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Abstract

Abstract

To ensure the safety operation and service continuity of control systems, a control
technique appeared called Fault-Tolerant Control (FTC). It enables the detection and isolation
of faults, as well as the reconfiguration of the control system, to ensure continuity of service
and to protect the healthy components from the effects of failing elements. Certainly, several
works have been carried out on this subject in different fields of application, among them: the
current sensors faults presented in the AC electric drives based on motors like Permanent
Magnet Synchronous Motors (PMSMs). These kind of motors are widely used in the industry
for variable speed applications due to their high performance reliability and power density.
However, in order to achieve fault-tolerant control of current sensors faults , it is necessary to
ensure the correct compromise between the detection of faulty sensors and the reconstruction
of the currents. In this context, many methods have been proposed for the detection or
estimation of three-phase stator currents. Apart from fault detection, current estimation is
frequently based either on several cascaded observers, a current sensor and a voltage sensor in
the converter DC bus, or an observer and a healthy line current sensor. In this work, the
estimation of three-phase stator currents is approached by proposing a method based only on a
single current observer, which ensures the estimation and correction of the three stator
currents even in case of failure of all current sensors (Current sensorless). This method was
then combined with a conventional fault detection and isolation circuit (FDI) and field
oriented control (FOC), where the assembly is an active fault-tolerant control for current
sensors. Another fault tolerant control method against current sensor faults based on a speed
robust controller is named passive fault tolerant control (PFTC). Both methods proposed in
this work were applied on an SPMSM. Promising results were obtained in simulation on
Matlab/Simulink.

Keywords: Electric drives, PMSM, dgq modeling, Vector control, Field oriented control, Space
vector pulse width modulation, Active fault tolerant control, Passive fault tolerant control
Current sensor, Observer, Fault detection and Isolation.
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Abstract

Résumé

Pour assurer la sOreté de fonctionnement et la continuité de service des systémes de
contrble, une technique de commande est apparue nommée la commande tolérante aux
défauts, en terme anglo-saxon Fault Tolerant Control (FTC). Elle permet la détection et
I’isolation des défauts, ainsi que la reconfiguration du systeme de commande, pour assurer la
continuité du service et protéger les éléments sain de la chaine de commande des effets des
éléments défaillants. Certes, plusieurs travaux ont été effectués sur ce sujet dans différents
domaines d’applications, parmi eux: les défauts des capteurs de courant présentés dans les
commandes électriques a courant alternatif basés sur des machines tels que les machines
synchrones a aimant permanent (MSAP) qui ont été largement utilisés dans I'industrie pour
les applications a vitesse variable en raison de sa fiabilité et de sa densité de puissance
élevées. Cependant, afin de réussir une commande tolérante aux defauts des capteurs de
courant, il faut assurer le bon compromis entre la détection des capteurs défaillants et la
reconstruction des courants. Dans ce contexte, de nombreuses méthodes ont été proposées soit
pour la détection ou I’estimation des courants triphasees statoriques. Mise a part la détection
des défauts, I’estimation des courants est fréquemment basée soit sur plusieurs observateurs
en cascade, un capteur de courant et un capteur de tension dans le bus continu du
convertisseur, ou bien un observateur et un capteur de courant de ligne sain. Dans cette these,
I’estimation des courants statoriques triphasées est abordée en proposant une méthode basée
uniquement sur un seul estimateur, qui assure I’estimation des trois courants statoriques,
méme en cas de défaillance de tous les capteurs de courant. Ensuite, cette méthode a éte
associée a un circuit classique de détection et d’isolation des défauts et une commande
orientée du champ, ou I’ensemble constitue une commande active tolérante aux défauts des
capteurs de courant. Une autre commande passive tolérante aux défauts des capteurs de
courants basée sur un contréleur robuste pour le régulateur de vitesse existe. Les deux FTC
proposée dans cette these ont été appliquées sur une MSAP. Des résultats prometteurs ont été
obtenus en simulation sur Matlab/Simulink.

Mots clés: commandes électriques, MSAP, commande de vecteur, commande orientée du
champ, modulation d’impulsion en durée a vecteur spatial, commande active tolérante aux
défauts, commande passive tolérante aux défauts, capteur de courant, estimateur, détection

isolation des défauts.
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General Introduction

General Introduction

Nowadays, the AC machines have been approved over the DC machines in industry
applications because of their various advantages, like the durability since they do not have
brushes as the DC motors do, the low power requirement for start-up which allows them to
more evenly distribute their power and maintain a consistent level of power throughout their
operation, controlled acceleration which means they allow for steady and controlled
movement, and the high speed as they are known for being able to cope with and deliver high
speeds making them suitable for a range of demanding industry applications, along with their
high reliability [1]. One of the most popular AC machines is the Permanent Magnet
Synchronous Motor (PMSM) in which this work is about.

The permanent-magnet synchronous machine (PMSM) drive is one of best choices for
a full range of motion control applications. For example, the PMSM is widely used in
robotics, machine tools, actuators, and it is being considered in high-power applications such
as industrial drives and vehicular propulsion. It is also used for residential/commercial
applications. The PMSM is known for having low torque ripple, superior dynamic
performance, high efficiency and high power density [2]. Since the copper and iron losses are
concentrated in the stator, cooling of machines through the stator is more effective. The lack
of field winding and higher efficiency results in reduction of the machine frame size and

higher power/weight ratio [3].

Control techniques for PMSMs classified mainly into scalar and vector control, The
Scalar Control, called also volts/hertz, is the simplest method to control a PMSM, where the
relationship between voltage or current and frequency are kept constant through the motors
speed range. No control over angles is utilized, hence the name scalar control. The method
uses an open-loop control approach without any feedback of motor parameters or its position
which makes it easy to implement and with low demands on computation power of the
control hardware. However, this method does not dedicate for high performance applications
due to its slow response and torque; flux coupling existence [6].

The vector control of a PMSM, also known as field oriented control was proposed for
the first time by K. Hasse (indirect field-oriented control) [7] and F. Blaschke (direct field-
oriented control) [8] in 1972 to provide an independent control of torque and flux in similar
way to the separate excitation DC machine. The vector representation of the motor quantities
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makes it valid to work in both steady and dynamic conditions; this achieves a good transient
response. In the control algorithm of FOC based on the transformation to the synchronous
frame, all quantities appear as DC quantities. Yet, the FOC has some drawbacks as in the
coordinates transformation which needs the flux angle that cannot be directly measured, in
addition, the sensitivity to the variation of the machine parameters.

Direct Torque Control (DTC) is another method that guarantees a separated flux and
torque control. It was introduced by Takahashi and Nagochi in the middle of 1980s in Japan
[9], and also in Germany by Depenbrock under the name of Direct Self-Control (DSC) [10].
In contrast to FOC, this control is completely done in stationary frame (stator fixed
coordinates). Furthermore, DTC generates the inverter gating signals directly through a look
up switching table that is no modulator is needed.

The control of AC machines is essential, it is important to know and study the
different failures that can affect each element of the control loop of these machines to the
extent possible to predict the faulty states of the system's components to ensure the service
continuity and protect the healthy components, as well as the human user.

A fault is an unauthorized deviation of at least one system characteristic property or
parameter from the standard condition [11]. Three main types of faults can be indicated in the
case of drive systems, starting with power electronics faults, which can be divided into power
semiconductor faults and DC bus faults [12-14]. Another type of failure are mechanical faults
[15,16,17] and electrical faults [18—-20] concerning the motor. The last type are sensors faults,
which may concern mechanical or electrical variables [21]. Each of the mentioned failures is
the object of research by scientists dealing with fault tolerant control. Inappropriate
measurements can affect the whole drive system. Sensors are subject to various faults. It is
estimated that 14.1% of all system failures are caused by sensor faults [6]. Since sensors
(including current sensors) are critical drive system components in the case of permanent
magnet synchronous motors (PMSMs), fault detection, localization, and tolerant control
schemes of current sensors are presented for high-fault-tolerance drives. Generally, three-
phase current sensors are used in high-power inverters; nevertheless, failure of current sensors
degrades the performance and reliability and even leads to the breakdown of the vector
control system.

When a failure occurs in a system, the activation of an alarm is essential, but the
emergency shutdown of the system is not always the best course of action. Therefore,

2
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simultaneous reconfiguration of this is required to allow uninterrupted operation which is the
aim of fault tolerant control technique. Fault detection and fault diagnosis (FDD), in general,
are based on diagnostic signals measured by sensors or on process variables and states
observed by a human operator. The automatic processing of measured signals requires
analytical knowledge, while the evaluation of observed variables needs human expert
knowledge, which is called heuristic knowledge [22, 23, 24]. Analytical knowledge consists
of different methods, from simple rules defining limit values of measured signals to complex
methods of signal analysis, such as: spectral analysis, filtration, state and parameter
estimation, mathematical models, etc. while Heuristic knowledge includes human observation
and inspection, heuristic specific values in the form of noises, vibration, colors, smells,
temperature, wear and tear, etc.. Thus signals and variables measured and observed together
with analytical and heuristic knowledge enable the isolation of fault symptoms and next the
proper fault diagnosis. Taking into account the way of generating symptoms, two main fault
detection methods can be distinguished: Process-model-based fault detection methods
(comparative methods) and signal-model-based fault detection methods (direct methods) [24].

About 20 years ago, together with the Fault Detection and Diagnosis (FDD) methods,
also the Fault Tolerant Control (FTC) was developed [23, 25-27]. The FTC aims to ensure
the continuous system functionality, even after fault occurrence. FTC systems possess the
ability to detect component failures automatically, using suitable FDD methods. They are
capable of maintaining overall system stability and acceptable performance as long as the
controlled system can be safely stopped for maintenance or repair. In other words, a closed-
loop control system which can tolerate component malfunctions, while maintaining desirable

performance and stability properties is said to be a Fault Tolerant Control System (FTC).

Redundancy is the duplication of critical components or functions of a system with the
intention of increasing reliability of the system, usually in the form of a backup or fail-safe, or
to improve actual system performance. Redundancy can be categorized into two types. The
direct redundancy, where actual physical hardware redundancy is available. Or analytical
redundancy (software redundancy), where instead of having multiple sensors that measure the
same signal, an observer is used to provide an estimate of the signals of interest. i.e, there is
no actual additional hardware implemented, instead some algorithm or mathematical model or
observer runs in the control computer [28]. This is desirable in many systems especially in the
case of AC motor drives to increase the reliability and the performance of the system.
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FTC systems based on software (analytical) redundancy are generally divided into two
classes: passive and active FTCs.

Passive FTCs (PFTCs) asre based on robust controller design techniques and aim at
designing a single, robust controller that makes the closed-loop system insensitive to
unexpected faults. Under faulty conditions a process continues operation with the same
structure and parameters of the controller [25-27]. This approach does not require on-line
faults detection and is therefore computationally more attractive

Active FTCs (AFTCs) are based on controller reconfiguration or selection of a few
predesigned controllers. This technique requires a fault detection and diagnosis (FDD) system
that realizes the task of detecting and localizing the faults if they occur in the system. AFTCs
systems use dedicated detectors or special state or parameter observers [23, 25-27] to identify
failure condition. The choice of the proper topology and fault tolerant control algorithm
depends on the system requirements and used components. Designing such a system is a
complicated and complex issue because of the need to ensure its stable operation after a
component failure, while maintaining full or partial functionality at the required performance

level of the whole process.

Current sensors are a key element for a successful control of an electrical drive
system, which is why in this work, two fault tolerant control techniques to these faults along
with simulations of permanent magnet synchronous motor while the occurrence of different

current sensor faults was done and well achieved regarding results.
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Part one: Background about electric drives

1.1 Introduction
Most technical and industrial developments are based on energy, of which the
mechanical form is the final form of energy in every motion. The mechanical energy is
available in nature as hydro or wind energy. However, in these latent forms its use is very
limited, because its transportation, distribution and control are not practical. The usual way is
to convert the energy into a suitable form for transportation and to make it available in final
form for the consumer. The best method of doing this is to use the electrical energy as an

intermediate stage [29].

