1.5 sec until the test is
finished. First, the PMSM is unloaded until t = 0.2 sec, then, it applies a load torque of 6 Nm to
the motor for all the remaining time. This is illustrated in figure 4.2-g. Both figure 4.2-b and figure
4.2-c demonstrate the desired, the real, and the estimated d, g axis stator currents, respectively. In
figure 4.2-d, the three-phase line stator currents are demonstrated. The real and estimated values
for the rotor position and the load torque are given in figure 4.2-e and figure 4.2-g, respectively,
on the other hand, their estimation errors are given in figure 4.2-f and figure 4.2-h.

In order to illustrate the stability and the efficiency of the MVT extended observer, the initial

estimated states (%,,) are selected to be [0 0-20 0 0]7.

47



CAPTER IV: Advanced Control and Observation Techniques Based on the MVT Applied to the
PMSM Drives

200 I I | | | | -
' [A] ' : : : Desired state
150 —’-—-‘-’-;-\DH—-JH—'----; -------- ;--------;—--------; ---------- Real state
o P 5 : P Estimated state
100 i_______,:________L___;:___JE ________ S S S Load torque
=z ] : A T E E E Z : :
wn = " h ' 1 1 1 " L] "
3 sof T TENm G
i3 e
= i ! ! ;
T O e | SRRy Ry S
2 1H : : ! : 7
o ' [B] : ' i : i
=T <11 | R R S s E ....... P S | S -
[=] ' ' ¥
7 T f .
1] R e Gt SUUTTESS SELTRRS SOPREE e LT
{ ' :
A0 oM ot i
=200 1 | | | | | | 1 1
0 02 0.4 06 08 1 1.2 1.4 16 1.8 2
Time [s]
150 Aot | A
! ::\r' 10 ----:------:-' "';;:-"""7""'%"
1 1 . - : :
148 [-d--nonnnfennn i O ol e i
146 - od oo T, S S S S
: : | : . .
144 L . 70 ) SRR SN NN SN S
5 021 0 5 10 15 20
x 10°
Zoom of [B]
(@)
15 T T T T T T -
: : : : : : Desired state
1[}—L———— ———————— Real state
e Estimated state
=
z
5
L)
k=
=
o
n
=
=
I O S U U SN USRI SR PRI _
15 | | | | | | | | |
0 0.2 0.4 0.6 o8 1.2 1.4 1.6 1.8 2
Time [s]

(b)

48



CAPTER IV: Advanced Control and Observation Techniques Based on the MVT Applied to the

PMSM Drives

o 8t}
! Ia.lh_.lc ! o ! 1 ! o
| - |
IR . . T SR e 0 o
\ B S VS T SR S =
| - 2% -
| m..m
| ]
| - E I
e R e ke 4« [ = R S R S O T e
| A @ 0w I —
| ¢w g
' — " 1
. m ............... < L
- 1
m s [ T t-leh
n 10
=1
s Al o
e p M@ —
55 E
v 00 i} o,
DRE —— a
1
_ £ £z
1 = = =
1
1

30
0 S
0

]

]

]

]

]

]

]

]
o
i

° ° 2 g g g = o o
[v] Jua.ina Jojels sixe-b [iy] Jua.n J01E38 [pey] uopisod Jojoy

49

)

Time [s]



CAPTER IV: Advanced Control and Observation Techniques Based on the MVT Applied to the
PMSM Drives

E 0.02 T T T T T T T T T
e,
S 001 |-ccmmafoeo R b PR R R S SR Lol _
©
S
g 1 i M -
£
i
0 T 0 T N e -
=
=
5—0_02 -------- F======= T======= T======= B B i Bt e e [ =
S
P -0.03 | | | I | | | | |
0.2 0.4 06 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]
()
10 1 : . 1 .
: : : ; ; ; ----- Real state
it : Gt I P e Estimated state
1 : ! : \ . .
) L fmmmmane fommmaan fnmmmaan T e il et L bt Fmmm-nn .
= pik H H H
=, H I\i . . i . . . .
2 1 -
o 0 F‘" - o v e -.-I ....... e
s | N I o | B
3 -l 1
3 E 4""!"’:f--'-‘- _______ -E I ' ' | ' !
Sl e e R S T e T S
: ir-_' : : I‘ ] ] ] ]
. 02 02005 0201 ! : : . :
-10 | | | | | | | |
0.2 0.4 06 08 _ 1 1.2 1.4 16 18 2
Time [s]
@
'E' 1[} I ! I I I I I I I
= ;
E 5 _______________ % _______ I dm oo I P T [ T [ -
E '
=
S 0
©
E
A ) S -
O
=
o
E —1[} """""" r======= T======= T======" b B A B e I [ -
=
oo
L]
— 45 | | | | | | | |
0.2 0.4 06 08 1.2 1.4 1.6 1.8 2
Time [s]
(h)

Figure 4.2 Simulation results of extended observer based PI-MVT controller with a PWM inverter:
(a) Rotor speed; (b) d-axis stator current; (c) g-axis stator current ; (d) i, stator currents;
(e) Real and estimate rotor position; (f) Rotor position estimation error;
(9) Real and estimate load torque; (h) load torque estimation error.
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It was emphasized that the PWM inverter exhibited chattering on the stator currents and
the rotor speed as a result of the switching of the inverter. Based on figure 4.2-a, it has been
observed that the estimated and the real states of the rotor speed are in closer proximity to its
desired value. In despite of the application of the nominal load torque at t = 0.2 sec, the rotor speed
still subject to the control and the estimation conditions with a minimum effect on these conditions.

It was also observed that the real and the estimated states of d-axis stator current stayed
near zero (I; = 0), whereas its g-axis is a reproduction to the torque which shows that the FOC
is assured at the moment where the estimation errors is approximately zero as shown in figures
4.2-b and 4.2-c.

However, the load torque and the rotor position are not originally considered as states of
the PMSM drive, the estimation error of the rotor position doesn’t exceed 0.02 and for the load
torque is near zero as shown in figure 4.2-f and figure 4.2-h, respectively. The estimated states are
considered to be close to their real values despite the fact that the starting conditions of the
estimated states are not zero. In all the simulation results given above, there is guaranteed success
for the proposed extended observer-based PI-MVT controller and it can replace the other technics

in the industrial applications due its effectiveness, simplicity and low cost.
4.2.7. Conclusion

In this part of the chapter, an extended observer based-controller was applied to the PMSM drive.
This concept is based on the combination of the MVT approach and the sector non-linearity theory.
The non-linear model of the PMSM was transformed to the Lipchitz form and based on that form,
it was possible to express the PMSM drive’s non-linear augmented system dynamics as an LPV
system. This study mainly aims to stabilize the MVT control-based observer by separately finding
each gain that does not rely on the PMSM drive states. The stability analyses of observer based
controller were assured through a proven methodology based on the Lyapunov theory. The
obtained results mentioned above prove the effectiveness of this approach, the stability of all the
system is proven, the simplicity of the implementation, the low cost of the hardware. This concept

can substitute the non-linear and the complex approaches in the industrial applications.
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4.3. PI-MVT controller for PMSM application

In this part, a nonlinear controller for a field-oriented control (FOC) of a PMSM based on
MVT is presented. Using MVT and sector nonlinearity transformation, the nonlinear error
dynamics of the state feedback system is represented by an LPV system. By using Lyapunov
theorem, stability conditions are expressed in terms of LMIs, whereby the gains of the controller
can be calculated. To study the effectiveness of the proposed controller, an experiment of a
controller for a field-oriented control on a 415 W PMSM is conducted. Results indicated that in
spite of the varying load torque disturbances, good speed tracking and field orientation are

achieved.

4.3.1. Controller design
4.3.1.1. Problem statement

The state space form with the stator current (i and iq) and rotor speed as the state variables, can

be written as follows:

x() = f(x() + Bu(t) (4-28)
y(©) = Cx(¢)
Where
R L
_L—:x1+ipx2x3 [Li 0] .
R Ly @ d X ta u
f(x(t)) = —_sz — — P X1 X3 +—fpx3 : B =| 1 |; x=|x|=|i|;u= [ud]
Lq Lq Lq 0 — x q
L 3 )
3P fe 1 l qJ
_E¢fx2—7x3 7TL 0 0
These equations can be transformed into Lipchitz form as follows:
x(t) = Agx(t) + Bou(t) + 0(x(®)) (4-29)
y(t) = Cx(t)
Where
_B 0
Lq
Ry 9
Ag=[ 0 —— —p
° Ly Lg
3p fe
0 —of ——
2]
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And @(x(t)) is given by:
B(x(t)) = f(x(t)) — Aox(t)

4.3.1.2. State feedback regulator design with MVT
According to the state feedback control law, the control vector is given by:
u(t) = —Kye(t) (4-30)
e(t) = x(t) — x.(t) (4-31)
In (4-31), x. is the desired states, given by x. = [igc iqc 2]
The objective is to determine the gain matrix K, such that the non-linear system (4-29) becomes

asymptotically stable.

é(t) = x() — x.(t) (4-32)
With x.(t) = 0 (a stepwise signal), then from (4-29) and (4-32) we can write:
é(t) = x(t) = (Ao — BoKo)e(t) + {@(x) — B(x)} + Aox, (4-33)

The MVT and the sector nonlinearity transformation are then applied to the nonlinear part of the
Lipchitz system in (4-33), such that
s (4-34)

£(0) = ) (&) (A; — BoKp)e(®) + Apx
Where A; = Ay + A; =
4.3.1.3. Augmented feedback regulator (PI)
In order to obtain zero steady-state error states, an integral action is added to forward path; thus,
the structure of the controller becomes similar to the PI controller. With the integration in the state

error, new state variables are added, i.e.