In the first part of this chapter, a definition of electric drives, their importance and
applications are stated. Then, the components of an electrical drive are to be stated in
details.

1.2 Electric drives: General overview

Electrical energy is an intermediate stage in the conversion of natural energy
forms to mechanical energy, which is the final form in every motion. Electrical motors
play the main role in this conversion. Different types are available to fit almost every
application with the general advantages of high efficiency, wide power range and control
simplicity [1]. Power electronics is the other main component of electrical drives, which
combines power semiconductors of high rating with digital hardware to convert and
control the electrical power in a suitable way. The synergetic effect of this combination

with modern control strategies makes electrical drives the leader among the other drive

types.

1.2.1 Electric drives definition

e Drive: A combination of prime mover, transmission equipment and mechanical
working load is called a drive as shown in Fig.1.1. It may have prime mover as diesel
engine or petrol engine, steam engines, gas or steam turbine, electric motors or
hydraulic motors for providing mechanical energy to have the motion control.

» Electrical drive: It is an electromechanical system that employs an electric motor as
the prime mover. It is designed to convert electrical energy into mechanical energy to
impart motion to different machines and mechanisms for various Kinds of process

control. The system employed for motion control is called an electrical drive [30].
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Prime mover »  Transmission » Mechanical Load
Devices

Fig.1.1 General block diagram of the drive system
Speed

Governor

1.2.2 Importance of electric drives

As mentioned before, the best method in the energy conversion is to use the electrical
energy as an intermediate stage. This preference has three main reasons. The first reason is the
efficient generation of electrical energy from primary energy forms. The second reason is the
simple transportation and distribution of the electrical energy. In electrical form the energy
can be transported with low losses over long distances and can be distributed very simply at
relatively acceptable costs. Finally the last reason is the easy conversion of electrical energy
into mechanical energy by using electrical machines which have been the workhorses of
industry for many years. Electrical drives, involving different types of electrical motors, turn
the wheels of industry. In an industrialized country, more than 60% of the generated electrical
energy is used in motor drives [31].

On the other hand, the increasing electrical energy demand causes tremendous concern
for environmental pollution. There is no doubt that energy savings will improve these side
effects considerably. It has been estimated that even in developed industrialized countries,
roughly 20% of energy can be saved by using more efficient control schemes for electrical
drives [32].

1.2.3 Electric drives classification

The development of different kinds of electric drives used in industry may be divided

into three stages: individual drive, group drive and multi-motor drive.

VFD
ﬂ r=ulq7 K0 i 8§
=i %
Fig.1.2 Types of Electric Drives:
(a) Individual drive (b) Group drive ( ¢) Multi-motor drive



Chapter | State of the Art & Generalities

* Individual drive: A single motor is dedicated to a single load. It is the most common
drive and can be found in various applications like: electric saw, drill, disk drive, etc.

* Group drive: Or line shaft drives the oldest type of drives. A single motor drives
equipment through a common line shaft or belt. It is inflexible and inefficient as you
cannot change the speed of each load alone.

* Multi-motor drive: In this complex type of drive, separate motors are provided for
actuating different parts of the driven mechanism. Ex: cranes, drives used in paper

mills, rolling mills etc.

In addition to the previous general classification, these drives are further categorized

based on the different parameters which are demonstrated in the following figure.

AC Semi
Drives ' Automatic |
SIEEAIE & M f
Supply " Manual et
i i I iy Control
- . x
' pe b | Electric drives g
' Drives i Automatic
______ classification based on B o
STD CSD
Control Running
Parameter speed
I s " VsSD |

Fig.1.3 Another classification of electric drives

1.2.3.1 Electric drives based on supply

» AC drives: they convert the AC supply to DC using a rectifier and invert it back
from the DC to the AC using an inverter to run the AC motors.

» DC drives: they only convert the input AC supply to the DC using converter circuit
based on rectifier to run the DC motors.

1.2.3.2 Electric drives based on running speed

» Constant speed drives (CSD): is a type of transmission that takes an input shaft
rotating at a wide range of speeds, delivering this power to an output shaft that rotates

at a constant speed, despite the varying input.
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* Variable speed drives (VSD): refers to either AC Drives or DC Drives whereas
variable frequency drive (VFD) refers to AC drives only. VFDs vary the speed of an
AC motor by varying the frequency to the motor. VSDs referring to DC motors vary
the speed by varying the voltage to the motor.

1.3 Modern AC Electric drives

AC drives are used to drive the AC motor. In industrial terms, AC drive is also called
as variable frequency drive (VFD), variable speed drive (VSD), or adjustable speed drive
(ASD). Though there are different types of VFDs (or AC drives), all of them work on the
same principle by converting fixed incoming voltage and frequency into variable voltage and
frequency output. The frequency of the drive determines how fast motor should run while the

combination of voltage and frequency decides the amount of torque that the motor generates.

Sensors

—

User
Interface

v |
' Power ! : _
Eloe“c’:;r:c | Electronic —— Electric | Mechanical
Source Converter . | Motor Load
/ : 5

Electric Electric ; MOIIOU &
Sensor Sensor ' | Electric

~ _,;

Drive Controller |--

Fig.1.4 The basic diagram of a variable speed electrical drive system

Fig.1.4 shows the basic structural diagram of a variable speed electrical drive system
which generally has the following components:
» Adevice that transforms electrical power into mechanical power.
* A device that control the electrically driven assembly to obtain motion of specific
form (linear or rotary motion) and response to a master controller.
* A device that converts mechanical energy and impart it to the actuating mechanism

(reducers and other intermediate gearing).
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The drive system components are:

1.3.1 Power Source

Power Source provides the energy to the drive system (energy requirement for the
operation the system). It could be:
* Regulated (e.g: utility)

* Unregulated (e.g. : renewable energy)

Unregulated power sources must be regulated for high efficiency by the use of power
electronic converters. It could be also:
» DC source: Batteries, fuel cell, photovoltaic....etc

* AC source: Single- or three- phase utility, wind driven generators.

1.3.2 Power modulator

Power modulators regulate the power flow from source to the motor to enable the
motor to develop the torque speed characteristics required by the load [30]. In electric drive
systems, the power modulator used is:

Converters: Use power devices to convert uncontrolled valued to controllable output,
they provide adjustable voltage/current/frequency to control speed, torque output power of the
motor. The various type of converters are:

Converters

r =

AC 10 AC

DC to AC l

Suitable for IM Suitable for DC Suitable for DC Suitable for AC
motor drives motor drives motor drives

Fig.1.5 Different types of converters in an electric drive system
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1.3.3 Controller

The control unit implements the control strategy governing the load and motor
characteristics and to do so, the input to the power converter is controlled by the controller
either using an analog or a digital controller.

1.3.4 Sensing unit

The sensing unit is used to sense the particular drive factor such as speed, motor
current. This unit is mainly used for the operation of closed loop otherwise protection. It
mainly uses sensors with different types as shown in the following figure.

Feedback:
Voltage, Current,
Speed....
“ Rotor Torque ( Phase  poLme N
speed  / : g \_ cumrents J \_ voltage

Sensing methods used

[/ Speed { Torque
\_ semsor J \_ sensor

.‘.

Hall 4 Potential
effect r Zensor

=

e - — -]

A
 Electrical )

Mechanical ¥
SENsOrs

SENs0rs ,
1

X X
Observers
(sensorless)

I
Fig.1.6 Different sensing methods in electric drives systems

1.3.5 Electric motor

It is the actual energy converting machine, the most commonly used electrical motors
for the various control applications in electric drives are illustrated in Fig.1.7. The following
points must be given high importance for the selection of motors [30]:

= Nature of the mechanical load driven and type of source available.
= Matching the speed torque characteristics of the motor with that of the load.

= Cost, thermal capacity, efficiency and environment.

10
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Electric Motors
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Fig.1.7 Different electrical motors used in electric drives

1.3.5.1 Benefits of AC motors

As the motor to be used in this work is an AC motor "PMSM". Here are some of the

main benefits of these kind of motors to bear in mind:

e Durable: AC electric motors are extremely durable because unlike most DC motors,
they do not have brushes; Brushes can become worn down easily and creates the need
for more regular maintenance [35].

e Low power required for start-up: Which means AC motors can distribute their
power more evenly and can maintain a consistent level of power throughout their
operation. It also decreases the chance of burn out, which can occur when a motor
becomes overworked at start-up.

e Controlled acceleration: Within AC motors, it means they allow for steady and
controlled movement, which is key for many demanding applications across the globe.
It also reduces wear and tear as speeds are not increasing and decreasing abruptly,
therefore placing less pressure on the motor [35].

e High speed: AC motors are known for being able to cope with and deliver high
speeds, making them suitable for a range of demanding industry applications.

11


https://www.parvalux.com/electric-motor-applications

Chapter | State of the Art & Generalities

1.3.6 Mechanical load

The mechanical load torque can be classified to:

Active Load torques: Type of load torques which has the potential to drive the motor
under equilibrium conditions. They usually retain sign when the drive rotation is
changed.

Passive Load torques: Type of load torques which always opposes the motion and

change their sign on the reversal of motion.

The components of load torques are:

Friction Torque (Tg): It is the equivalent value of various friction torques referred to
the motor shaft.
Windage Torque (Tw): When a motor runs, the wind generates a torque opposing the

motion. This is known as the winding torque.

Mechanical Torque (Tm): It is the torque required to do useful mechanical work.

Since the nature of torque depends on the type of loads and it may change with the

change in the loads mode of operation. The following figure (Fig.1.8) shows the

characteristics of different types of loads.

Mechanical load
characteristics

Torque Torque
proportional to inversely
square of speed proportional
to speed

Torque
independent
of speed

Torque
linearly
dependent of
speed

Power dependent  Poweris proportional  Parabolic T-o chara. Requires high starting

on speed to w,’ Power is proportional torque at low speed.
Ex: pumps Not so0 common to w2 Power is speed
applications Ex: Centrifugal pumps independent

Ex: Milling machines

Fig.1.8 Characteristics of different types of mechanical loads
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1.4 Advantages of AC electric drives
Due to the increasing use of these drives, many advantages count for them as follows:

e AC drives provide the most energy efficient means of capacity control.

e AC drives have the lowest starting current of any starter type.

e AC drives reduce thermal and mechanical stresses on motors and belts.

e AC drives provide high power factor, lower KVA, helping alleviate voltage sags and
power outages

e AC drives basic operation is simple and reliable and guarantee saving in space and

cost with low maintenance cost and long life.

Part two: Fault tolerant control (FTC)

1.1 Introduction

The performance of machines and equipment of technological systems degrades as a
result of aging and wear, which decreases performance reliability and increases the potential
for different faults. Actuator faults reduce the performance of control systems and may even
cause a complete breakdown of the system. Erroneous sensor readings are the reason for
operating points that are far from the optimal ones. In many fault situations, the system
operation has to be stopped to avoid damage to machinery and humans. Due to the
simultaneously increasing economic demands and the requirements of the system safety and
reliability, the correct diagnosis of abnormal condition plays an important role in the
maintenance of industrial systems. Fault tolerant control combines diagnosis with control
methods to handle faults in an intelligent way. The aim is to prevent simple faults to develop

into serious failure and hence increase the availability and reduce the risk of safety hazards.

At the beginning of this part of this chapter, a brief presentation of the types of faults
that may appear in the AC machines drives as well as safety process operation to be done. As
fault tolerant control is subject to this thesis, the different types of fault tolerant commands as
well as the techniques of fault detection and isolation will be presented also.

1.2 Dependability

As mentioned earlier, electric drive systems are massively prone to faults due to aging
and/or difficult operating conditions. This can lead to significant failures, degradation of
system performance, which causes other faults in the control loop, or even cause the complete

13



Chapter | State of the Art & Generalities

shutdown of the entire loop, which is not recommended in some areas as pumping stations
and even unacceptable in other areas like aeronautics. Indeed, the availability and security of
systems represent an essential challenge for their functional viability and compliance with
regard to the operational safety standards. That is why it is necessary to develop control
strategies that must be capable of an automatic accommodation when a fault occurs to
maintain an acceptable level in the performance of the system and meet the required level of
safety at the same time.