© =k K1[SD)]=Few,

Where the derivative of the state error for the new states is given by:
ér(t) = x() — x.(6) (4-36)
By replacing (4-35) and (4-36) into (4-29) and applying the same steps as before, the dynamics of

(4-35)

the augmented closed-loop control state equation is obtained as:

(4-37)
HOE Z w(e) (&, - BR)Z(®))

Where Ai=[A°_'I"’q 0] and B = [BO]

The stability can be studied using the quadratic Lyapunov function, given by
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vie) =e"(pret), P=P'>0 (4-38)
For more details about the stability analysis see chapter I11. So the closed-loop control of dynamics

systems is said to be asymptotically stable if there exist P = PT >0, such that
PA;" + A,P — MTBT — ByM + aP < 0 (4-39)

Fori =1,...,r, where a is the rate of convergence.
Finally, the gains of the controller can be determined from K = MP~1. From the parameters of
the PMSM (Appendix C), the matrix gain K is obtained as:

K= —4.548 0.231 4265 -—12162 7610 —0.391]
10231 -4548 319 5134 -—65 2413

4.3.2. Experimental results

As proof of the efficacy of the control strategies developed in this paper applied to the
PMSM drive under FOC, an experimental test bench, shown in figure 4.4, is built in the electrical
engineering laboratory of Biskra University (LGEB), where the parameters data of the PMSM are
given in Appendix C. It consists mainly of: 415 Watt permanent magnet synchronous motor, a DC
generator supplies a resistive three-phase load using as a load torque, an incremental position
sensor, a controlled voltage source, a pulse width modulation (PWM) SEMIKRON inverter, built
around three IGBT modules and three-phase AC/DC converter with a common capacitive DC link.
The control algorithms are implemented with a DSPACE 1104 single card from Texas instruments
with a TMS32F240 DSP, using Matlab-Simulink package. The connection between the DSPACE
card and the power converters are carried out by an interface card, which adapts the control signal
levels. The different currents and voltages are ensured, respectively by LA25NP and LV25P hall
sensors, as indicated in figure 4.4. The figure 4.3 demonstrate the synoptic of the PI-MVT control

strategy under FOC which used in this work.

54



CAPTER IV: Advanced Control and Observation Techniques Based on the MVT Applied to the

PMSM Drives

Inverter

____________

_____________

PI-MVT Controller

Desired state
generator

x=[iy i, 0]

Incremental
Encoder

Figure 4.3 Synoptic of the PI-MVT control strategy.
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Figure 4.4 Global system experimental test.
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Figure 4.5 Experimental results of PI-MVT controller without load torque: (a) Rotor speed, (b) d-axis
stator current; (c) g-axis stator current, (d) Three phase stator currents.
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56



Rotor speed [Rad/s]

CAPTER IV: Advanced Control and Observation Techniques Based on the MVT Applied to the

PMSM Drives

(a) Rotor speed, (b) d-axis stator current; (c) g-axis stator current, (d) Three phase stator currents.
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(a) Rotor speed, (b) d-axis stator current, (c) Rotor position.

As can be seen that the structure of the controller is similar to having 3 PI controllers, one

for each state. The desired states (iz. igc {2.)" are generated from the load torque and FOC torque

equations (iz. = 0). Three sets of experiments were conducted: (1) Step changes in rotor speed

reference (of 50 rad/s per step) with T, = 0. Experiment (2) step changes in load torque T, with

constant rotor speed at 100 rad/s, and experiment (3) step changes in rotor speed in reverse

direction with constant load torque T;,. Figure 3 shows the results for experiment (1) which clearly

indicates the quick and precise speed tracking. The d-axis stator current remains zero and the g-

axis component of the stator current indicates fast torque response with zero steady-state tracking

error. In experiment (2), the load variation causes slight deviation in speed response; however, the

speed managed to recover due to the quick torque (i,) response. Finally, experiment (3)
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demonstrates the capability of the controller to perform in the reverse speed. The rotor position
clearly shows the stationary and reversal speed operations with
4.4. Conclusion

In this part of chapter, the design of the controller for FOC of PMSM based on state
feedback using MVT is presented. The structure of the proposed controller is similar to the Pl
controller, with the gains calculated by solving the LMIs formulated using the Lyapunov stability
conditions. The experimental results indicated that the proposed controller managed to perform
effectively under load torque disturbances and reference speed variation, despite its simple

implementation.
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CHAPTER'Y

Robust Extended H,, Observer and Controller Based on the MVT Approach
Applied to the PMSM Drive

5.1. Introduction

In this chapter, we will focus on the synthesis of an extended H,, observer and H,, controller. The
observer and controller are based on the MVT approach applied to the PMSM drive, the extended
observer is under the Open Loop Field Oriented Control (OL-FOC).

The extended observer and controller design are based on the MVT combined with the sector
nonlinearity approach to stabilizing the observer and controller dynamic errors of PMSM drive
and ensured a minimum disturbance attenuation level to the error. The dynamics of the error are
exhibited as a convex theory association of known matrices with time-varying parameters after
representing the nonlinear system of the PMSM as a Lipschitz form. Using the Lyapunov theory,
the stability terms are obtained and expressed in form of LMIs, the extended observer gain and the
controller gain are calculated offline by solving the LMIs. With two line currents are measured,
the extended observer estimates all PMSM drive states and moreover the rotor position. At the
end, the suggested approach is applied to PMSM machine under OL-FOC through an illustrative

simulation to affirm the effectiveness of the concept.

5.2. Robust extended MVT_H ,, observer design

5.2.1. Problem declaration

By setting the assumption that the rotor position can be taken as state variable, one can write the

mathematical model of the PMSM, which is utilised for observation, as follows[1]:

{xe(t) = fo(x.(£)) + Bou(t) + Dy, w(t) (5-1)
Ye(t) = Coxo(t)
Where
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R L,

_ixel + prezx%
Ry . Lq .\ @;
fe(xe (t)) = Lq Xe2 Lq PXe1Xe3 Lq PXes (5-2)
3p f
L dx,, +
Xe3
— 1 O -
Ly r
B.=10 i,Dwzo 0 —= 0
Lq
0 o0
L O 0

Xe = [xel Xe2 Xe3 xe4]T :[id iq ne ]T o U= [ud uq]T and W(t) = TL

The extended state model of the PMSM (5-1) can be transferred into the Lipchitz form as [2]:

{a‘ce(t) = AeoXe(t) + Beu(t) + 0 (x(£)) + Dyyw(t) (5-3)
ye(t) = Cexe(t)
Where
a, 0 0 0
o b, by 0
Aeo = 0 ci cz 0
0O 0 1 O
And @, (x.(t)) is defined by
Q)e(xe (t)) = fe(xe (t)) - Aere(t) (5'4)

The state equation of the observer can also be presented in the following Lipchitz form

{fce(t) = AgoRe(t) + Bou(t) + B (2. (D)) + Lo(ye (t) — 9.(D))

Je(t) = CoX(t) (5-5)
Where @, (X, (t)) is defined by
¢e(2e(t)) = fe(Ze(t)) — AgoXe (£) (5-6)

For that purpose, let us define the estimation error e, (t) such that e, (t) = x,(t) — X.(t). Using

(5-5) and (5-1), the dynamic of the state estimation error is obtained as follows
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éo(t) = (Ao — LoCe)eo(t) + (Be(xe(1)) = Be(2 (1)) + Dyyw(t) (5-7)
The MVT and the sector nonlinearity transformation are then applied to the nonlinear part of the
Lipchitz system in (5-7), such that [3-8]:

q
éo(t) = ) 1(©) (Fie(®) + Dyw(®) (5-9)
i=1

5.2.2. Extension for H, performance

In this section, we illustrate the formulation for H,, performance for the extended MVT
observer. The existence of the disturbances w(t) will affect to the control performances. So as to
minimize the effect of the disturbance w(t), the H,, performances related the state feedback

control error has been taken into account [9, 10].
Definition .1:

We call Nome H,, of the transfer T,, between w(t) and e(t):

lle(®)l2
I Tewlle = SUPIwOI20 o)1, (5-9)
Where
W@, = [ o™ @ o0 de (5-10)

0
The objective is to determine a control law which attenuates the effect of the external

disturbances w(t) on the quantity to be stabilized e(t), that is to say, which minimizes the transfer
between w(t) and e(t) such that||T,,, || <y, with y is the attenuation rate. In this case, we can

rewrite the criterion H,, in the form:

f e,T (t) e, (t) dt < y? f wl () w(t) dt (5-11)
0 0

5.2.3. Stability analysis

Consider the quadratic Lyapunov function as[11, 12]:

V(eo(t)) = e,"(£)Pe, () (5-12)
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Where P =PT >0

So, as to develop the asymptotic stability of (5-11) and to attain the H,, performance of the state
error, the time derivative of V(e(t)) becomes as the following condition:

V(eo(t)) + e, T (D)e, () — 2wl (H)w(t) < 0 (5-13)

Replacing (5-12) in (5-13), the pervious equation becomes as a LMI form as follows:

e,T()Pe,(t) + e,T(t)Pe, (1) + e,T(t)e,(t) — y2wT (H)w(t) < 0 (5-14)
This is equivalent to:

Z 1 (§(®) e "(O[F"P + PF; + I]e, (£) + wT (£)[Dy," Pleo (£) (5-15)
) + e, T(O[PDYIW(E) — y2wT (WD) < 0
So,
F"P+ PF, +1 eo(t)
Z w(E®) [e,T® wl (D] [ D,TP )2 Il w( t) (5-16)

The stability of the state equation is verified if the time derivative of Lyapunov (5-13) is negative
definite, which leads to the following time dependent LMIs:

l[FiTP +PF|+1 PD,
D,"P —y2I

<0 (5-17)
It is possible to write (5-17) as:

[F,"P+PF] PD, |11 o0
[ 21 [O 0 <0

This mean:
[F; TP + PF
_yz / [l 1 01<0 (5-19)
Using the Schur complement, (5 19) becomes as follow
[F,"p+PF] PD, I
DWTP _VZI 0 <0 (5-20)

I 0 -1

By applying the congruence transformation, multiplying to the right and to the left by
the diag [PT, I, I]we get:
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p~t o ol|F"P+PF, PD, I|[Pt 0 0 (5-21)
0 I 0 D, P -2 0 0 I 0|<O
0 0 I I 0 —Jjto 0 I
The previous equation can be developed to:
pP~Y[F"P + PF]|P~* P~'PD, P71
D, PP —y2 0 | <O (5-22)

p-1 0 —1
If we consider that S™* = P and M = PL.,, = XL, we can obtain the final LMIs to solving:

Ayo'S+SA,y + A;TS+SA; —MC,—C,”"M" +aS D, S
D" —y21 0]|<0 (5-23)
S 0 -

Such as the observer gain has been obtained as follows:
Lo =S"IM (5-24)
5.3. Open loop field oriented control of the PMSM

In this part, a design of the open loop control strategy of the PMSM is suggested by replacing the
states of the PMSM x, = [ig i, 2 6 ]" bythe references signals x,, = [igr =0 iy 2, 6,]"

in (5-1), we can find:

L, 1
L—Pﬂr+L—udr
Irit?r—! &y (pp(2+1
Xy = | erz L, ar L, Ly 9 (5-25)
o) | 2y, 1 1,
‘QT

From the first and the second equations in (5-25), the formula of the open loop control of the
PMSM is gotten as:

Udr = Lq p -Qriqr (5'26)

RS, o
Ugr = Lg lqr quqr—L—p.Qr
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5.4. Simulation results and discussion

The proposed H,, extended observer based on the MVT theory is applied. The simulation results
are obtained through the MATLAB/SIMULINK environment. As proof of the efficacy of this
approach, it’s applied to a PMSM drive, which has the parameters in Appendix B. The robust
extended observer gain is calculated as (5-24) by solving the LMIs (5-23) given as:

7793.4 58.0899
—40.8568 7798.1
—327.7158 —505.1727

513.6569 —309.3417
Figure 5.1 presents the general scheme of the extended MVT_H,, observer. For estimate the two-

Lo =

line d-q stator currents, the rotor speed, and the rotor position.

Inverter T TTTT I N
\ i =flx)+ glx)u )
v [ 4 - |
Open loop field " I
oriented control . . (L i, = fy(x,) + Bou+ D,w :
T ahc iy |
J ar T @ I
t t 4 PWM Ve = Augr, + Bou+ 0,(xs) + Dyw +
T, .{3 abe N e e e e __-7
PMSM &
abe
' Sensor
dq
ig i

Robust Extended MVT-H . observer
Figure 5.1 Global scheme of the robust extended MVT_H,, observer for the PMSM

It has been proposed that the simulation results can be used to demonstrate the efficacy of the
approach, as presented in Figure 5.2. The estimated and the real states were presented by the
dashed red and black lines, respectively. The rotor speed’s trajectory begins by a step of 150
rad/sec and goes down to 30 rad/sec at t = 1sec until the test is finished. First, the PMSM is
unloaded until t = 0.4sec, then, it applies a load torque of 9 Nm to the motor until t = 0.8sec, then,

the motor is unloaded until t = 1.4 sec, one more time, the motor is loaded also by 9 Nm until the
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test is finished, This is illustrated in Figure 5.2-(a) Both Figure 5.2-(b) and Figure 5.2-(c)
demonstrate the real and the estimated d, g axis stator currents, respectively. The real and estimated
rotor position are given in Figure 5.2-(d). The estimation errors of the rotor speed, d-axis stator

current, g-axis stator current and rotor position are given in Figure 5.2-(e) respectively.
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Figure 5.2 Simulation results of extended MVT_H,, observer under OL-FOC of PMSM.

«» Effectiveness test of parameter variation

To demonstrate the robustness of the proposed Observer a parameters variation is applied and
presented in Figure 5.3, where, the rotor speed begin by a step of 150 rad/sec, this remains until
the test is finished. The PMSM is unloaded until 0.4sec, then, we apply a load torque of 9 Nm to
the motor until the test is finished. Figure 5.3-(a) show the real and estimation rotor speed when
the stator resistor R, is changed by 20% at time 0.8sec, at time t = 1.4sec we return the nominal
R, And then, Figure 5.2-b) show the real and estimation rotor speed when the stator inductance Lg

is changed by 20% at time 0.8sec, at time t = 1.4sec we return the nominal L.

Moreover and in order to illustrate the stability and the efficiency of the MVT_H,, extended

observer, the initial conditions of estimated states (£,) are selected to be [-2 -6 -40 0]7.
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Figure 5.3 Test of extended MVT_H,, observer with parameter variation
a) R, variation
b) Lgvariation

Based on Figure 5.2, it has been observed that the estimated states of the rotor speed is in closer
proximity to its real value. In despite of the application of the load torque by 9 Nm at t= 0.4 sec
which is more than the nominal value (6 Nm), the estimated states of the rotor speed still match to
the real states with a minimum effect on the estimation error.

It was also remark that the real and the estimated states of d-axis stator current stayed near zero
(I; = 0), whereas its g-axis is a reproduction to the torque which shows that the OL-FOC is
assured at the moment where the estimation errors is approximately zero as shown in Figure 5.2-
(b) and figure 5.2-(c).

However, the rotor position are not originally considered as states of the PMSM drive, the
estimation error of the rotor position doesn’t exceed 0.02 Rad as shown in Figure 5.2-(d). The
estimated states are considered to be close to their real values despite the fact that the initial
conditions of the estimated states are not zero. Based on Figure 5.3, it has been observed that the
effect of the parameters variation (20% of R, 20% of L) on the proposed MVT_H,, observer is
very small.

So the simulation results given above, there is guaranteed success of the proposed extended
observer under OL-FOC and it can replace the other technics in the industrial applications due its

effectiveness, simplicity and low cost.
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5.5. Robust PI_MVT_H,, controller design

We can use directly the dynamic state equation of controller error, after applying the MVT and the

sector nonlinearity transformation approaches as follows (for avoid repetition):

.
6c(®) = ) 1i(0) Gree(t) + Dy W(®) (5-27)
Such that -
G; = A; — BoK,
And

X (t)

Ai= Ao+ A, Dy = o D), w(® = [[75

and o € [x, x,]

To eliminate the perturbation effects and parametric steady-state uncertainties it is preferable to

add an integral action, then the modified control law is given by:

u(t) = —[Ko Ki] [ee,((i))] = Ke.(t) (5-28)
Such as the state related to integral action:
ér(t) = x(6) — x,(t) (5-29)

Using (5-28) and (5-29), and after some steps the dynamics of the augmented closed-loop control

error state equation is expressed as follows:

8(®) = ) 1) (Gi2e(t) + D (0)) (5-30)
i=1

Where

And

A= [A"TA" 8]:3 = [B"]; D, =% g]; w(t) = [J\;f((f))

5.5.1. Stability analysis

Consider the quadratic Lyapunov function given by:

v(e®) = e’ (t)Pe(t) (5-31)
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In the case of the quadratic Lyapunov candidate function (5-34), the closed loop system (5-29) is

stable and also the trajectory tracking via the control law (5-27) under the H,, performance, if:

v(e®) + et (e —y*wT ()w() <0 (5-32)
Replacing the derivative of V(&(¢)) in (5-35):

eT()Pe(t) +eT(t)Pe(t) +eT(t)e(t) —y*wl(®w(t) <0 (5-33)
For avoid the repetitions, can be use the steps of the analysis stability represented in previous

subsection (3.3). So the final LMI will be presented as follows:

Lemma 1. The quadratic stability of the closed-loop system is guaranteed for an attenuation of the
external disturbances w(t) according to the rate § = y? if there is a matrices, such as: X = X7 >
0 and
AX+XxA" —-By-Y'BT D, X .
EWT _]/21 0 <0 ( - )
_ X 0 I
Such as the gain K., is calculated by:

Ko,=YX?

5.5.2. Simulation results

The proposed PI_MVT_H,, controller was applied. The simulation results are obtained through the
MATLAB/SIMULINK environment. As proof of the efficacy of this approach, which applied to
the PMSM drive, which has the parameters in Appendix B. The robust controller gain is calculated
as (5-34) by solving the LMIs (5-34) given as:

I_{=102*[2'336 —-0.041 12.752 -10.592 19.332 —0.388]

0.041 -33.453 8951 —-68.321 -54.326 66.233

Figure 5.4 presents the general scheme of the PI_MVT_H,, controller applied to the PMSM drive
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Inverter
X, =
Desired state \ P
generator | || T - - - ---——=--- -
‘r T PI_MVT_H, Controller
T, 0
x=[ig i, 0]

Figure 5.4 Control scheme using an integral action based on MVT theorem and
H,, performance

The simulation results are introduced for the trajectory of the rotor speed, so, the desired and real
rotor speed are illustrated in Fig 5.5-(a), The desired rotor speed’s trajectory begins by a step of
150 rad/sec and goes down to 30 rad/sec at t = 0.5sec. To conduct the negative tests, a desired
speed of -150 rad/sec is selected at t = 1sec. alternatively, the zero speed is implemented at t =
1.5sec until the test is finished. First, the PMSM is unloaded until t = 0.2sec, then, it applies a load
torque of 9 Nm to the motor for all the remaining time, this is illustrated in Figure 5.5-(a). Both
Figure 5.5-(b) and Figure 5.5-(c) demonstrate the desired and the real d, q axis stator currents,
respectively. In Figure 5.5-(d), the three-phase line stator currents are demonstrated. The real

values of the rotor position is given in Figure 5.5-(e).
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Figure 5.5 Simulation results of PI_MVT_H,, controller applied to PMSM.
Figure 5.6 shown a comparison between a deferent control technics. Control-1: PI_MVT_H,,

controller. Control-2: PI_MVT controller. Control-3: OL_FOC control. So, the desired rotor speed
stile 150 rad/sec from the beginning until the test is finished. First, the motor drive is unloaded

until t = 0.3sec, then, it applies a load torque of 6 Nm to the motor for all the remaining time.
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Figure 5.6 Real and desired rotor speed for a deferent control.
Control-1: PI_MVT_H,, controller.
Control-2: PI_MVT controller.
Control-3: OL_FOC control.

Based on Figure 5.5-(a), it has been remarked that the real state of the rotor speed is in closer
proximity to its desired value. In despite of the application of the load torque by 9 Nm at t= 0.2

sec which is more than the nominal value (6 Nm), the real states of the rotor speed still match to
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the desired states with a minimum effect on the estimation error. The same remark in the d-q axis
stator currents.

It was also remark that the real state of d-axis stator current stayed near zero ( I; = 0), whereas its
g-axis is a reproduction to the torque which shows that the FOC is assured at the moment where

the regulation errors is approximately zero as shown in Figure 5.5-(b) and figure 5.5-(c).