1.2.1 Concept and terminology

Since the twentieth century, man has realized that authority and power will belong to
the one who will dominate the industry in all its varieties. As a result, fast advance in
technology and integration of electrical systems in the industry has never stopped growing.
The complexity of industrial systems has made the monitoring operation increasingly
necessary and important to ensure the safe operation of these systems. This concept has
progressed over time (Table.1.1) to encompass different disciplines and approaches that are
applicable today in all fields.

Year Progression Areas of application
1940-1950 Discovery of a probabilistic approach Electronics in
(concept of reliability) aeronautics, defence

and nuclear energy.

1960-1970 Generalization of the probabilistic Components:mechanical,
approach hydraulic, electrical, ...

(maintainability)

1980 Development of methods of analysis, Use of the resulting
computer software, approach for control of any
Software-modelling,... industrial risk type.

Constitution of databases

Today This concept covers reliability, the Almost all domains.
availability, maintainability, safety,
sustainability, diagnosis, detection of

faults, isolation of faults, etc.

Table.1.1 Summary of the progress of the concept of dependability [41]

14
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Dependability (Operational safety), also known as failure science, involves assessing
potential risks, predicting the occurrence of failure science, ensure continuity of service and

attempt to minimize the consequences of catastrophic situations when they occur (Fig.1.9).

Fault

Electric drive

i
v

Dependability
g_RAMS.)
N SEY v I S S
E Fault ¢ Fault | '+ Faolt | Fault
tolerant | i prevention | i detection | isolation

Fig.1.9 Dependability of an electric drive
Dependability can be broken down into three elements as they will be stated next [42].

e Attributes
Attributes are qualities of a system. These can be assessed to determine its overall
dependability using qualitative or quantitative measures: (Availability, Reliability, Safety,
Integrity and Maintainability).

e Threats

Understanding of the things that can affect the dependability of a system, three main
terms must be defined by the use of The IFAC technical committee:
Fault: an unpermitted deviation of at least one characteristic property or parameter of the
system from the acceptable/usual/standard condition [11].
Error: difference between the desired and actual performance or behavior of a system. In
control systems, it is defined as the difference between a set point and the process value.
Failure: a permanent interruption of a system’s ability to perform a required function under

specified operating conditions [11].

e Means
Means can be defined as the ways to increase a system's dependability; four means
have been identified so far:

15
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Prevention: fault Prevention deals with preventing faults being incorporated into a system.
Removal: removal during development requires verification so that faults can be detected and
removed before a system is put into production. Once systems have been put into production a
system is needed to record failures and remove them via a maintenance cycle.

Forecasting: fault forecasting predicts likely faults so that they can be removed or their
effects can be circumvented by the use of previous recorded data and good estimations.
Tolerance: the ability of a controlled system to maintain control objectives, despite the
occurrence of a fault. A degradation of control performance may be accepted. Fault-tolerance
can be obtained through fault accommodation or through system and/or controller

reconfiguration.

1.2.2 RAMS

Traditionally, dependability for a system incorporates availability, reliability,
maintainability but since the 1980s, safety and security have been added to measures of
dependability [42]. Which are known as "RAMS". The relation between these terms is shown

in Fig.1.10 and are stated next.
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& consequences during
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Fig.1.10 Logic and impact of dependability
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* Availability: The probability that an item will operate satisfactorily at a given point in
time when used under stated conditions in an ideal support environment.

* Reliability: the ability of an equipment or system to function without failure. Reliability
describes the ability of a system or component to function under stated conditions for a
specified period of time.

* Maintainability: the ability of a component or system to be put back into service
(repaired) within a stated time interval by given procedures and resources.

» Security: the ability to pose no danger to persons, equipment or environment and
also not to cause accidents and catastrophic damage.

1.3 Faults in AC machines (PMSM) drives
During the last decade, the use of AC machines never stopped growing. Therefore, the
control of these machines has become essential. In this regard, it is important to know and
study the different failures that can affect each element of the control loops of these machines
to the extent possible to predict the faulty states of the system to ensure the continuity of the
service and protect the healthy components, as well as the human user. In this section, various

faults in the components of the AC machines (PMSM) drives are listed.

1.3.1 Classification of faults

A fault can generate a degradation of one of the functions performed by elements in
the system or the whole system itself that is unavailable due to failure. The faults can be
divided into four types according to their severity: minor fault, severe fault, critical fault and
catastrophic fault.

First, the minor fault is a fault that can affect the proper functioning of the system by
causing negligible damage to the system itself or to its environment. It does not reduce the
ability of the device to perform its required functions. Second, the severe fault that can also be
called a major fault is a fault that risks reducing the ability of the device to perform its
required function. Third, the critical fault results in the loss of an essential function of the
device with an impact on the environment, the system or people. Fourth, the catastrophic fault
results in the loss of one or more essential functions of the system in causing significant
damage [43].

AC electrical drive systems are subject to different faults whose consequences

significantly depend on the fault location [44, 45]. Faults may affect the electrical motor (the
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actuator) [15-19], sensors (components) [21], supply and the static converters (components)
[12-14]. A classification of faults that can affect the three main parts of the drive system

is presented in the following subsections and summarized in Table.1.2.

Fault location

Electrical Motor Faults Sensor Faults Power Electronics Faults
Electrical Mechanical Electrical Mechanical | Supply faults Power
faults faults sensors sensors converters
(voltage and | (position and (AC/DC
current) speed) DC/AC)
*Windings *Rotor *Total failure | «Total failure | eLoss of one | *Open
short circuit | eccentricity *Noise Periodic or more circuits
eInsulation *Misalignment | «Offset interruptions | phases sshort
deterioration | Bearings Saturation of signal sunbalance circuits
*Broken bars | faults *Offset of phase or | *Aging of
and rings in | *Resonance voltage Components
the rotor *Capacitor
faults in the
DC link

Table.1.2 classification of faults in AC electrical drive systems [55]

1.3.1.1 Faults in the PMSM (Actuator faults)

Permanent magnet synchronous machines (PMSM) have been widely used in various
applications due to their characteristics. However, PMSMs are not immune to faults, which
requires an efficient and reliable condition monitoring method to avoid downtime or even
catastrophic failures. Electrical and mechanical faults of motors constitute a significant part in
the PMSM drive system faults [15-20]. Electrical faults are connected with the stator
windings of the motor (constitutes about 37% of all PMSM faults). The stator winding
failures occur due to insulation stresses, inter-turn short circuits or even short-circuits of phase
windings. In the case of PMSM rotor faults (they about 10% of all PMSM faults) are
connected mainly with deterioration of permanent magnets performance or their mechanical
displacements or vibrations, rotor eccentricity, broken bar...etc. Mechanical faults in the

electrical motors are connected with the quality of mechanical connection between the driving
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motor and a load machine. It could be: bearing faults (they are close to 41 % of all PMSM
faults), rotor eccentricity, misalignment, clutch or gear failures [47]

Oither

[ 2%
Hearing related
41%

Rotor related
Fig.1.11 0%

Distribution of
faults in PMSMs
[47]

Stator related

170
VA
PR Fig.1.12
Various stator fault
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:' BB L Rbr ey Be £ad a3 Edi ob types [48]

Fig.1.13 Microscopic view of the bearing: (a) healthy bearing

(b) damaged bearing [49]

1.3.1.2 Faults in sensors (Components faults)

The sensors are key components of a closed-loop system, ensuring information
required for the generation of control signals from the controller. A sensor is a device that
transforms a physical size observed in a usable electrical signal. The presence of a sensor fault
in a closed loop means a bad image of the measured physical value, therefore the controller

signals will be ineffective. Unfortunately, the sensors are very sensitive to faults caused by:

19



Chapter | State of the Art & Generalities

connection problems, under-voltage in the power battery, noise, offset and positive or
negative gain faults, or total sensor loss [50]. The incorrect measurements delivered by a
sensor are usually caused by faults on one hand in the core of the sensor (corrosion, cracks
and rupture of the core) and on the other hand by other changes in the magnetic characteristics
of the nucleus due to changes in temperature, but also by changes in the orientation of the
induced magnetic field in the sensor [51] without forgetting human errors. It is estimated that
14.1% of all system failures are caused by sensor faults [6].

1.3.1.3 Faults in the power converters (Components faults)

In vector controlled AC motor drives which are supplied from voltage-source inverters
that mostly use power switches based on the insulated-gate bipolar transistors (IGBTSs) due to
their high efficiency, high switching frequency and relatively short-circuit current handling
capability. Among various types of failures in electric motor drive applications, power
converter faults make up about 80 % [52,53]. There are many kinds of faults in power
converters such as a power semiconductor device (21 %), solder (13 %), DC-link capacitor
(30 %), printed circuit boards (PCB) (26 %), sensor, etc [52]. Thus power device modules
failures compose 34 % of power converter faults.
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Fig.1.14 Faults in the power converters - Components faults - [52]

The power device faults can be divided into two cases: short-circuit faults and open-
switch faults. A short-circuit fault can occur due to several reasons, such as the wrong gate
voltage, overvoltage, avalanche stress, or temperature overshoot. Short-circuit faults are
difficult to handle because of an abnormal over-current which can cause serious damage to
other parts is produced within a very short time. In addition, the period between the fault

initiation and failure is very short.
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An open-switch fault occurs due to the lifting of a bonding wire caused by thermal
cycling. An extremely high collector current may also cause open-switch faults. The open-
switch fault leads to a current distortion. The open-switch fault does not cause serious
damages, compared to short-circuit faults, but it does degrade the performance of overall
converter systems. This type of switch failure should be detected and compensated, as it
causes big stator current values and high transients in electromagnetic torque which could
damage the drive [52, 54]. Another expected fault which occur in electric drives, is DC bus
link failure. The electrolytic capacitors are predominantly used in DC-links because of their
low cost. However, they have some undesirable properties such as sensitivity to temperature,
frequency and low reliability resulting in their finite lifetime and high failure rate due to a

wear-out degradation failure.

1.4 Fault tolerant control
Fault-tolerant control (FTC) is a strategy that has the ability to maintain required or
degraded performance and operational safety of an identified system under well-defined
conditions. The purpose of the FTC is not only to ensure the continuity of service and the
operation of a well-known system in the presence of faults, but also to ensure the protection of
the healthy components and elements of the system and prevent their degradation, knowing
that the FTC is carried out according to a well-defined specification.

1.4.1 Fault detection and fault diagnosis methods

Damage preventing can be realized using different actions, like: protection, equipment
redundancy or analytical redundancy and technical diagnosis methods. The protection systems
belong to classical methods of monitoring of industrial processes. The alarms raised due to
limit values crossing cause an automatic action of protection systems. This method works
well in steady state of the process or if the monitored variables does not depend on the
operating point. However, faults are detected rather late and a detailed fault diagnosis is
mostly not possible and are effective only for a rather large sudden fault or a long-lasting
gradually increasing fault [24]. The reliability of the industrial processes can be also obtained
using the equipment redundancy which, however, raises significant costs and requires
extension of control, measuring and supervising equipment. Such solutions are applied only in
critical industrial processes. The other method of system reliability increasing is application of
analytic redundancy, which is based on an additional diagnostic information obtained using

mathematical models, methods of control theory and signal processing.
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1.4.2 Redundancy

Redundancy is the duplication of critical components or functions of a system with the
intention of increasing reliability of the system, usually in the form of a backup or fail-safe, or
to improve actual system performance. Redundancy can be categorized into two types: direct
redundancy and analytical redundancy.