After the comparison between a deferent control technics represented in Figure 5.6 one can note
well the efficacy of the PI_MVT_H,, controller compared to the other controllers, this shown in

the time of response and when we applied the load torque.
5.6. Conclusion

This Chapter was concentrated on the idea of the robust extended H,, observer and robust
H,, controller based on the MVT essentially, applied to the PMSM drive, the extended observer is
under the Open Loop Field Oriented Control (OL-FOC). The robust extended observer and
controller design are based on the MVT and the sector nonlinearity approaches to stabilizing the
observer and controller dynamic errors of PMSM. Through an illustrative simulation implemented
in MATLAB/SIMULINK, the simulation results were confirmed and demonstrated the
effectiveness of the proposed algorithms and ensured a minimum disturbance attenuation level to

the estimation error or the control error.
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CHAPTER VI

Fault Detection and Diagnosis Based on Extended MVT Observer
Applied to the PMSM

6.1. Introduction and general diagnosis

With the increased demand for sophisticated controls for electric motors in industry, reliability
and predictability of motor operations is now a major requirement in many applications. Reliability
of a motor operation is especially important where an unexpected shut-down might result in the
interruption of critical services such as medical, transportation or military operations where failure

potentially could lead to costly maintenance or loss of life.

Those electrical motor faults that potentially lead to the shut-down of a system can be classified in

two parts (electrical and mechanical) as follows [1-3]:

A. Electrical faults
a) Open or shorts in motor windings (mainly due to insulation failure)
b) Wrong connection of windings
c) High resistance contact to conductor
B. Mechanical faults
a) Broken rotor bars
b) Cracked end-rings
c) Bent shaft
d) Bearing failure
e) Gearbox failure

f) Air gap irregularity

These fault conditions create specific symptoms during a motor operation which can

be described as follows:

a) Motor vibration
b) Temperature increase

¢) lIrregular air gap torque
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d) Instantaneous power variation
e) Audible noise

f) Stator voltage changes

g) Stator current changes

h) Speed variations

Based on monitoring and analyzing these symptoms, a motor fault diagnosis technique might be

performed through the following strategies:

A. Single symptom analysis
a) Motor vibration analysis
b) Temperature measurement
¢) Acoustic noise analysis
d) Electromagnetic field monitoring through inserted coil
e) Chemical analysis
f) Infrared analysis
g) RF emission monitoring
h) Partial discharge measurement
i) Motor current signature analysis (MCSA)
% FFT analysis
% Wavelet analysis
« Complex Park vector analysis
B. Multi-symptom analysis
a) Neural network
b) Fuzzy logic analysis
c) Statistical analysis of relevant information
C. Simulations
a) Finite element analysis (FEA)
b) Time step coupled finite element-state space (TSCFE-SS)
D. Model Based Fault Detection and Diagnosis
a) Fault detection with parity relations

b) Fault detection with diagnostic observers
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c) Fault detection with parameter estimation
6.2. Fault specification of PMSM drives
6.2.1. Stator winding faults:

The stator winding fault due to short-circuited turns is known as the most common electrical
fault in electrical machine. The majority of winding fault are caused by the breakdown of turn-to-
turn insulation as a result of the voltage, current, or thermal stress acted on the stator winding. The
process of insulation breakdown is a complex one. Beginning with partial discharge and very
localized heating and progressing to a low resistance short circuit capable of carrying considerable

current.
Some of the most frequent causes of stator winding failures [4] are:

+ High stator core or winding temperatures,

Slack core lamination, slot wedges, and joints,
Loose bracing for end winding,

Contamination caused by oil, moisture, and dirt,
Short circuits,

Starting stresses,

Electrical discharges,

-+ + + F + &

Leakages in the cooling systems.

It is believed that phase-to-ground or phase-to-phase and coil to coil faults start as
undetected turn-to-turn faults that finally grow and culminate into major ones [5-7]. Although
short-circuit current is limited to a rated value by designing the machine with a high phase
inductance, short circuit between turns is the most critical fault in the machine and is quite difficult

to detect and almost impossible to remove.

In the case of a short circuit in a PMSM, there is a risk of irreversibly demagnetization of
the permanent magnets of the motor due to the strong opposing magnetic field from the short-
circuit current. The high torque at a short circuit can also lead to mechanical failures of the

machine, the shaft coupling, or the load [8].

6.2.2. Open phase, phase to ground, line to line, line to line to ground faults
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An important fault class for a PMSM machine is considered in which one of the phases
becomes open-circuited. This type of fault can be caused by mechanical failure of a machine
terminal connector, an internal winding rupture, or by an electrical failure in one of the inverter

phase legs [9].

The open-phase fault produces electromagnetic torque oscillations which cause abnormal
rotor vibrations and give abnormalities in the drive’s operation [7]. The amplitude of current
increases by approximately 60 %, and the two phases currents are shifted 2w, thus the risk of

destruction of stator winding.
6.2.3. Unbalanced voltage fault

Unbalanced voltage is one of the most frequent interferences in electrical systems. Large
single phase loads, unbalance loads, system faults, etc. are some of the causes of unbalanced
voltage. Most of the standards only specify the percentage of unbalanced voltage without
indicating the unbalanced condition. In fact, there are many unbalanced voltage cases which have
the same unbalanced voltage factor but have different effects on loads. Unbalanced Voltage causes

the performance of motor to deviate from desirable condition as shown in [10-12].

It must be consider that operation of motor under high percentages unbalanced voltage tests,
it doesn’t take a long time because, the temperature rises more than that of the motor operating

under the same condition with balanced voltages.

For a 3-phase system, there are two different definitions of the unbalanced voltage: IEC
standard definition and NEMA standard definition. The IEC standard definition defines the
unbalanced voltage as the ratio between the amplitude of the negative sequence component, V,, to

that of the positive sequence component, V;, as in (6-1):

V. -
Percent Voltage Unbalance = 72 x 100 (6-1)
1

While the NEMA standard defines the voltage unbalance as the ratio between the
maximum deviation from the mean value of 3 line voltage magnitudes, V,;, V3. and V,,, to the

mean value of these 3 line voltages, The voltage unbalance percentage may be defined as in (6-2):
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(6-2)

Vmax - Vavrage

Percent Voltage Unbalance = x 100

Vavrage

6.2.4. Demagnetization fault

Magnet faults include microscopic fissures, chips, disintegration due to corrosion, complete
or even partial demagnetization. Among these, demagnetization fault play a more important role

in magnet failure as claimed in [13-15].

Demagnetization can be complete, that is, all over the pole, or partial, on a certain region of
the pole. Depending on the severity of fault, demagnetization can be reversible or irreversible.
However it has been verified that irreversible demagnetization does not arise in the PMs under the

steady states. Instead, it arises under transient states [16-18].

The demagnetization phenomenon can be due to the armature reaction, especially under
conditions of operation requiring strong torque for example at high loads or during sharp transients

or even high temperature [18-20].

During the normal operation of the PMSM, the electrical current of the stator winding
produces an inverse magnetic field that opposes the remnant induction of the permanent magnets.
This repeated phenomenon can cause demagnetization in the permanent magnets too. In addition,
a major fault condition of permanent-magnet machines is the stator fault in the opening or shorting

of one or more of stator phase windings [21-23].

The approximate maximum operation temperature of some commercial magnets is
illustrated [24] in figure 6.1
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Figure 6.1 : Maximum operating temperature of different magnet materials
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6.2.5. Eccentricity fault

Almost 50 % of all motor failures are related to mechanical faults, and they lead to a noise
and vibrations, and even to the total damage of the machine and the mechanics coupled to it if the
failure is not detected and isolated [21, 25].

Due to tolerance in manufacture and assembly, where the inherent level of eccentricity is
expected to be within 5%-10% of the air gap, every machine possesses a certain degree of

eccentricity entailing a non-uniform air gap thickness and magnetic field [16, 26, 27].

When eccentricity becomes large, the resulting unbalanced radial forces (also known as
unbalanced magnetic pull or UMP) can cause stator to rotor rub, which result in a serious damage

to stator core and windings [13].

AirlGaD Rotar Sts;tnr Air.Ga D ﬁ.ir.Gan

Figure 6.2 Static eccentricity.

§
\

Alr .Gap Air Gap

Figure 6.3 Dynamic eccentricity[28].

Static eccentricity may be caused by the ovality of the stator core or by the incorrect positioning
of the rotor or stator at the commissioning stage. Assuming that the rotor-shaft assembly is
sufficiently stiff, the level of static eccentricity does not change. The dynamic eccentricity may be
caused by several factors, such as manufacturing tolerances, wear of bearings, or misalignment,

mechanical resonance at critical speed, and incorrect manufacture of the machine components.
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Rotor “whirl” near a critical speed is another source of dynamic eccentricity and is an important

consideration in larger, flexible-shaft machines
6.3. Model Based Fault Detection and Diagnosis

Study of model based FDD began in 1970’s. FDD is generally considered to have entered its
modern era with the publications of Mehra and Peschon (1971), as well as Lainiotis and Park
(1973) [29, 30]. In these papers, the proposed FDD algorithms were applied to chemical plants and
airplanes. In 1976, Willsky wrote the first major survey paper on model based FDD [31], especially
on linear time invariant (LTI) systems. After that, Isermann reviewed FDD design based on
modeling and estimation method in 1984 [32]. In 1988, Gertler summarized the main features of
model based FDD and presented the robustness and sensitivity considerations in [33]. Meanwhile,
Basseville presented both online and offline FDD algorithms in his survey paper with a particular
emphasis on statistical methods for detection [34]. With the development of Artificial Intelligence
(Al), a lot of Al based FDD designs were proposed. This topic was surveyed by Frank in 1990
[35]. In 1997, Frank and Koppen-Seliger did a followup survey on Al based FDD in [36]. This
1997 paper focused on fuzzy logic and introduced the concept of knowledge observer. In the mid-
1990s, some nonlinear model based FDD methods were proposed, a survey on which was made
by Garcia and Frank [37].

In general, a model based FDD system consists of two modules: residual generator and residual
evaluator, as shown in Figure 6.4 In this diagram, the residual generator uses system measurements
as input to generate residuals as fault symptoms. Then, these residuals are sent to the residual

evaluator to make diagnosis decisions
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L
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FDD Decision

Figure 6.4 A two stage model based FDD system[28]

6.3.1. Fault detection with parity relations

Parity relation sometimes is also called consistency relation, or analytical redundancy relation.
This approach was first introduced by Frank [35]. Parity relations directly check the
consistency between the model and measured system outputs, thus is the most intuitive fault
detection method. The main idea of this method is shown in Figure 6.5 G, represents the
monitored system, and G, is the analytical model of that system. Residual r based on parity

relations can then be mathematically expressed in (6-3) with u denoting the control signal input.

relation based approach assumes that the model parameters are known and constant. Thus,
residuals based on this method are susceptible to model inaccuracies due to system uncertainties.

To overcome the problem of imprecise models, robust parity relations were introduced in the mid-

r = (Gp - GM)u
While being the most computationally efficient and simplest in implementation, the parity

1980s, by Chow and Willsky [38], Lou, Willsky and Verghese [39].
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Figure 6.5 Parity relation based residual generation[28]

6.3.2. Fault detection with diagnostic observers

If a system is observable, observers can be used to estimate states of a system using measured
data. The estimated states can then be used to observe the system outputs. Diagnostic observers
utilize the errors between estimated and measured outputs as residuals. The schematic diagram of
this approach is shown in Figure 6.6 In this figure, y, denotes the estimated system output, y
denotes the measured system output, and r denotes the residual, which can be calculated according
to (6-4)[28].

T=y =Y (6-4)
Diagnostic observer design takes advantages of widely used observer designs. This method is
especially useful when dealing with the cases where states or outputs are not measurable. Similar

to parity relation method, diagnostic observers also require accurate knowledge of system model

Control signal Cutputs
u-l.

u Tomi .
® > Monitored system -

Gs ()

Fesidual

— Observer / State estimator

Estimated outputs
v

« &

Figure 6.6 Diagnostic observer[28].
parameters. The relationship between diagnostic observers and parity relation based designs was

discussed by Mgni and Mouyon for linear systems [40]. Since accurate system models are often
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unavailable for practical systems, robust designs are important for diagnostic observers. Some
related work can be found in [41, 42][30][31][32].

6.3.3. Fault detection with parameter estimation

Both the parity relations and the diagnostic observers require an accurate model of the system.
For some problems, the parameters of a system model may normally vary continuously in certain
ranges. Since the above two methods cannot handle this problem, parameter estimation based fault
detection is used for FDD. Parameter estimation is proved to be advantageous in this regard
according to Gertler, Hofling, and Isermann [43, 44]. Parameter estimation methods only require
the structure of the system model to be known. The parameters of the model are estimated and
compared to their values during normal operating conditions. This parameter estimation based
fault detection method is illustrated in Figure 6.7. In this figure, p, represents the estimated

parameter, p represents p,’s nominal value, and r represents the residual as calculated in (6-5):

r=p—De (6-5)
In [35], Isermann (1991) states that parameter estimation provides deeper insights into system
dynamics and thus makes fault diagnosis easier. In many cases, changes in model parameters are
directly related to system internal faults. Thus, the parameter estimation approach is especially
suitable for the detection of the multiplicative faults according to Gertler (1998) and Isermann
(1984, 2005) [32, 45]. Also, parameter estimation allows the detection of very small changes of
the system conditions, including slowly developing faults. In [43, 44], Gertler (1995), Hofling and
Isermann (1995) proved the mathematical equivalence between the parameter estimation and the
parity relation with an accurate model. A disadvantage of this method is that a Persistent

Excitation (PE) condition is usually required.
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Figure 6.7 Parameter estimation[28]

6.4. Modeling of the PMSM machine in the presence of stator faults:
6.4.1. Model based on a '*healthy' PMSM structure

This modeling is based on the simplifying assumptions commonly used, as we used in Chapter 111

for simplicity.

According to the equations present in the three-phase reference (Chapter 111), the electrical

equations of the stator in the reference d, g are written:

[Vs]dq = Rs [Is]dq + Ls[is]dq + WLs [_01 él)] [Is]dq + [E]dq (6-6)

Where Ly = L, — M, and w = dH/dt
The angle 6 traditionally chosen corresponds to the electrical position of the rotor relative to the

stator, denoted 6,. In the case where the fem are purely sinusoidal and balanced, this makes it

possible to cancel the component of [E]4, on the axis d:

[E]dq = P(He)T23[X]aB = [KSW] (6-7)

Where

K, : Constant of fem.
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[ cosB, sing,
P(6.) = [— sinf, cos6,

Finally, applying the standard Park transformation, this PMSM modeling allowed as the following

state equations:

(i R, 1
Id = —L_sld +IqW+L_svd

{ (6-8)
R, K, 1
qu = _L_slq - IdWr _L_SW +L—Sl7q

This formulation, represented graphically in Figure 6.8, shows the different parameters that can be

estimated via the extended MVT observer, namely the electric pulsation w, the stator resistance R,

the inverse of the cyclic inductance 1/ 1. and the constant of fem K.
S

Figure 6.8 "Healthy" PMSM Model in Park reference.
The use of extended MVT observer for estimating the various parameters of this model (w, R;,

Ke 1/,
6.4.2. Model based on a ""faulty” PMSM structure

The faulty PMSG model used for inter-turn short-circuit detection is based on a former study [12-
Aubert 2013] with less modeling assumptions (voltage drops due to short-circuit reduction is taken
into account) to make the PMSG model more sensitive to windings faults. The model enables the

fault localization with the use of angle 6. (equal to 0, 2n/3 or 4n/3 for a short circuit respectively
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on phase A, phase B or phase C) and the determination of the number of short-circuited turns ng

(ratio between the number of short-circuited turns and the entire turns number on a stator winding).

Figure 6.9 shows the basic model for fault diagnosis with inter-turn short-circuit on phase A (0.
=0).

Ee R; L, Is,

Lsie
-t

r‘ﬂs‘k.:'fjﬁfjl
Figure 6.9 scheme of the faulty model of PMSM in the three-phase reference (fault on phase A)[28]

Compared to the model of the healthy PMSM (Figure 6.8), it inserts a short-circuit loop

characterized by two new parameters:

<+ The angle of localization of the fault 8,,. which makes it possible to detect the faulty

phase. Its value is equal to 0, 27/3 or 47/3 such that the inter-turn short-circuit is located
respectively on phase A, B or C.

< Percentage of turns in short circuit ng,. which corresponds to the ratio between the

numbers of turns in fault on the total number of turns constituting a stator phase.

In order to write the model's electrical equations, the resistors and inductors of the faulty phase
must be defined. Concerning the resistances, they are considered to be proportional to the number
of turns. So:

{Rs_healthy =(1- nS/C)RS (6-9)
RS_faulty =Ngyc Ry

The inductances of the faulty phase (the leakage inductances are neglected in this formulation

which implies M = —Lp/z) are:
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( Ly heaithy = (1 —ng/c)°Ly
Ly fauiey = ns/cz L,
< Mhealthy_faulty = ns/c(l - ns/c)Lp (6-10)
Mg _healthy = (1 ns/c)M = _(1 - ns/c) L7p
Lp
Ms_fauty = nsjc M = Nsjc™

From the expressions of the resistances (6-9) and the inductances (6-10) related to the phase in

default, the electrical equations to the stator can be expressed in the three-phase reference:

(

Where

3
2

-1 3
NN P
1+2 cos(@s/c)

1[ 21
Ts/c =3 1+2cos(95/c—?)

1+ 2cos (95/c — 4?”)

V2 0
-1
2

|

Ts/c = [0] si es/c =0; Ts/c =
0

, 3
l [VS] = [RS]- [IS] + [LS]- [IS] + [E] - ns/c-RS- Ts/cIs/c - \/;-ns/c-LP-T&- [Sings/c

3
LO = nS/C.RS S/C [Is] \/;.nS/C.LP. (ng.[

cosbg/c| .
s/c

COSes/C [1] n [E] + ng e Rs. Iy o + 12 Ly
Sines/c S s/c S/C s/c: s Is/c s/c bp-lec

(6-11)

and Xabc = T32'X(Z,B

: Short-circuit matrix

[0

1

L0

] Si 95/C =

2 .
?ﬂ , Ts/c = [0] S es/c ==
1

Applying the Concordia transformation to (6-11), the electrical equations becomes:
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costy (1 .

. 2
[VS]aB = RSUS]aﬁ + LS[IS](XB + [E]aﬁ - ns/cRSTZSTs/cIs/c - \/;ns/cl‘s [Sines/c] Is/c

] 2 costy . r .
0 = ng/ RTs /cT32[Is]aﬁ + §ns/cLs T3, [Sines/c] T32[Is]aﬁ — Ng/cTs /cTSZ[E]aB
2 , .
\ +ns/cRSIs/c + §ns/cles/c
(6-12)
Where Ly = %Lp: Synchronous Inductance.
| cosOs¢
T23TS/C - \/;[Sines/c
i c0sOsse d multiplying th d f (6-12) b
By posing [IS/C]aB [Sme ]IS/C and multiplying the second equation of (6-12) by [Smes C]

the equations (6-12) becomes:

p
. 2 2 .
[VS]aﬁ = RSUS]aﬁ + LS[IS]aB + [E]aﬁ - \/;ns/cRS[Is/c]aﬁ - \/;ns/cl‘s[ls/c]aﬁ

) 2 2 . 2
0= \/;nS/CRSQ(QS/C)[IS]aB + \/;nS/CLSQ(BS/C)[IS]aﬁ - \/;ns/cQ(gs/c)[E]aﬁ

2 .
\ +ns/cRS[Is/c]aB +§n§/cl‘s[ls/c]aﬁ

(6-13)
Where

cos(Bsc) _ _ cos?(6s.) cos(6s,c) sin(6sc)
Q(e S/C) [sm(@ c) COS(HS/C) sm(@s/c)] - Los(@s/c) sin(@s/c) sinz(es/c)