FAULT DETECTION AND
IDENTIFICATION METHODS

—

HARDWARE SOFTWARE
REDUNDANCY REDUNDANCY

BASED ON MATHEMATICAL BASED ON EXPERT BASED ON DATA

MODELS KNOWLEDGE ANALYSIS
P{ﬁ;ﬁg&; ;%m%;? ARTIFICIAL NEURAL BAYESIAN BELIEF
AND OBSERVERS NETWORKS NETWORK
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MULTIVARIATE

STATISTICAL METHOD

Fig.1.15 Fault detection and identification methods based on redundancy

In direct redundancy, actual physical hardware redundancy is available. In terms of
sensors, two or three sensors that measure the same quantity is called double and triple
redundancy. In normal operation, only one sensor is sufficient, however, two or three sensors
are required to ensure reliable measurements in the case of faults. In terms of analytical
redundancy or software redundancy, instead of having multiple sensors that measure the same
signal, an observer that provides an estimate of the signals of interest provides analytical
redundancy. There is no actual additional hardware implemented, instead some algorithm or
mathematical model or observer runs in the control computer. This is desirable in many
systems especially in the case of AC motor drives to increase the reliability and the
performance of the system.

1.4.3 Basic fault detection methods

Fault management and damage preventing can be realized nowadays using advanced
methods of automatic supervision and technical diagnostics, e.g. fault detection and fault
diagnosis methods, which use modern control systems theory methods, mathematical models

and signal models of the processes, identification, estimation methods, computational
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intelligence and informatics. For a well fault management and damage preventing, Fault
tolerant control passes by three important stages :

Fault detection: detection of the failure in the controlled plant and time of the detection.
Fault isolation: determination of the type, location and time of the failure.

Fault identification: determination of the fault size and its evolution in time.

Fault detection and fault diagnosis (FDD), in general, are based on diagnostic signals
measured by sensors or on process variables and states observed by a human operator. The
automatic processing of measured signals requires analytical knowledge, while the evaluation
of observed variables needs human expert knowledge, which is called heuristic knowledge
[22, 23, 24]. Analytical knowledge consists of different methods, from simple rules defining
limit values of measured signals to complex methods of signal analysis. While heuristic
knowledge includes human observation and inspection. The process history (e.g. previous
failures), experience with maintenance and repair operations constitute additional sources of
heuristic information. Thus signals and variables measured and observed together with
analytical and heuristic knowledge enable the isolation of fault symptoms and next the proper
fault diagnosis. The diagnosis process is illustrated in Fig.1.16.
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Fig.1.16 The main idea of the diagnostic process [55]
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Taking into account the way of generating symptoms, two main fault detection
methods can be distinguished [24]:

1- Process-model-based fault detection methods (comparative methods): are based on
dependencies between different measurable signals. Its basic structure is illustrated in
Fig.1.17. Based on the measured input signals U and output signals Y, the detection methods
generate residuals r, parameter estimates O or state estimate X , which are called features. By
comparison with normal features (nominal values), changes of features are detected, leading
to analytical symptoms s. In the simplest solution, the diagnostic signal is calculated as a
difference between output signals measured in the object and those obtained from the model
(residuum r). If the object operates normally (“healthy” object), this value oscillates around
zero. For a faulted object this value is much greater, which confirms the fault.
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Fig.1.17 The general scheme of process-model-based fault detection system

Different mathematical models can be applied in process-model-based methods, such
as: state estimators or observers, Kalman filters, parity equations [23,24]. Comparative
methods are closely connected with redundancy methods, and because mathematical models
have an analytical form, this type of redundancy are called analytical redundancy.
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2- Signal-model-based fault detection methods (direct methods): they rely on the analysis
and inspection of selected physical variables which are characteristic for a given object and
thus are sometimes called direct methods. In the simplest solutions the limits of credibility or
limit values (thresholds) are checked. In other solutions more advanced signal analysis
methods, such as: Fourier analysis, spectral analysis are applied, depending on the type of the
analyzed signals [24,56]. The general scheme of the diagnostic procedure conducted with
signal-model-based fault detection methods is presented in Fig.1.18.
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Fig.1.18. An illustration of signal-model-based fault detection methods [55]

1.4.4 Fault tolerant control: General Overview

About 20 years ago, together with the Fault Detection and Diagnosis (FDD) methods,
also the Fault Tolerant Control (FTC) was developed [23, 25-27]. FTC systems possess the
ability to detect component failures automatically, using suitable FDD methods. In other
words, a closed-loop control system which can tolerate component malfunctions, while
maintaining desirable performance and stability properties is said to be a fault tolerant control
system (FTC).

The general scheme of the FTC system is presented in Fig.1.19. The FDD system
constitutes a part of the FTC system and is responsible for providing the supervision system
with information about the location and severity of any fault. The supervision system can take
a suitable action and can reconfigure the sensor set and/or actuators to isolate the faults, and
tune or adapt the controller to accommodate the fault effects [23, 25, 27].
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Fig.1.19 The general scheme of FTC system with supervision subsystem [55]
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The hardware (equipment) redundancy, is attractive from the viewpoint of full system
functionality after fault occurrence, but it raises significant costs and requires duplication of
control, measuring and even actuator equipment. Such solutions are applied only in critical
industrial processes or installations. FTC systems based on software (analytic) redundancy are
generally divided into two classes: passive and active FTCs as shown in Fig.1.20.
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Fig.1.20 Types of FTC systems based on software redundancy
1.5 Passive Fault tolerant control

Passive FTCs (PFTCs) are based on robust controller design techniques and aim at
designing a single robust controller that makes the closed-loop system insensitive to
unexpected faults. Under faulty conditions, a process continues operation with the same
structure and parameters of the controller [25-27]. The general scheme of PFTC is presented
in Fig.1.21.
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Fig.1.21 The scheme of a passive FTC system [55]

This approach does not require on-line faults detection and is, therefore,
computationally more attractive. The controller design for PFTC is based on advanced control
techniques, such as: adaptive theory, predictive control concepts or artificial intelligence.
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The applicability of PFTC is very limited due to its serious disadvantages [26]:

e A very selective subset of possible faults can be considered in the design of a PFTC
system, usually those faults that do not have a significant effect on the system
operation of the system can be treated in this way, while only under such condition the
controller robustness to faults can be achieved.

e An increased robustness to certain faults can be achieved at the expense of decreased
nominal performance of the system. Since faults happen rather rarely, it is not
reasonable to significantly degrade the fault-free performance of the system only to

achieve some insensitivity to a restricted class of faults.

Still, PFTCs have some advantages too. One of them is the fact that a fixed controller
has relatively reasonable hardware and software requirements. Another advantage is lower

complexity compared to active FTC systems [23, 26, 27].

1.6 Active Fault tolerant control

Active FTCs (AFTCs) are based on controller reconfiguration or selection of a few
predesigned controllers. This technique requires a fault detection and diagnosis (FDD) system
that realizes the task of detecting and localizing the faults if they occur in the system. The
structure of an AFTC system with a FDD unit is presented in Fig.1.22,
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Fig.1.22 The scheme of active FTCs [55]

The FDD part uses input-output measurement from the system to detect and localize
the faults. The estimated faults are subsequently passed to a reconfiguration mechanism that
changes the parameters and/or the structure of the controller in order to achieve an acceptable
post-fault system performance which guarantees the continuity of the system. AFTC systems
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use dedicated detectors or special state or parameter observers [23, 25-27] to identify failure
condition. The choice of the proper topology and fault tolerant control algorithm depends on

the system requirements and used components.

Designing such a system is a complicated and complex issue because of the need to
ensure its stable operation after a component failure, while maintaining full or partial

functionality at the required performance level of the whole process.

1.7 Chapter conclusion
This chapter was divided into two parts. The first part was a brief background about
electric drives and their components. The second part dealt with fault tolerant control by first
introducing the dependability and RAMS concepts, then the different faults types in AC
drives and their effectiveness on the system's performance and security were listed. Finally,
the fault tolerant control technique based on software redundancy was introduced including its
two types (AFTC, PFTC) based on process-model-based detection technique.
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Chapter 11 Modeling & Vector Control of PMSM

2.1 Introduction

Currently, permanent magnet synchronous motors (PMSMs) are widely used for industrial
application. The reasons are their advantages, such as a high efficiency factor, minimal size and
weight parameters, low rotor inertia (resulting in a high speed of response), high reliability,
significant life expectancy [2,3]. In addition, control circuits of such motors are simpler than those
of other AC machines. Over the last years, the widespread use of PMSM was high due to
significant price decrease in magnetic materials with high specific magnetic energy values (alloys
Ne2Fel4B, Sm2Col7, etc.) used in its rotor construction [20]. Efficient operation of PMSM as
part of VFDs demands a careful choice of the control system suitable for the completion of a
given objective. There are many ways of designing a PMSM control system. The concept of
vector control is common for modern high performance AC motor control techniques [5].

At the beginning of this chapter, an overview about the permanent magnet synchronous
motor (PMSM) is going to be done. Then the mathematical models which are expressed either in
a fixed three phase (abc) frame or in a rotating (d, g) frame in order to describe its dynamic
behavior. Next, the field oriented control with space vector modulation (FOC-SVM) technique is

going to be covered along with a simulation to be performed using Simulink at the end.

2.2 Synchronous motor drives
Modern synchronous motor drives are becoming more attractive with the advancement
in material and control technologies; there are many types of synchronous motors like: wound-
field, permanent magnet, and reluctance synchronous motors. The synchronous motor has found
wide applications in the constant speed drives domain and are also widely used in variable speed
drives with inverter-fed variable frequency supplies. The following figure illustrates the different

synchronous motors used for synchronous motor drives applications.

Salient pole
Wound- . .
- field SM | ~

| Cylindrical
| j. Reluctance
Synchronous SM
motors e IPMSM
PMSM
] SPMSM
Hysteresis

SM

Fig.2.1 The classification of synchronous motors
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2.2.1 Applications, advantages and disadvantages of PMSMs

Variable speed drives changed the field of motors which is used in such drives till the
last decade. The induction motor and direct current motor have dominated as mechanical energy
conversion devices but now they are being replaced by brushless DC motors (BLDCs) and

PMSMs in the category of power application which ranges between 0-5 kW.
» Application of PMSM in electric vehicles

The dependence of fossil fuels has been step by step growing within the beyond
century notwithstanding the famous fact that the resources of such fuels are restrained. It is now
widely familiar that one of these demand growth is not always sustainable. Stimulated not only by
the destiny supply concerns however also by way of the concerns of overexploitation of fossil
resources the hobby in electric powered and hybrid automobile programs has been developing
rabidly in recent years. Low energy consumption and high operating efficiency are provided by
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Fig.2.2 Electric Vehicle with Active Damping Algorithm [38]

The fuel consumption of PMSM is very low, so it is used in green vehicles. The
awareness of green and electric vehicle improves the PMSM. Permanent magnet synchronous
motor were an increasing number of utilized in electric vehicle applications owing their high
efficiency, excessive power density, compact structure and rapid dynamic response. High power

to volume ratio and high efficiency are achieved by permanent magnet motors.
» Advantages of PMSMs over induction motors

Modern permanent magnet synchronous motors may operate near unity power factor
and have a large pull-out torque for a given frame size [37]. In PMSM, there is no provision for
rotor side excitation control. The control is done entirely through the stator terminals. In low
power applications, field excitation can be provided using permanent magnets, thus dispensing

with the field winding losses, dc source, brushes and slip rings [39].
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The PMSM is more suitable than induction motor, owing to the synchronous machine

having interesting advantages, among which are [57]:
e Higher efficiency and more reliable and less noisy.

e Higher power density and high power factor with ability

~ Rotor

to maintain full torque at low speeds.

e The structure of the rotor is greatly simplified, which is # Stator

! core
convenient for maintenance and improves the stability of s
1 windings

operation.

e The overall weight and volume are significantly reduced

Bearing

for a given output power, PMSM can be as much as one :
third of most AC motor sizes, which makes installation much easier.

e Heat is efficiently dissipated, the Joule losses Fig.2.3 Construction of IM

are smaller due to absence of rotor currents.