By posing [TS /C]aﬁ = \Ens /cRs [IS /C]a g the equations (6-13) are written:
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S/C]aﬁ + LS [IS - ?S/C]aﬁ + [E]aﬁ

(
[
{ 2 - 2 .o
R s/c + gns/cLs [IS/C]aﬁ = gns/cQ(as/c) (RS[IS]aﬁ + LS [IS - IS/C]aB + [E]a[)’>
(6-14)

%w—&h
Finally, by posing [Is]as = [15 - TS/C] 5 the electrical equations relating to this model in the
a

Concordia reference are expressed:
(6-15)

( Wslap = Rslislap + Lsls] 5 + [Elag

~~ _ ZnS/C _
[Is/c]aﬁ = mQ(es/c)[VS]aﬂ = [Ys/c]aﬁ[vs]aﬁ

Where
(6-16)

1
Ys/c =\l Q(bs/c¢
[ / ]aﬁ [Zs/claﬁ (3 Zns/c)RS Osye)

By applying the Park transformation to (6-15), the electrical equations becomes
(6-17)

4( [Vslaqg = Rsllslaq + Ls[ls] + WLS[ 1 O] [Uslag + [Elaq
~ 1
[IS/C]dq = P(ge)[ S/C] qP(9 )T[VS [Ys/c] [Vs]dq

Where
[YS/C] = l ] — 2ns/c P(6,) Q(es/c) P(ee)T
4 |Zyel,, (3 - 2ng)Rs

Finally, the equations of state relating to this model in the Park referential are expressed

( Rs ©
: L 1 1
[Isl‘]dq - [ s RS] [I.S"]dq - L_S [E]dq LS [VS]
) |~ ~1L, (6-18)
[Is]dq - [IS’]dq + [Is/c] [Is]dq [Ys/c]
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The system of equations (6-18), shown schematically in Figure 6-10, corresponds to the classical
equation of a healthy PMSM considering [Ig] as the stator current, to which is added an output

equation relative to the fault.

[?s.fc_b] dg ¥ Ts.-'c_r] dq Y

Zjea ATS: Zyec
| I |
healthy PMSM model Modilisation short-circuit

Figure 6.10 Faulty PMSM model in Park referential[28]
The short circuit current is characterized by an impedance [Z, ] which deviate a part of the stator

current when the fault occurs. This impedance depends on the location of the fault, because of the

presence of 6. in its expression. By applying this modeling principle to the three stator phases,

by fixing the value of 6; . three fault impedances [Z/ 4], [Zs/c g] and [Zs, ] are defined. They
respectively correspond to localize the fault on the phase A (65, = 0), B (6,/ = 2?”), C (0s/c =
4T

3

These impedances depend only on the percentages of turns in short-circuit ng /. 4, ns/c g €t ng ¢ ¢

which will be the parameters estimated by the extended MVT observer.

The equations (6-18) of faulty model, can be written as state space form as follows:

{J'c(t) = A(t)x(t) + Bu(t) (6-19)
y(t) = Cx(t) + Du(t)
Where
i ’ T
X = [ISd Isq W] ;U= [VSd Vsq Esa ESq]
R I U
— — W — — —
ks Ls Ls [Yire], Oz
A=| R¢ | ;B=]| 1 1|; C=1Iys; D= dq
|[_W _L_s OJl lo E 0 _L_s O1x2 01x2
0 0 0 0 O 0 0
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6.5. Estimation of the extended MV T Observer on the identification models
6.5.1. Model based on a *"healthy' MSAP structure

In order to estimate one of the parameters present in equation (6-8), the state vector must be

extended. Thus, the state model is found in the Lipchitz form:

{Xe(t) = Axe(t) + Bou(t) + B, (% (1)) (6-20)
ye(t) = Cexe (1)
According to the estimated parameter, the extended state vector x, and the output vector y, are

expressed:

¢+ For the electric pulsation w:

( ( _ Ry 0 o] [i ol (6-21)
Isq | Lg | [Ls |
Xe = |Isq Ae=| Rg Kel; B, = 1[; Qe = fe(xe) — Acx,
e P N
Jo = [ﬁsd] 0 0 0 lo ol
sq C- [1 0 0]
\ "o 10
< For stator resistance Rg:
r ([ R : 1 (6-22)
o —-— 0 0 — 0
ISd LS LS
_ |5 Rs K 1
Xe = Vl;] Ae=1 0 ) =0 Be = 0 —;(Z)e:fe(xe)_Aexe
) | = 4 Ls Lg Lg
o 0 0 0 0 O
v, = | @ L0 0 0 Lo o
[ Isq C = [1 0 00
\ " lo 1 0 0

For the estimation of the constant of fem K, or of the inverse of the cyclic inductance 1/Ls’ the

extended state model is the same as for that concerning the stator resistance by replacing Rg

respectively by K, or 1 / L in the extended state vector x,.

6.5.2. Model based on a ""faulty” PMSM structure

As in the case of the healthy model, the estimation of the percentages of short-circuit turns

(Msjc_a» is/c By s jc_c) Passes per the extension of the state vector. According to equation (6-18),

the resulting extended state system is written with:
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{xe(t) = Aex(t) + Bou(t) (6-23)
ye(t) = Cexe(t) + llue(xe(t))
Where
( ( _ Ry ”
Ls
Ae — RS“ [02X3]
_W — —
[ ISd ] L5J
| ISq | [O3x2] [03x3]
Xe =|Ns/ca 1 1
< [ns/c_B = < L_S 0 _E 0
Ms/c.c B, = 1 1 (6-24)
Isq ’ 0 - 0 _L_‘
Ve = I ] S S
? [03x4]
1 0 0 0 O
¢= [O 1 0 0 O
\ \We (xe) = [[YS/C_A YS/C_B YS/C_C]dq [Ozxz]]
T
Whel’e u(t) = [VSd VSq ESd ESq]
In (6-24) the short-circuit admittances Y, ; are expressed:
1 . 6-25
[YS/Ci]d = _k(nS/Cl)Ml(ge) for 1= A; BI C ( )
a R
( 2ng .. _
k(ng, )=——""—"— ori=A4A,B,C
(5. (3 - 2ny,) !
( 9 A = 0
) | (6-26)
M;(6,) = Pcee)Q(es/c_i)P(ee)T with 495/5—3 = ?
| 41
\ tes/c_c = ?

We can also notice the absence of w in the extended state vector x, of (6-24). Indeed, in order to
reduce the computational cost of the extended MVT observer algorithm applied to this model, we
decided to limit this system to an order 5, considering the electric pulsation as slowly variable
compared to the sampling period. Thus, no longer part of the state vector but still remains measured

in order to update its value in the state matrix A,. We verified by simulation that this order
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reduction does not alter the estimation performance of the states and parameters of the system (6-
24).

6.6. Construction and evaluation of indicators of presence of inter-turn short-circuits

6.6.1. Principle of construction of the indicators

In this part, the construction principle of the different inter-turn short-circuit presence
indicators is presented. It is based on parameter estimation via the extended MVT observer from
a "healthy" or "faulty” PMSM model. Firstly, the response of the estimated parameters during the
appearance of an inter-turn short-circuit is presented. Then, the behavior of each parameter is

studied in order to construct a relevant fault indicator.
6.6.1.1. Model “ healthy ”

In this chapter, we have shown that the application of the extended MVT observer on the "healthy"
model of the PMSM, expressed in the Park coordinate system, makes it possible to estimate various

parameters:

/7

% The electric pulsation w

R/
°

The constant of fem Ke

X/
%%

Stator resistance Rs

*
0’0

The inverse of cyclic inductance 1/Ls

These estimated parameters will be used to construct indicators of presence of inter-turn faults
within the stator windings of the PMSM.

Figure 6-11 shows the evolution of each parameter estimated from the "healthy” PMSM
model, when an inter-turn short-circuit of 15% of the turns appears on phase A at t = 0.5s. We can
notice that each parameter is strongly impacted by the appearance of the faulty regime. Indeed,
while it is estimated around its nominal value in healthy mode (for t <0.5s), a change in its average

value and significant oscillations appear as soon as the fault occurs.
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Figure 6.11 Evolution of the estimated parameters resulting from the "healthy" model of the PMSM
during a short circuit of 15% of the turns on phase A (for | L,as = 6A and f = 50Hz)

By focusing more particularly on the evolution of the estimate parameters when the short-circuit
is established, we can see, in Figure 6-11, that the oscillations on the parameters estimation appear
at 100 Hz, which corresponds to the 2.fs frequency. The presence of this frequency is consistent
insofar as it is characteristic of an imbalance in a three phase system when the latter is represented

in the Park reference system.

In order to limit the influence of the oscillations at 2. fs in the faulty mode, this estimation error is

filtered. Finally, from the estimation of a parameter resulting from the "healthy” model of the
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PMSM, the indicator used to detect the inter-turns short-circuits in the stator windings of the

machine is expressed by:

1-2 (6-27)
Ind, = 100.<‘—”f>

Are f

Where 1 is the estimated parameter and A, 7 Is the reference value of the parameter.

A. Indicator response for different numbers of turns in short circuit

Figure 6-12 shows the evolution of the indicators, constructed from the parameter estimation, for
a healthy PMSM (t < 0.5s) and a default PMSM (t > 0.5s), with different numbers of turns in short
circuit. In the healthy case, the value of the indicator remains close to zero, which reflects a good
estimate of the parameters in relation to their nominal value. In the case of an inter-turn short
circuit, the value of the indicator increases with the number of short-circuit turns. This confirms
the fact that the detection of the fault is more delicate for a small number of short-circuited turns,
whereas these same faults are nevertheless the most critical (values of the highest short-circuit
currents). The more the number of turns in short-circuit franc increases, the more the imbalance
between the healthy model and the faulty generator is perceptible, therefore more the parametric

reaction will be important.
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Figure 6.12 Evolution of the indicators constructed from the estimated parameters resulting from the
"healthy"” model of the PMSM for different numbers of turns in short-circuit (for | Loas = 6A and f=50Hz)

The indicators proposed here are thus more an image of the imbalance generated by the fault rather
than an indicator linked to the dangerousness of the fault.

However, if we compare the behavior of the indicators for a healthy PMSM and a faulty PMSM,

we notice that a fast detection is possible even for a small number of shorted turns

102



CAPTER VI: Fault Detection and Diagnosis Based on Extended MVT Observer Applied to the PMSM

6.6.1.2. Model “ faulty ”

The "faulty” PMSM model, expressed in the Park references (see Figure 6.10 and equation (6-
18)), makes it possible to estimate the percentages of turns in short-circuit on the three phases of
the PMSM. As in the case of the "healthy” model, the construction principle of the inter-turn fault

indicator using the estimated parameters from the "faulty” model is detailed in this section.
A. Estimated Parameters Response

As shown in Figure 6.13, where a 15% inter-turn short-circuit is generated at t = 0.5 s on phase A,
estimated parameters n,,. are impacted. Indeed, a modification of mean value and large

oscillations at twice the electrical frequency appear as soon as the winding fault occurs. It is also

noticeable that n,. 4 is not the only estimated parameter sensitive to the short circuit. ng . 5 and
ng/c ¢ are also modified in a lesser extent due to some simplifying assumptions about PMSM

symmetry in the definition of the dq frame model. However, the fault can be clearly located on
phase A in this test.
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Figure 6.13 Evolution of the estimated parameters resulting from the "faulty" model of the PMSM
during a short-circuit of 15% of the turns on phase A (for | Loas = 6A and f = 50Hz)
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B. Construction of the indicator based on the parameters n,/,

In Figure 6.13, we find that the oscillations on the percentages of turns in short-circuit also appear
at 100Hz, which corresponds to the frequency 2.fs. Given the behavior of the parameters estimated
during the fault, the indicator chosen to detect the presence of an inter-turn short-circuit is
calculated from the sum of the absolute values of the percentages of turns in short-circuit on each
phase. This sum is also filtered to minimize oscillations. Finally, the indicator constructed from

the "faulty” model of the PMSM is expressed as:

Ind

Ngs/c

=100. > {|nsye]) (6-28)

i=A,B,C

C. Indicator response for different numbers of turns in short-circuit

Figure 6.14 shows the evolution of the indicator, constructed from the estimate of ng,., for a
healthy PMSM (t < 0.5s) and a faulty PMSM (t > 0.5s), with different number of turns in short-
circuit. If there is no fault, the value of the indicator remains close to zero. This indicates that the
faulty part of the identification model has little influence; PMSM can therefore be considered
healthy. In the case of an inter-turn short-circuit, the value of the indicator increases with the
number of turns in short-circuit. In addition, during this simulation, this indicator also makes it
easy to distinguish a healthy operation from a faulty operation, even for a small number of turns
in short circuit. As before, the value of the indicator is not directly the image of the current in the

short-circuit loop but an image of the imbalance generated by the fault.

104



CAPTER VI: Fault Detection and Diagnosis Based on Extended MVT Observer Applied to the PMSM

18 1 1 1 1 1 1
16 F------- R TR PR 3 A5 W gy oo .
S B E et e S
e B e o e e
L e o it S e
g ' ' ' f | '
P 8 ________ U S a4
]
I
E.B ________ Loceeeeo P T [ A N D [,
=
E 1 1
AR U DU U A RN JO RN MU
2 """"" T-~===== Q=== ==== A :
0 : : i """" CTT ]
Healthy ] Faulty
02 03 04 05 06 07 08 009
Time [s]

Figure 6.14 Evolution of the indicator constructed from the estimated parameters resulting from the
"faulty" model of the PMSM for different numbers of turns in short-circuit (for | Loas = 5A and f = 50Hz)

6.6.2. Evaluation of the indicators

In this part, the performance of the proposed indicators will be evaluated according to the criteria

of robustness.

6.6.2.1. Robustness Analysis

In order to evaluate the robustness of the fault indicator to the inter-turn short-circuit diagnosis
against electrical network variations, several tests based on simulation test bench have been made

and are listed in the following.
Test 1: Frequency variation from 30 to 60 Hz with 10-Hz step and 6-A load current per phase.

Test 2: Power variation from 8- to 2-A load current per phase with 2 A step and 50-Hz electrical
frequency.

A. Variation of the electric frequency

The purpose of this test is to study the behavior of the indicators for several operating frequencies.
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Figure 6.15 shows the evolution of the indicator based on the estimate of ® for different operating

frequencies. Figures for other indicators are available in Appendix B.

In failed mode, Figure 6.11-c shows that, for a given number of shorted turns, the value of the
indicators increases with the operating frequency. This is due to the essentially resistive nature of
the fault loop on the machine studied during a short circuit of a small number of turns. In the case
of short-circuit and knowing the nature of the fault loop, the value of short-circuit current can then
be expressed:

ng/e Ve Rrauity > Lauty v, (6-29)

SO —

|Rfaulty +ijaulty| Rs

Is/c =

The voltage of the PMSM is proportional to the rotational frequency of the rotor (neglecting
voltage drops), we can deduct from (6-29) that the amplitude of the short-circuit current is also
proportional to the frequency, given the resistive nature of the fault loop. This is verified by Figure
6.15-b. Thus, for high frequencies, the imbalance generated on the machine by an inter-turn short-

circuit will be greater, which explains the increase in the value of the indicators.
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Figure 6.15 Response of the indicator based on the estimation of w for different operating frequencies
However, the distinction between a healthy PMSM and a faulty PMSM is possible with the
proposed indicators, regardless of the operating frequency. This is confirmed by Table 6-1 where
the least favorable values of the steady state indicators are reported, for a healthy operation
(maximum value of the indicator) and for a faulty operation (minimum value of the indicator). The
ratio between the healthy indicator value and the indicator in the failed mode is also indicated.
Since the maximum value of the indicator for a healthy PMSM is always lower than its minimum
value in the case of an inter-turn short-circuit, we can conclude that for a variable speed operation

it is possible to detect a fault with these indicators even for a small number of turns in short circuit.
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State of Fault Fault Fault Fault
PMSM Healthy 3% s/C 6 % s/c 10 % s/c 15% s/C
Estimate Ind. |ratio [Ind. |ratio [Ind. |ratio[Ind. | ratio
parameters
w 0.73% | 1.46% |2 2.58% | 353 |4.41% | 6.04 | 6.82% | 9.34
K. 081% |1.47% |1.81 |255% |3.14 |4.42% |5.45 | 6.81% | 8.4
Rg 2.3% 11.3% | 491 | 31.4% | 13.65 | 52.9% | 23 82.4% | 35.82
1/Lg 1.1% 30% 27.2 |37.5% | 34.1 |46.3% | 42.1 | 57.5% | 52.3
Mg 085% |1.98% |2.32 | 4% 4.7 6.72% | 7.9 10% 11.7

Table 6-1 Values for steady-state indicators for healthy or faulty PMSM in the frequency variation test

B. Variation of power

In this test, the behavior of the indicators is studied for different power levels. For this purpose,
the simulation test consists in varying the load torque T, in order to obtain a current ranging from
8 A to 2A in steps of 2 A, for an electrical frequency of 50 Hz (Figure 6.16-a). For each load
current, an inter-turn short-circuit is generated for 500ms (Figure 6-16-b). We can notice that the
amplitude of the short-circuit current depends little on the power demanded. This is due to the

small voltage drop caused by the load current.

Figure 6.16-c shows the evolution of the indicator based on the estimate of 1/Ls, for different

power levels. Figures for other indicators are available in Appendix B.

In addition the value of the indicator in faulty mode increases when the charging current decreases.
In fact, for same number of short-circuited turns, the variation of the parametric Rs or 1/Ls

estimation must be greater at low current in order to compensate the differences between the

representation model of healthy machine and faulty machine.
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Figure 6.15 Response of the indicator based on the estimation of 1/Ls for different power.

The indicators based on the estimate of w, Ke and ny are little influenced by the power demanded

by the load. Indeed, their values in healthy regime and faulty regime, for a given number of short-
circuit turns, depend only very little on the current level.

Table 6-2 shows that these indicators make it possible to detect an inter-turn short-circuit of a small
number of turns, for the different power levels demanded.
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State of Fault Fault Fault Fault
PMSM Healthy 3% s/C 6 % s/C 10 % s/C 15 % s/C
Estimate Ind. |ratio [Ind. |ratio |Ind. |ratio |Ind. |ratio
parameters
w 0.96% 2.05% | 2.13 |3.95% | 4.11 |6.3% |6.5 10.2% | 10.6
K. 0.77% 241% | 3.11 |4.2% |545 |6.95% |9.02 | 10.7% | 13.9
Rg 1.7% 12.1% | 7.11 | 21.8% | 12.8 | 30.6% | 18 50.8% | 29.9
1/Lg 1.15% 25.2% | 25.1 | 30.5% | 26,5 | 37.8% | 32.9 | 53.6% | 46.6
Mg 0.98% 2.75% | 2.8 53% |5.3 9.42% | 9.42 | 14.6% | 14.9

Table 6-1 Values for steady-state indicators for healthy or faulty PMSM in the power variation test

6.7. Conclusion

In this chapter, we have firstly an introduction and general diagnosis of motor drive are presented,
such as, we have given a deferent fault are exist in PMSM spicily, and we have given a deferent
diagnostic methods, we have talk also about model based fault detection and diagnosis. Then we
have modelized the PMSM machine in the presence of stator faults, finally, a simulation results
through MATLAB/SIMILINK are presented.

These simulation tests confirm that the indicator based on the 1/L estimation is the most efficient
for detecting the faults of a small number of turns for a resistive short circuit. Indicators based on

K. and n,. estimation are also suitable for the detection of resistive short circuits. They have,

moreover, the advantage of being little dependent on the point of operation of the machine at the
moment when the fault occurs. Finally, the indicators based on the estimate of w and R, are not
sufficiently robust in terms of robustness to be used as reliable indicators of presence of short-
circuit inter-turns. In the end, the obtained results mentioned above prove the effectiveness of this
approach and confirm also the efficiency of the extended MVT Observer to estimate deferent

prameters.
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CHAPTER VII

7.1. General Conclusion

This thesis presented control, observer and diagnosis algorithms for PMSM drives that can
be applied to a wide range of motor drives applications. Sensorless control of PMSM drives offers
obvious advantages in terms of cost, size, and reliability and was explored extensively in this
thesis. This algorithms are based on the MVT approach and sector non-linearity transformation
must be used to the dynamics model of the nonlinear systems and to design stable and robust
structures. The main goals in this work is: firstly, the development of control and observation
methodologies based on the MVT approach essentially for a three-phase PMSM where the
influence of the parameters uncertainties and disturbances on the performances command is taken
into consideration . Secondly, a fault detection and diagnosis using an Extended MVT observer

for the estimation of the parameters PMSM which used it as an indicators of faults.