» Advantages of PMSMs over BLDCs

As discussed in the previous section, PMSMs have come

Rotor Stator

across as a better alternative to AC induction motors. The BLDC has

also replaced the brushed DC motors. There is no major difference
in control systems of BLDC and PMSM motors since both of them
belong to the family of permanent magnet AC machines, except the

nature of the drive current and the detection of the rotor position.

Stator

Fig.2.4 Construction of BLDC motor

In a BLDC motor, the rotor position is usually detected by a set of 3 HALL effect
sensors. The commutation is achieved through a six-step process. This results in small breaks in
commutation which in turn causes torque ripples (periodic increase/decrease in torque output of
the motor) at the end of every step. The PMSM motor in contrast, requires only one HALL effect
sensor as the commutation is continuous. Hence, the rotor position is monitored at every instance

and is measured by the sensor and passed on to the PMSM motor controller solution.

One of the advantages of PMSM motor is the absence of torque ripple, which makes
these motors more efficient than BLDCs and considering that the PMSMs has [57]: Higher power

density, Less noise and smaller size. The ability to be used in hazardous environment.
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» Disadvantages of PMSMs
On the other hand, PMSM has the following disadvantages:

e Most PMSMs require a drive to operate; as they cannot run without a drive. Moreover,
some incorporate a squirrel cage in the rotor for starting; these are known as line-start or
self-starting PMSMs.

e Complex control, demagnetization of the rotor magnet due to ageing.

e Reduction of torque production due to demagnetization of rotor magnet.

In addition, the PMSM have a short constant-power region owing to their rather limited
field weakening capability, resulting from the presence of the permanent magnet field. It is clear
that with the recent technological advances it is now possible and attractive to implement robust
and powerful nonlinear controllers to reduce energy consumption and to improve performance

under a wide range of power-speed operating domains.
2.3 PMSM Construction

PMSMs are kind of synchronous motors in which permanent magnet is used as rotor to
create field poles, no field winding is wound on the rotor. The basic construction of PMSM is the
same as that of synchronous motor. The only difference lies with the rotor. Field poles are created
by using permanent magnets mounted on the rotor core [46]. Since the introduction of Samarium-
Cobalt and Neodymium-Iron-Boron magnetic materials in the 1970s. SM with permanent-magnet
excitation in the rotor have been displacing the dc motor in many high performance applications.

2.3.1 Permanent magnet materials

The property of the permanent magnet and the choice of suitable materials are crucial
in the design of the permanent magnet machines [20]. The choice of permanent magnets is
essential since they intervene a lot in the torque that can be expected from the actuator. Their
performance often goes hand in hand with their cost [20], Samarium-Cobalt and Neodymium-
Iron-Boron magnetic materials are mostly used since these materials are materials with high
permeability (it is the measure of magnetization that a material obtains in response to an applied
magnetic field), and high coercivity (it is a measure of the ability of a ferromagnetic material to
withstand an external magnetic field without becoming demagnetized). Moreover, Neodymium-
Iron-Boron is mostly used due to its ease of availability and cost effectiveness.

The physical characteristics of the PMSM are associated with its rotor and stator structures
as illustrated in Fig.2.5 and Fig.2.6 respectively.
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2.3.2 Stator of PMSM

The Stator is composed of a three-phase wound such that the Electromotive Forces (EMF)
are generated by the rotation of the rotor field. Furthermore, the EMF can be sinusoidal or
trapezoidal. This wound is represented by the three axes (a, b, ¢) phase shifted, one from the

other, by 120 electrical degrees.

inside structure
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rotor hase b

front view

stator
stator winding i

stator tooth

rotor \

permanent magnet

Fig.2.5 PMSM Stator construction
2.3.3 Rotor of PMSM

The Rotor incorporates permanent magnets (see Fig.2.6) to produce a magnetic field.
Regarding winding, the permanent magnets have the advantage to eliminate the brushes, the rotor
losses, and the need for a controlled DC source to provide the excitation current. However, the

amplitude of the rotor flux is constant.

Permanent Magnet Induction

Rotor

Fig.2.6 PMSM rotor versus IM rotor

On the other hand, there exist several ways to place the magnets in the rotor (see Fig.2.7)

which will be covered in the next section.
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2.3.4 Classification of PMSM

Following the magnet position, the PMSM can be classified into four major types [40]:

1. Surface mounted magnets type: The magnets are placed on the surface of the rotor using high
strength glue. They present a homogeneous gap. The motor is a non-salient pole and the
inductances do not depend on the rotor position (Fig.2.7a). The inductance of the d-axe is equal to
those of the g-axe. This configuration of the rotor is simple to obtain. This type of rotor is the
most usual. On the other hand, the magnets are exposed to a demagnetizing field. Moreover, they
are subject to the centrifuge forces which can cause the detachment of the rotor.

2. Inset magnets type: The inset magnets are placed on the surface of the rotor. However, the
space between the magnets is filled with iron (Fig.2.7b). Alternation between the iron and the
magnets causes a salient effect. The inductance in the d-axe is slightly different from the

inductance in the g-axe.
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Fig.2.7 PMSM rotor permanent magnets layout:
a) surface PM, b) inset PM, c) interior PM, d) flux concentrating PM [40]

3. Interior magnets type: The magnets are integrated in the rotor’s body (Fig.2.7c), the motor is
a salient pole type. In this case, the rotor magnetism is anisotropic, the inductances depend on the
rotor position. The magnets are placed on the rotor, providing more mechanical durability and
robustness at high speeds. On the other hand, this motor is more expensive to manufacture and
more complex to control.

4. Flux concentrating type: As shown in Fig.2.7d, the magnets are deeply placed in the rotor’s

body. The magnets and their axes are radial. The flux on a polar arc of the rotor is a result of two
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separated magnets. The advantage of this configuration is the possibility to concentrate the flux
generated by the permanent magnets in the rotor and to obtain a stronger induction in the gap.
This type of machine has a salience effect. However, surface permanent magnet synchronous
motors and interior permanent magnet synchronous motors are the most used in the industry.
Furthermore, the permanent magnet AC machines can be classified into two types:
trapezoidal type called BLDC machines and sinusoidal type called PMSMs. The BLDCs operate
with trapezoidal back electromagnetic force (EMF) and require rectangular stator phase current.
The PMSMs generate sinusoidal EMF and operate with sinusoidal stator phase current. They are

classified into two subcategories in terms of magnets position:

= Salient Poles: the magnets are buried into the rotor (Fig.2.7c,d). Interior Permanent
Magnet Synchronous Motor (IPMSM). The direct axis reluctance is greater than the g-axis
reluctance, because the effective air gap of the direct axis is multiple times that of the
actual air gap seen by the g-axis. As consequence of such an unequal reluctance, the
quadrature inductance is higher than direct inductance Ly > L4 . It produces reluctance
torque in addition to the mutual torque (Fig.2.8b). Reluctance torque is produced due to
the magnet saliency in the quadrature and the direct axis magnetic paths. Mutual torque is
produced due to the interaction of the magnet field and the stator current. This
arrangement of magnets is also much more robust mechanically as compared to surface-
mounted machine. It makes possible to use IPMSM for higher-speed applications
(contrary to SPMSM’s).

»= Non-salient Poles: the magnets are located in the rotor surface (Fig.2.7a). They need
special profiling to get a sinusoidal Back EMF (BEMF). This results in symmetrical air gap
reluctance for the magnetic flux path. Such a motor is called a Surface-Mounted Permanent
Magnet Synchronous Motor (SPMSM), Machines with this arrangement of magnets are not
preferred for high-speed applications (higher than 3000 rpm). The quadrature inductance
is equal to the direct inductance Lq= L4, Because of the same flux paths in d and q axis

the reluctance torque disappears (Fig.2.8a).

Practically, even the surface-mounted PMSMs have slight asymmetry in their reluctance
path due to manufacturing processes and materials used. A measure of this asymmetry is called,
"saliency"”, which is calculated based on the inductance variation along the stator. Saliency
produces its own torque, similar to a force produced on an iron bar in a solenoid. This torque is
called "reluctance torque", which is different and additional to the *permanent magnetic torque’

that is produced due to interaction of stator and rotor fields.
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2.3.5 Operating principle of PMSM

The permanent magnet synchronous motors are one of the types of AC synchronous
motors, where the field is excited by permanent magnets that generate sinusoidal back EMF. It
contains a rotor and a stator same as that of an induction motor, but a permanent magnet is used
as a rotor to create a magnetic field. Hence there is no need to wound field winding on the rotor
[46]. It is also known as a 3-phase brushless permanent sine wave motor.

The PMSM working principle is similar to the synchronous motor and it is very simple,
fast, and effective when compared to conventional motors. The working of PMSM depends on the
rotating magnetic field of the stator and the constant magnetic field of the rotor. The permanent
magnets are used as a rotor to create constant magnetic flux, operates and locks at synchronous
speed.

The phases are formed by joining the windings of the stator with one another. These
phases are joined together to form different connections like a star, Delta, double and single
phases. To reduce harmonic voltages, the windings should be wound shortly with each other.

When the 3-phase AC supply is given to the stator, it creates a rotating magnetic field and
the constant magnetic field is induced due to the permanent magnet of the rotor. This rotor
operates in synchronism with the synchronous speed. The whole working of the PMSM depends
on the air gap between the stator and rotor with no load. If the air gap is large, then the windage
losses of the motor will be reduced. The field poles created by the permanent magnet are salient.
The permanent magnet synchronous motors are not self-starting motors. So, it is necessary to

control the variable frequency of the stator electronically.
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2.5 Mathematical model of PMSM

The study of an electric motor behavior is a hard task and requires good knowledge of its
model to properly predict its dynamic behavior under different operating conditions.

In this section, the mathematical models of AC electric machines describing their
electromechanical behaviors are established. The three-phase mathematical model of permanent
magnet synchronous motors is developed. The classical models using the Concordia/Clarke and
Park transformations are demonstrated in to define the two-phase equivalent models of AC
machines. Using these transformations, many concepts, interpretations, and simplified models can
be obtained to analyze the AC machine behavior. An approach to study AC machines is to
transform the variables (voltages, currents, and flux linkages) stated in a fixed reference frame to

a rotating frame defined by the Concordia/Clarke and Park transformations.

Modeling a permanent magnet synchronous motor is similar to a classical synchronous
machine, except that the flux from the magnets is constant. Then, the model is derived from the
classical synchronous machine [60]. To simplify the modeling of the machine, the following
assumptions are introduced:

e The damping effect of the rotor is neglected.

e The magnetic circuit of the machine is not saturated.

e The distribution of the magneto-motive forces (MMF) is sinusoidal.
e The coupling capacitors between the windings are neglected.

e The hysteresis phenomena and the eddy currents are neglected.

e The gap irregularities owing to the stator slots are neglected.

Under these assumptions and using basic concepts, the electrical and mechanical equations

describing the dynamical behavior of the PMSM are obtained.

2.5.1 Electric Equations

The three-phase stator voltage equations are expressed as:

d¥g,
Vsa = Rslsa + T
d¥g
Vsb = Rslsb + dtb (2.1)
dW¥Wsc
Vsb = Rslsb + dt
Or in a matrix form as:
_ d[¥sabcl
[Vsabc] - Rs[lsabc] + ——sabe (2'2)

dt
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Where:

[Veabel = [Vsa, Ve, Vsl T are the phase stator voltages.

R;s is the stator resistance.
[lsabe] = lisa, isp, isc]T are the phase stator currents.

[(Weine] = [Ws,, Wy, W )T are the stator fluxes.

2.5.2 Magnetic Equations

The stator flux is expressed as:

[lpsabc] = [Lss][lsabc] + [lprabc] (2-3)
Where [W,.pc] is the rotor (permanent magnet) flux which is given as:
cos(po
lpra (p m)ZT[
Wy | = W, |00S(POm =) (24)
l‘IJI‘C

cOS(POy, + =)

0., 1S the rotor position angle, and p as the pole pair number.

The inductance matrix [L] as:

Laa Mab Mac
[Les] = [Mpa  Lob My (2.5)
Mca Mcb I—cc
where:
L.a, Lpb, Lcc are the phases self-inductances.
M.p, Mpa, Mo, M, My, M, are the mutual inductances between phases.
For the salient pole machines, the inductance matrix [L¢] can be expressed as:
[Les] = [Lso] + [Lgy] (2.6)
where:
I-SO I\/ISO I\/ISO
[Lso] =|Mso Lso My,
MSO MSO I-SO

Ir COS(2p0rm)  COS(2pB —Z)  COS(2POy, — %“)]I
and: [Le,] =|cos(2pby, — 2?“) cos(2p8,, + 2?“) cos(2p6y,) |
lcos(Zpem + 2?“) cos(2p6,,) cos(2p6,, — 2?")

Then (2.2) becomes:
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[Veanel = Rellsabel + 3 {lLesIlabe] + [Paapel} (27)

Note that (2.7) is time varying and nonlinear.

2.5.3 The Concordia/Clark and Park Transformations

To derive an equivalent two-phase representation in order to facilitate the analysis and
control design, the Park transformation is usually employed to obtain the expression of the model
in the (d, g) frame. This transformation renders simpler the dynamical equations of the PMSM.

1. Three-phase-Two-phase Transformation: from an (a, b, c) three-phase stationary frame to
an (a, p) two-phase stationary frame. This transformation is called the Concordia

(obtained from Park transformation preserving energy) or Clarke transformation (obtained
from Park transformation preserving amplitudes).

2. Fixed frame-Rotating frame Transformation: from an (a, f) two-phase stationary frame to

a two-phase synchronous rotating (d, q) frame, this transformation is called the Park
transformation.

Three-phase fixed frame Two-phase fixed frame Two-phase rotating frame
[b 1 IB Iq
L, ! ,
% d
\ T
i a axis

Fig.2.9 The Clark/Concordia-Park transformations

2.5.4 PMSM modeling in fixed two-phase frame

Now, an equivalent two-phase representation in a fixed frame is introduced. Using the
Concordia transformation:
« Xsa
[XS“] = CoT [ X (2.8)
* Xsc
1 0
ey
Where: Co = \/; 2 2 (2.9
-]
2 2
multiplying by C, the left side of Eq. (2.7) and using the identity C,” C, = 12x2 with x a variable
(voltage, current or flux), it follows that:
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[VSO(B] = RS[IsOLB] + d[ASS] [ SO(B] + [Ass] IsaB] [q;rtaﬁ] (210)

With: [Ags] = {Co " [LssICo}.

Taking Mg, = —%Lso and using the following trigonometric equivalences:
2T 2T 2T
Cos <p9m ) Cos(pb,, )cOs< ) + Sin(po,,)Sin (—)
3 3 3
2T 2T . /2T
Cos <p9m + ?) = Cos(p6,,)Cos <?) — Sin(p6,,)Sin <?)

Where: Cos (2?”) = —%and Sin (2?”) = ? , it follows that:

SV[COS(Zme) Sin(2pem)] -Lso [1 0 _[La L(xB] (2.11)

[Ass] = Sin(2p6,,.) Cos(2p6,,) 0 U7l Lg

whose the time derivative is given by:

—Sin(2p8,,) COS(Zpem)] (2.12)

Cos(2p6,,) Sin(2p6,,)

Furthermore, using the Concordia transformation, the fluxes ¥, and ¥,z can be expressed as:

d[Ass] _
—5 = LsvbQ [

‘Prg —CO I ] (2.13)
. 11 Cos(pem)21T
:\E . £32 _ﬁ Y. Cos(pem—g) (2.14)
2 2 Cos(pf,, + ?)
It follows that:
iz] = 3% [sinpomy 219

Where: J = [_01 Cl)] is a skew-symmetric matrix, satisfying the following property:

Jg=1
The time derivative of (2.15) is of the form:
%rq QY
at | _[~DP rB]
sy = | o, (2.16)

dt

2.5.5 PMSM modeling in rotating two-phase frame

An equivalent two-phase representation in a rotating frame is introduced. Using the
overall Park transformation, the electric equations of a three-phase model (stationary abc frame)
of the motor are transformed into the two-phase model (rotatory (d, g, 0) frame). The (d, g, 0)
transformation can reduce three AC variables (voltages, currents...) to two DC variables or by
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applying the first transformation, i.e., the Concordia transformation Co, then the second step is the
application of the park transformation P in order to obtain the two-phase synchronous rotating
representation of the PMSM.

The resulting voltage equations are given as:

[ﬁzz] = P(8,)" [ﬁz;] 2.17)
Where:

_ [CosB, —SinB,
P6.) = [Sinee Cos0, ]

0. = pb,, Is the electrical angle defined from the position of the rotor with respect to stator.
Then,

xsa
[ee] = P[] = Peoayrcor ["sb] (219

xSC
Combining Eq. (2.18) with (2.7), it follows that:

CoP(6,)P(6.)TCo" [Vyapc] =
R,CoP(8,)P(8,)T Co [l up.] + % (¥, 0]} + % {[Lss1CoP(6.)P(6.)T CoT [Isqp 1} (2.19)

Then the model of the PMSM in the (d, q) frame is obtained:

[Veaq] = Rellsaq] + P(8)T = ATAIP(8)H  Isaq] + P(8) [Ass1P(8e) - {[Isaq]} — P2 I[Wrag)
(2.20)

In case of IPMSM, the voltage equation is given as:

[Vaaa] = {[Rs] = P2[Laql T} [Isaq] + [Lag) L2t — p2 3, 4,] (2.21)

dt

Moreover, for a specific value of 6, the g-component of the rotor flux equal to zero (i.e., ¥yq)

and the d-component of the rotor flux equal to ¥, (W.q = ¥;) , it follows that:

disq
o il ol o o R | i M @2
Vsgl  Ip0Ly 0 Lgl|disa| |p2¥; '

dt

2.5.6 Mechanical Equations

The rotor electrical position 6, is determined by:

b,
dt

=w (2.23)
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And the rotor speed Q from:
an
] = L2=T,—T (2.24)
Where:

o = p*Q: the angular electrical speed.

p: the pole pairs number.
Q: the rotor angular speed.

T.: the electromagnetic torque.

T,: the load torque.

J: the inertia moment. i.e., the inertia of the synchronous machine plus the load inertia.
f,- the viscous friction coefficient.

The electromagnetic torque T, is generated by the interaction between the rotor magnets
poles and the poles induced by the magneto-motive forces in the air gap.

Then, the electromagnetic torque T, is given in case of IPMSM as [3]:

Te = p(Ld - Lq)isdisq + p[qudisq - quqisd] (2-25)
By replacing (2.25) in (2.24), then:
JE2+ £,0 = p(Lag — Lg)isaisq + P[¥raisg — ¥rgisal = Ty (2.26)

Choosing the orientation of the (d, q) frame such that the gq-component of the rotor flux is
equal to zero (¥., = 0) and the d-component of the rotor flux is equal to ¥,, then (2.26) can be

expressed as:

an P .
]E +0= p(Ld - Lq)lsdlsq + p[qulsq] - T, (2.27)
The final model of the IPMSM, in the rotor flux oriented (d, q) frame is:
disd Rs Lq Vsa
dt | Lgsa T PRy e T
disg _ _Rs; _ ola; Ysa _ p,n¥r
. = 1. lsq p L, isqg + L p L (2.28)
df fi 1 o ) 1
E = _TU-Q + jp(Ld - Lq)lsdlsq + qurlsq - 7Tl
For the SPMSM, (Lq = L, = L;). Then, the electromagnetic torque is only given as:
T, = p¥isq (2.29)

Replacing (2.29) in (2.24) with L, = L, = L, it follows that the rotor speed dynamics is given as:
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dn .
]E = _ﬁJ-Q + qurlsq - Tl (230)
Then the final SPMSM model in the rotor flux oriented (d,q) frame is:
dig Rs . . s
% = _led + pllisq _UL_Sd (2.31)
dig Rs . . Vs, Y,
d_tq: —leq —p.()tsd+L—Sq—p!2Z (2.32)
o _ P _1rp
at J J gt

2.5.7 State-space model of PMSM

For the torque or angular speed control, the nonlinear state-space model of the IPMSM in the
(d, g) frame is shown in (2.33). However for the SPMSM: (L = L, = Ly).

. R . Lg .
[Lisa] [ — =g+ p—qlsq.Q 1 [i 0O O
|ac| | Ls La |t [ [Vsa
|Gisa| = | —By +B; 0220 lijo L o|lv
ac || Lg% e a |+ Lq 5q (2.33)
lﬂj [”"""L plotd); ——".QJ lo _yfth
dt I sq Lq sd'sq I ]

where:

[isa, isq » €] are the states.

[Vsa, vsq, T ] are the inputs, where T; is assumed to be an unknown input.
The measurable outputs are the stator currents [isq, i5q]-

2.6 Control techniques of PMSM
The basic block scheme of adjustable speed drive with control block for PMSM is

presented in Fig.2.10. It consists of two parts: power and control part employed microprocessor.

The main requirements for high performance PWM inverter-fed PMSM drive are:
Operation with and without mechanical motion sensor, fast flux and torque response, available
maximum output torque in wide range of speed operation region, constant switching frequency,
low flux and torque ripples, robustness to parameters variation, four quadrant operation. To meet

the above requirements, different control methods can be used [5].
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Fig.2.10 The basic block scheme of PMSM drive supplied voltage source inverter [61]

The main task of control block is to follow demand reference speed by motor and provide
proper operation in static (insight of the limits) and dynamic states without any instability. This is
ensured through suitable generated gate signals for the IGBT transistor inside of the inverter.
Therefore, to make good decision how to control power transistors in the inverter, the following

feedback signals are measured and used:
» motor phase currents
» speed or position of the rotor
» DC link voltage

This significantly improves dynamic behavior of the system (good performance of the
torque and speed response, very fast dynamics response with fully controllable torque in wide

speed range).

The general classification of the variable frequency control methods for PMSM is
presented in Fig.2.11, the PMSM control methods can be divided into scalar and vector control.
In scalar control, which based on a relation valid for steady states, only the magnitude and
frequency (angular speed) of voltage, currents, and flux linkage space vectors are controlled.
Thus, the control system does not act on space vector position during transient times. Therefore,
this control is dedicated for application, where high dynamics is not demanded [6]. Another
problem with scalar control is that the motor flux and torque in general are coupled [62]. This
inherent coupling affects the response and makes the system prone to instability if it is not

considered.
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Fig.2.11 Classification of PMSM control methods [61]

One control technique in the scalar control is known as V/F control where the motor is
controlled by adjustable stator voltage magnitude and frequency in such a way that the air gap
flux is always maintained at desired value under steady state.

On the contrary, the vector control which is based on relation valid for dynamics states,
not just magnitude and frequency (angular speed), but also instantaneous position of voltage,
current and flux space vectors are controlled. Thus, the control system adjusts the position of the

space vectors and guarantees their correct orientation for both steady states and transients.

2.6.1 Direct torque control of PMSM

Direct Torque Control was first introduced for induction motors [9] in 1984 in Japan
Takahashi and Nagochi and also in Germany by Depenbrock under the name of Direct Self-
Control (DSC) [10] in 1985. The methods were characterized by their simplicity, good
performance and robustness. Unlike the FOC method, DTC worked without any external
measurement of the rotors mechanical position. The reason behind the simplicity is that DTC not
require any current regulators, transformations to rotating reference frame or PWM generators.
Direct torque control achieves a decoupled control of the stator flux and the electromagnetic
torque in the stationary frame (o, B). It uses a switching table for the selection of an appropriate
voltage vector. The selection of the switching states is related directly to the variation of the stator
flux and the torque of the machine. Hence, the selection is made by restricting the flux and torque
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magnitudes within two hysteresis bands. Those controllers ensure a separated regulation of both
of these quantities. The inputs of hysteresis controllers are the flux and the torque errors as well as
their outputs determine the appropriate voltage vector for each commutation period.