The subsections which will be presented below summarize the conclusions of the different

topics considered in this thesis.

Firstly an introduction of the T-S fuzzy model. Then a model-based fuzzy controller design
utilizing the concept PDC was described. Moreover, it was shown in this chapter that the stability
analysis and control design problems can be reduced to LMI problems. Secondly, the designs of
observers and controllers based on MVT were presented, such that, we showed the basic
mathematical tools used in the MVT and sector nonlinearity approaches. The stability analysis

expressed also in term of LMIs.

The focus of chapter 4 was on the notion of an extended observer based-controller based
on the MVT and sector nonlinearity approaches for the Lipchitz nonlinear PMSM model. Where
the simulation results implemented in MATLAB/SIMULINK environment were confirmed and
demonstrated the feasibility and effectiveness of the proposed approach, despite of its simple
implementation. Chapter 5 was concentrated on the idea of the robust extended H,, observer and
robust H, controller based on the MVT essentially, applied to the PMSM drive, through an

illustrative simulation implemented in MATLAB/SIMULINK, the simulation results were
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confirmed and demonstrated the effectiveness of the proposed algorithms and ensured a minimum

disturbance attenuation level to the estimation error or the control error.

The work presented in the last chapter dealt with the monitoring of permanent magnet
synchronous machine (PMSM) with the aim of setting up, a function dedicated to the online
detection of inter-turn short-circuits in PMSM. This monitoring function must be able to integrate
within existing protections and be able to determine, automatically and in real time, an indicator

of the state of health of the PMSM stator that can be operated by a supervisory system.

Due to the context of use of the PMSM and the properties of the fault to be detected, strong
constraints in terms of robustness are imposed in the construction of this fault indicator. Given
these constraints, the detection method based on the use of the Extended MVT observer, in order
to estimate in real time the parameters of a PMSM model, was chosen. Five indicators of inter-
turns short-circuit fault have been developed. The first four are based on the estimation of a
parameter resulting from a representation of a "healthy” PMSM in the Park referential (w, Ke, Rs

or 1/Ls). The fifth is constructed from the estimation of percentages of turns in short-circuit (n ¢ 4,
ng/c g and ng/c ¢) on a model of a "faulty” PMSM expressed specifically for the consideration of

inter-turns short-circuits.

Two robustness tests were studied in simulation on the different indicators, one by variation
of frequency and the second by variation of power. On the one hand, the indicator based on the
estimate of 1/Ls was appeared to be the most sensitive for detecting resistive short-circuits of low
amperage. On the other hand, the indicator based on the estimation of ny . is robust to variations
in the operating point and appears to be sufficiently sensitive to detect resistive short circuits. In

addition, depending on the topology of the machine, it could be used to locate the faulty phase.
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7.2. Perspectives

Several study perspectives can be identified following this work. The first concerns the
experimental validation of all the algorithms presented in this thesis on the PMSM drive. the
second, the application of the proposed approach of the control and the observation used in this
thesis to other types of the electrical systems (Asynchronous machines, double fed Induction
Machine, photovoltaic system,...). Also, in the short term we intend to apply the tolerant fault
control based on MVT theory to the PMSM drives.

Finally, permanent magnet machines can also be the source of other types of faults that we
have not considered, such as mechanical faults or those related to the demagnetization of magnets.
Many works already provide some solutions to diagnose these types of faults and it would be

interesting to associate several indicators to achieve information cross.
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Appendix A: Park and Clarke Transformation

A.l. Clarke transformation

The purpose of this transformation is that the stator current space vector is expressed in another

reference frame with two orthogonal axes. Assuming that the axis “a” and the axis “a” are in the

same direction then we have the following vector diagram.

B axis
A

— @ axis, a axis
la

C axis
Figure A.1 Stator current representation in two co-ordinate stationary frame

The stator current space vector can be projected into two orthogonal axes. The real part of the
stator current space vector is equal to the value of the direct-axis stator current component (i,,) and
the imaginary part is equal to the quadrature-axis stator current component represented as (iz)

which are shown in Fig. A. 1. Then, the stator current space vector can be expressed in the
reference frame as:
iy =g + jig (A1)
The projection of the stator current space vector on the orthogonal a, f axes can be derived
as the following:
S |Z| cos(6) (A-2)
= |k(i, + aip + a%i.)| cos(8) (A-3)
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=k (i -1 cos(z) —i cos(z))
- a b 3 (5 3
Where i, = —i, — i, and
3 .
= ()1
k is the transformation constant, chosen as k = 2/3 to select i, = i,
Similarly, iz can be derived and found as the following:
ig = |is| sin(6)

. 1. 1.
lﬁ =ﬁlb_ﬁlc

Then the matrix form of the stator current transformation can be written as:

[faﬁo] = [Taﬁo] [fabel

" 1 1
2 2
i
ig =l |2 3 [ia]
== — — [=||'»
lo 3 2 2 Lic
1 1 1
2 2 2
1 1 17
2 2
3 3
[Taﬁo] =10 2 2
1 1 1
L2 2 2

[T.p0] is the transformation matrix.

Zero sequence component i, stated in the equation (A-8) is equal to zero for balanced three phase
loads. The each phase of three phase balanced stator windings is displaced with 2?" radians phase

shifts in space shown in Fig. A. 2(a). And its two axes equivalent has two orthogonal windings as

(A-4)

(A-5)

(A-6)
(A-7)

(A-8)

(A-9)
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shown in Fig. A. 2(b). Orthogonal windings guarantee that there is no interaction between
perpendicular windings.

Phase B

B axis
A
"&% i Ale
ir"\f‘“m

€) (b)

Figure A.2 (a) Three-phase balanced windings and (b) its two axes equivalent

After this transformation the torque equation is still dependent on the position of the rotor flux. In
order to remove the dependency, second transformation called as Park Transformation must be
applied.

A.2. Park transformation

This transformation modifies the stationary two-phase orthogonal system a, § in the d, g rotating
reference frame where d-axis is aligned with the rotor flux. In this frame, the torque expression is
independent from the position of the rotor flux. Hence, working on this rotating reference frame

makes the control easy. The next figure shows the relationship between the two reference frames.

: B axis
( axis A

Figure A.3 d, q rotating reference frame
¢ is the instantaneous angle between the d axis and a axis.

120



Appendix A: Park and Clarke Transformation

The projection of the direct-axis stator current component (i) and the quadrature-axis stator

current component (ig) on the rotating d, g axes can be derived as the following:

g = igcos($) + igsin($) (A-10)
iqg = —igsin($) + ig cos($) (A-11)

The matrix form of the Park Transformation can be written as:

[id] _ [ cos(§) sin(f)] [ia] (A-12)
ig] = l=sin(®) cos(®)] lig
Also i, and i, are obtained directly from i,, i, and i..
-1 _1 (A-13)
ig] [ cos(®) sin(f) 2| 2 2lfk
il= 15 cosol3 . BBl
2 2| ¢
2 . -
iy 2| cos($) cos(¢ — ?n) cos(¢ + ?n) La (A-14)
[iq] - § . ) 21 ) 21 'p
—sin(§) —sm(f—?) —sm(f+?)
And inverse park transformation has the following equations:
[ia] _ [cos@) —sin(¢) [id] (A-15)
ig] ~ Lsin(§)  cos(®) ][i
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Appendix B: Evaluation of Indicators

The results presented in this Appendix are complements to the robustness of the indicators
presented in section 4.3.1. For each indicator developed, the curves of the two tests simulated for

the evaluation of the robustness of the indicator (frequency variation, power variation).

B.1. Indicator based on the estimation of w
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Figure B.1 Response of the indicator based on the estimation of w for different frequency
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¢+ Variation of power
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Figure B.2 Response of the indicator based on the estimation of w for different power
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B.2. Indicator based on the estimation of Ke
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Figure B.3 Response of the indicator based on the estimation of Ke for different frequency
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¢+ Variation of power
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Figure B.4 Response of the indicator based on the estimation of Ke for different power
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B.3. Indicator based on the estimation of Rs

¢ Variation of frequency
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Figure B.5 Response of the indicator based on the estimation of Rs for different frequency
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¢+ Variation of power
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Figure B.6 Response of the indicator based on the estimation of Rs for different power
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B.4. Indicator based on the estimation of 1/Ls
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Figure B.7 Response of the indicator based on the estimation of 1/Ls for different frequency
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¢+ Variation of power
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Figure B.8 Response of the indicator based on the estimation of 1/Ls for different power
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B.5. Indicator based on the estimation of Ns /¢
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Figure B.9 Response of the indicator based on the estimation of ng. for different frequency
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Figure B.10 Response of the indicator based on the estimation of ng. for different power
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Appendix C: The PMSM Parameters

+»» Used in the simulations results

Parameter Symbol Value Unit
Stator Resistance R, 4.55 Ohm
Stator Inductance L 0.0116 Henry
Moment of inertia J 6.36 x10~* Kg.m?
Permanent Magnets Flux D 0.317 Wb
Friction Factor f 0.00611 Nm/Rad/s
Pole Pair p 2 /
Power P, 1.1 Kw
% Used in the experimental results
Parameter Symbol Value Unit
Stator Resistance R 4 Ohm
Stator Inductance L 0.043 Henry
Moment of inertia ] 5x107* Kg.m?
Permanent Magnets Flux D 0.274 Wb
Friction Factor f 8%107° Nm/Rad/s
Pole Pair p 2 /
Power P 0.415 Kw

BOLD—DIDACT! MBH
31 994
"3 L. MOTORINr. 309 00 _484
I1A 27.85V/1000 min —1] 4.5
[ 0.415 kW[ S 1 |

5000 min -1| 200 Hzj
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