2.6.2 Field oriented control of PMSM

During many years a DC motor has been mostly used. Because of simple control method,
which based on fact that flux and torque can be controlled separately using current control loop
with PI controllers. However the weak point of this drive was DC motor, which could not worked
in aggressive or volatile environment and required cyclical maintenance. This disadvantages has
been eliminated, when instead of DC machine a three phase PMSM motor were used. In
searching new control method for induction machine in 1972 was developed vector control
method known as field oriented control (FOC) [7,8]. This method allows control the flux and the
torque in the AC machine in similar way as for DC motor. It was achieved by transform current
vector in stationary reference frame (a,) into new coordinate system (d,q) with respect to rotor
(magnet) flux vector. So the flux produced by permanent magnet is frozen to the direct axis of the

rotor (see Fig.2.12).
q—aas P —ais

Fig.2.12 Vector diagram illustrated the principle of FOC [61]

Further, stator current vector can be split into two current components: flux current isq and
torque producing current isq. In analogy to separate commutator motor, the flux current
components corresponds to excitation current and torque-producing current corresponds to the

armature current.

The main question is how or in which manner produce the reference currents components
ISq ref , 1Sq ref IN respect to requirement of references torque, speed and flux. Its leads to many

realization of current control structure. Among them generally we can distinguish two structures
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of current control loop. One of them is hysteresis based control (Fig.2.13) [65] and the second one
is P1 based current controllers without an outer speed control (Fig.2.14).
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Fig.2.13 Vector control structure for PMSM with: hysteresis based controllers [61]
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Fig.2.14 Vector control structure for PMSM with: PI current controllers [61]

Hysteresis based current control has following disadvantage such as [65]:

e Measurement of three phase currents is required.

e Three independent hysteresis current controllers are required.

e Variable switching frequency is achieved with fast sampling time is required.
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All this listed above disadvantage can be eliminate, when the PI current controllers are
used, this structure is mostly used in industrial application, an outer speed Pl controller can be
added in the outer control loop as in Fig.2.15.
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Fig.2.15 Vector control structure for PMSM with: PI current and speed controllers [66]
From eq(2.33) and eq(2.25) by taking the [isq, isq] as the states and for the case of non-salient

poles permanent magnet synchronous machine (SPMSM) and from eq(2.29):

. Tere
Lsqref — p'P: (234)

For many years the CTA control (is4,.; =0) method has been a popular technique for a
long time because of simple control. This method was dedicated for surface permanent magnet
synchronous motor (SPMSM), where the magnetic saliency does not exist [61]. So the maximum
torque per ampere is obtained, when stator current vector is shifted in respect to rotor flux vector
90 degree. However, in IPMSM, maximum torque per ampere is obtained with torque angle more
than 90 degree. This is because of existence of reluctance torque component due to magnetic
saliency. Therefore, the is4,.; should be negative value [61].

The block diagram of field oriented control (FOC) of PMSM in Fig.2.15 which has the
decoupled torque and flux channels with feedback. The rotor position information is required for
the FOC of the motor. Motor speed is compared with reference speed and the error is fed as input

to the PI controller whose output will be proportional to torque producing component of stator
current (isqrer). This current is compared with g-axis component of stator current (isq) and error
is fed to another Pl controller to find g-axis reference voltage component V... The d-axis

component of stator reference current which is the flux producing component (iss..r) is taken
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equal to zero to satisfy maximum torque per ampere condition. This current is compared with

motor d-axis current component and the error is fed to PI controller to find V,..f.

The reference voltage vector is generated by different operating times of null vector and
adjacent vectors in the sector in which V,..(lies (to be more detailed in the following section). For
a sampling period Ts, the operating time of active vectors and null vectors should satisfy the volt

sec balance without forgetting that the Vg,..rand Vy,..rcomponents of voltage is transformed into

Varerand Vg, rbefore fed as input to SVPWM block

2.7 Voltage source inverter for PMSM supply

As shown in the Fig.2.10, the adjustable speed drive (ASD) commonly used in industrial
applications to supply three-phase AC motor consists of a diode rectifier, DC link filter and an
inverter. The rectifier converts supply AC voltage into DC voltage. The DC voltage is filtered by
a capacitor in the DC link. The inverter converts the DC to a variable voltage, variable frequency
AC for motor speed or (torque/current) control.

The constant DC voltage made by the rectifier is delivered the to the input of the inverter
which thanks to the controlled transistor switches, converts this voltage to a three-phase AC
voltage signal with wide range variable voltage amplitude and frequency. One leg of the inverter
consists of two transistor switches as in Fig.2.16. A simple transistor switch consists of a
feedback diode connected in anti-parallel with a transistor. The feedback diode conducts current

when the load current direction is opposite to the voltage direction.

Voltage Source Inverter

T
—] D,
]:j D'__'-'
A B (2
|:j|T DT:.;.‘\" T Lr_-s.\' j|TLI':C.V
N
Three-phase motor windings

Fig 2.16 Basic scheme of voltage source inverter circuit [61]
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Assuming that the power devices are ideal, when they are conducting, the voltage across
them is zero and they present an open circuit in their blocking mode. Therefore, each inverter leg
can be represented as an ideal switch. It gives possibility to connect each of the three motor phase
coils to a positive or negative voltage of the dc link. Thus, the equivalent scheme for the three-
phase inverter and possible eight combinations of the switches in the inverter are shown in

appendix B.
The inverter’s control bases on the logic values Si, where:
S; =1, T;is ON and T, is OFF.
S; =0, T;isON and T, is ON.
With: i =a,b,c.

The voltage vector is generated by the following equation
3 L2TC AT
Vo = |5 Vac [Sa + S,e’s + S.e’ 3] (2.43)

V4 DC link voltage.

There are eight possible positions from the combinations of the switching states. Six are active
(basic) vectors (V1, V2 ... V6) and two are zero (null) vectors (VO, V7).

2.7.1 Space vector pulse width modulation

Space Vector Pulse Width Modulation (SVPWM) is a technique used in the final step of
field oriented control (FOC) to determine the pulse-width modulated signals for the inverter
switches in order to generate the desired 3-phase voltages to the motor. SVPWM is claimed to be
more efficient compared to natural and regular sampled PWM.

The principle of SVM is the prediction of inverter voltage vector by the projection of the
reference vector V¢* between adjacent vectors corresponding to two non-zero switching states.
For a two-level inverter, the switching vectors diagram forms a hexagon divided into six sectors,

each one is expanded by 60° as shown in Fig.2.17.
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Fig 2.17 Representation of the inverter states in the complex space [61]

The application time for each vector can be obtained by vector calculations and the rest of

the time period will be spent by applying the null vector.

Vog % v,

&

T:
Fig 2.18 Reference vector as a combination of adjacent vectors at sector 1 [61]

In each sector, the basic vectors associated with that sector are firstly found, and then the

synthesizing of the reference vector is done by switching between the two vectors (In this case V;

and V,).
The volt-second principle for sector 1 can be expressed by:
Vsre Ts = ViTy + Vo T, + VT (2.44)
T,=T,+T,+T, (2.45)
Where:

T;,T,, T, are the corresponding application times of the voltage vectors respectively.

T; is the sampling time.
The determination of times T; and T, corresponding to the voltage vectors are obtained by
simple projections.
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— _TV3 _ Vpres
Tl - V3V 4e (Varef V3 )

(2.46)
_ T
TZ - \/§V_dcvﬁref
V4. DC bus voltage.
The calculation of the switching times (duty cycles) is expressed as follows:
Upper side:
Taon = Ty + Ty + 2 (2.47)
Tyon = Ty + 2 (2.48)
Tyon = - (2.49)
Lower side:
T'aon= =2 (2.50)
T*pon = Ty + =2 (2.51)
T'con =Ty + Ty +2 (2.52)
4 I‘ 5l I‘ i
TE’E| T, | T, | Tz T:.-'2| T, | T, [T/1
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Fig 2.19 Switching times for sector 1 [61]

Switching times for other sectors are to be shown in the appendix B.

2.8 Simulation of field oriented control with space vector modulation (FOC-SVM)
This section presents the simulation of field oriented control with space vector modulation
of SPMSM. It has been implemented in Simulink, this software provides an interactive graphical

environment and set of block libraries that let you simulate a variety of time-varying systems.

2.8.1 Simulation description

The mathematical equations discussed previously have been modeled using Simulink. The
simulation covered both the starting up and the steady states operation of the controlled motor
without/with load. The simulation has been conducted in a time of 0.4seconds for three phase

non-salient pole rotor 415W SPMSM with characteristics given in the appendix B.
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Load torque of 2.5N.m (Full-load) was applied at t=0.2sec, Furthermore, the rotor speed
response is compared to a speed reference of 1000 rpm.

Fig.2.20 presents the Simulink block of FOC-SVM of SPMSM.
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Fig.2.20 Simulink block of FOC-SVM of SPMSM

Some interior blocks are obtained from the simulink library directly and some are built

based on their mathematical models seen previously.

2.8.2 Simulation results analysis

The following figures represent the results of simulation of field oriented control based on
space vector modulation of SPMSM.
e Rotor speed response analysis
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Fig.2.21 Rotor speed response
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When starting (No-load condition), the speed signal stabilizes after a short response time

of 0.02sec, then the speed of rotation signal follows the reference speed (1000rpm).

When load torque was applied at t=0.2sec, speed of the motor decreases for a time of
0.02sec then re-follows the reference speed. This is known for Torque-speed relationship, they are
said to be inversely proportional (ability to generate torque diminishes with increase of speed) and
the reason for this is because the back EMF opposes the supply that is attempting to force current
into the stator, that will generate EM-Torque.

e Stator currents analysis
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Fig.2.22 Stator currents in abc frame
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Fig.2.23 Stator currents in d-q frame

In the three phase abc frame, low oscillations observed in stator currents signals for a short
duration of 0.02sec then stabilizes around zero when no loaded. When load torque application at

t=0.2sec, stator currents are periodic sinusoids with magnitude of 2.8A and shifted 120° apart.
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In the two phase rotary d-q frame, the direct stator current is oscillating around zero with a
small undershoot having a short duration of 0.02sec. This direct stator current is efficient and
sufficient to achieve the MTPA when applying the CTA control command in the field oriented
control of SPMSMs. Whereas the quadratic stator current which is the torque producing current is
matching the torque as in Fig.2.24 to provide the required torque on the motor shaft.

e Torque response analysis
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Fig.2.24 Torque response

Torque produced by the motor reaches its maximum value (5.7N.m) then disappears once
the steady state is reached. When load torque is applied, the torque increases to instantly
compensate for the load torque then decreases to match the full load torque (2.5N.m) with a few
additional ripples caused by the inverter (but always less enough comparing to FOC or other
control methods in case where the inverter is not fed by the PWM or SVPWM).

2.8.3 Simulation results conclusion

A summary to be created about the results of this simulation is that vector control
technique (FOC-SVM) with PI controllers (in the outer and inner loops) for a permanent magnet
synchronous motor is a good and efficient control technique to be used. The PI controllers had a
good dynamic response where the steady states commands were attained. This control method
would be reliable on when the need of good ability to reject perturbations and ripples elimination.

Since this thesis is about fault tolerant control, one thing can be noticed is that the results
of this simulation represent the healthy state response to the motor parameters and to the control
commands. Those results are the image of a healthy electric drive system and are sufficient to be
set as a reference when compared to the results of an electric drive system under fault events
which is the work to be done in the next chapter.
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2.9 Chapter conclusion
In this chapter, Permanent magnet synchronous motor (PMSM) was discussed, starting
with its advantages and applications comparing with other motors, then its construction and
operating principle. Models were then presented to describe the dynamic behavior of the
machine. These models were expressed through mathematical modeling based on various
simplifying assumptions and general park model. Finally, we presented the vector control strategy
with the space vector modulation (FOC-SVM) aiming for a speed variation of the SPMSM,

associated with a simulation in Simulink software where the results were satisfying.

The control strategy used (FOC-SVM) requires accurate knowledge of the stator
currents. These electrical quantities are measured by current sensors, which make these elements
essential for the control operation. In addition, the necessity to improve system availability,
security and service continuity requires the implementation of fault tolerant control of these

components.

In the following chapter, we will present the contribution of this work to the fault tolerant
control of current sensors in variable speed drives using PMSMs.

56



Chapter 111

Current Sensor Fault
Tolerant Control of PMSM




Chapter I11 Current Sensor Fault Tolerant Control of PMSM

3.1 Introduction

Current sensors are a key element for the successful control of an electrical drive system,
which is why in this chapter two fault tolerant control techniques of current sensors will be
developed, then will be applied in field oriented control on the permanent magnet synchronous
machine. Different faults will be treated, namely the fault of the sensor gain, the total failure of
the sensor, the dc-offset whether positive or negative, saturation of the sensor and current sensor
having noise disturbance. The proposed active tolerant control encompasses a logical circuit to
ensure fault detection and isolation as well as system reconfiguration in the event of a fault. It also
contains a current observer to reconstruct the stator currents in order to replace faulty
measurements of faulty sensors with a correct estimation. In short, the detection and isolation of
faults and the reconfiguration of the system (FDIR) is an important part of systems engineering.
Its primary objective is the early detection and isolation of faults, and then the reconfiguration of
the system to anticipate further damage to the system and ensure the continuity of service. When a
failure occurs in a system, the activation of an alarm is essential, but the emergency shutdown of
the system is not always the best course of action. Therefore, simultaneous reconfiguration of this
is required to allow uninterrupted operation. Whereas the proposed passive tolerant control is
based on a 1st order robust controller to design the outer loop speed control to avoid the total

shutdown of the system but a degradation in its performance is contingent in return.

This chapter is intended exclusively for the work carried out in both fault tolerant
techniques for several current sensor faults in the PMSM drive. Then, multiple tests and
simulations on the Matlab/Simulink environment of the proposed FTCs to be applied to the
SPMSM used before in chapter II.

3.2 Current sensors in PMSM drives

In electrical engineering, current sensing is one of several techniques used to measure
electric current. The selection of a current sensing method depends on requirements such as
magnitude, accuracy, bandwidth, robustness, cost, isolation, and size.

In a typical application, the Hall sensor is used in combination with a ring-shaped soft
ferromagnetic core. The hall sensor is placed in a small air gap, and the current conductor is
passed through the inner part of the ferromagnetic ring. The ferromagnetic ring concentrates and
amplifies the magnetic flux on the hall sensor, which generates an output voltage proportional to
the current. The following table illustrates the different current sensing methods and some of their

characteristics.
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Method Accuracy | Isolation Robust Currents | Reliability Cost
Low (high) side current )
) Low No High Low Low Low
sensing
Current sensing amplifiers High No High Low High Low
Isolation amplifiers High Yes High Low Low High
Hall-effect current sensor ) ) ) )
High Yes Moderate High High High
open loop
Closed-loop current ) ) ) ) )
High Yes High High High High
transducers

Table.3.1 Summary of current measurement methods

Looking at Table.3.1, it can be seen that closed-loop current transducers and hall-effect
current sensor have the greatest advantages. In addition, they are reliable and enable the

measurement of high currents. Therefore, they are ideal for measuring the PMSM phase currents.

As discussed in section 1.3.1.2, the current sensors are very sensitive to faults caused
by: connection problems, under-voltage in the power battery, noise, offset and positive or

negative gain faults, or total sensor loss [50]. They are of multiple types as modeled in Fig.3.1.
(a) (b) (c)

Y o4 Sm=yxG ¥ Sm=Y0 ¥+ S =Y + Noise
e s — >
+
Noise

Fig.3.1 Sensor faults modeling: (a) Additive (positive or negative offset) (b) Multiplicative
(gain fault or sensor total loss) (c) Disturbance (noise presence)

3.3 Active fault tolerant control of current sensor fault for PMSM

The main steps to follow when a current sensor fault occurs are to first trigger an
emergency alarm, then identify the nature of the fault and then decide how to fix it. The
primary role of an FTC is fault detection, location identification, decision making to isolate
the faulty component, and reconfiguration of system control. However, to succeed in an
active fault-tolerant control, it is necessary to ensure on one hand the detection and isolation
of the fault and then the reconfiguration of the system, on the other hand, it is also necessary
to succeed in reconstructing the erroneous quantities in order to guarantee the continuity of
the service. It is in this context that an AFTC based on a logical circuit has been proposed to

ensure the three important tasks: detection, isolation and reconfiguration. It should be noted
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that the reconstruction of the stator currents is based on the machine state model and some

measurable quantities.

3.3.1 Estimation of stator current of PMSM with speed sensor

The architecture of the dedicated model for current reconstruction is based on that of the
classic Luenberger observer [36]. Luenberger’s general theory of an adaptive observer is based on
a determined system model, an adaptive mechanism for the estimated variables, and a gain matrix
that ensures system stability [33, 34, 64]. However, in this work, the idea proposed for estimating
stator currents using this theory is based on the conservation of the system model with the gain
matrix, on the other hand, the adaptive mechanism is replaced by measurable quantities

as shown in Fig 3.2

Vi (]

I g

=)

Fig.3.2 Proposed stator currents observer

This makes it possible to obtain an estimate of the stator currents at the same time
efficient, simple, and stable. Therefore, to design this current observer, the PMSM dg-model
presented earlier in Chapter Il by equation (2.33) is used.

In machine applications, the conventional Luenberger observer has often been used for
speed estimation, where the inputs are the currents and voltages and the output is the rotational
speed of the machine. In our application as shown in Fig.3.2 which aims to estimate the stator
currents and not the rotation speed, the inputs will be the stator voltages and the rotation speed
which replaces in turn the adaptive mechanism, on the other hand, the output will be the estimated
stator currents. The stator currents estimation is based on the PMSM model and a gain matrix

which is determined using some stability test [64]:

X = HX + GU + Da (3.1)

—

[X]T = [I/s; I/s;]r [U]T = [Vsd Vsq d)r]a)“ = [Isd - I/sTi Isq - Isq] (32)
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R Ore — 0 0 —k Rs 0
H= Lde RLSd ; G= B 1 oe|r D= \ L4 (3.3)
~Ore - E 0 E L 0 —kore

Where K is a positive constant and the ” sign is used to express the estimated quantities.

3.3.2 Fault detection, isolation and reconfiguration in AFTC

In the proposed active fault-tolerant control method against current sensors failure,
measuring of the line currents I, Iy, and I is performed by three Hall effect current sensors
(sensor-a, sensor-b, and sensor-c) placed in the corresponding phases a, b, and c. However, the
estimation is carried out by the proposed stator currents observer previously presented in Fig.3.2.

The logic circuit presented in Fig.3.5 is intended to ensure the fault detection (FD), by
analyzing the filtered residual signal between measured and estimated quantities. The resulted
signal will be inputted to the absolute value block so that it which will be compared only to one
positive threshold value (Th=0.5A) that is empirically determined by assuming a threshold of
20% (or less by using different tests to the machine) of PMSM rated stator current [63]

Ea — o[ Fauly Sensor 7

Eb — s Determination el
Eec | Algorithm Read Ea, Eb and Ec
I|'.| ey - 1
J - . -
H=— 2
e ]
| =3 ’
| 4 N
" ] - L
r . -1 |' - I
T 5 |- e No
. . //h:,sa-c-h!. £ 76
! > i]
L - - Mo
" £350, Eba], Ezx] L =] |——
— T
o » No
. : 8
f " o End
c st >

Fig.3.3 Current sensors fault detection, isolation Fig.3.4 Flow-chart of faulty sensors

and reconfiguration mechanism: multi-port determination algorithm

switch for proper reconfiguration of a, b, and ¢
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I'n mes B
— |u| —| LPF [—|>=Th [

In estT
Fig.3.5 Faults detection circuit
At every sampuny mistari, Uie FL 10yic clicuit yenerates unee nnpuises Ea, Eb and Ec as

follows:

E, =

{O if I, is in Healthy state with:n =a b c.

1 if I, isin Faulty state

These three impulses (Ea, Eb, and Ec) are passed into an algorithm that allows generating
an index Z (Fig.3.4). Depending on the sensor states, this index can takes integer values from 1 to
8. The different possible combinations of sensor states are summarized in Table.3.2. According to
Z values in Fig.3.4, a multi-port switch is used to select the proper current components to replace
the missing sensor’s information (see Fig.3.3). It is clear that in the case of only one faulty current
sensor, the missing current data will be replaced by the measurements from the two other healthy
sensors by applying Kirchhoff’s currents law to the neutral node as in (3.3) while using the

observer block information when 2 or more sensors are failed.

Iames + Ib mes + Icmes

0 (3.3)

Phase-a sensor | Phase-b sensor | Phase-c sensor Z Proper selected currents
Faulty Healthy Healthy 2 ~(lp mes1c mes), 1bmesand l¢ mes
Healthy Faulty Healthy 3 lames, ~(Ia mest1c mes) and l¢ mes
Healthy Healthy Faulty 4 lames, 1o mesand -(lames* b mes)
Faulty Faulty Healthy 5 laest, Ibestand I mes
Faulty Healthy Faulty 6 laest, Ibmes@nd l¢est
Healthy Faulty Faulty 7 lames, lpestand lgest
Faulty Faulty Faulty 8 laest, Ibestand lc est
Healthy Healthy Healthy 1 lames, Ibmesand ¢ mes

Table.3.2 Phase sensors fault determination with proper selection of corrected value of a, b, and ¢
currents
3.4 Passive FTC of current sensor fault for PMSM using robust controller
Passive fault-tolerant control is based on robust controller design techniques. To
succeed in a passive fault-tolerant control, it is necessary to have a controller that makes the

closed-loop system insensitive to certain faults. This approach requires no online detection of
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the faults which is computationally attractive but very restricted due to the decrease in the
performance of the system to achieve an increased robustness to certain faults. The proposed

speed controller in this thesis is based on the 1st order sliding mode control theory.

3.4.1 Sliding mode control theory

The SMC is a variable structure control method which is widely known in the automatic
and control field. The strength points of the SMC are the robustness against uncertainties, fast
response and simple software and hardware implementation [58, 59]. SMC bases on forcing the
system trajectory to slide along a switching surface under determined control law. It consists of
two phases, a reaching phase where the state trajectory is driven to the surface S= 0 and reaches it
in a finite time, followed by a sliding phase where it slides on the switching surface to an
equilibrium point, as shown in Fig.3.6 [67].

be;;%
)
J
@
e Reaching phase
& \
> X
\

Reaching phase

Fig.3.6 Sliding mode principle of state trajectory [67].

The design of SMC can be achieved into two phases. The first phase is determining the
switching surface. In engineering applications, the error between control objectives and the
reference inputs and its derivative is used to form the sliding surface [68]. The second phase is to
design the control law in a way that to steer the system trajectory to the sliding surface [69, 70].
The well applied sliding surface was proposed by Slotine as:

s=(L+ x)"_l e (3.4)

Where S is the sliding surface, A is positive constant, e is the system error and n is the system
relative order. The sliding mode must exist in all points of the surface S = 0. To guarantee that the
system state stays in sliding mode after the reaching phase, the existence conditions should be:
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{nmnﬁo- $<0 (35)

lim, o+ $>0

It means that if S is positive, then its derivative should be negative and if S is negative,

then its derivative should be positive. It can be written in a simplified way as:
sS<0 (3.6)

Since the existence problem looks like a generalized stability problem, it can be

summarized in terms of Lyapunov’s theory as the follows [71]:
— 12
V= ES (3.7)

The aim is to determine a control law such that V < 0 in order to drive the system states to the
sliding-mode surface:

V=55<0 (3.8)

when S=0, V is negative definite. Therefore, for finite time convergence the condition (3.8)
ensures asymptotically convergence towards the sliding surface.

3.4.2 First order SM-speed controller design

In this section, first order sliding mode controller will be designed for speed regulation
loop to generate the electromagnetic toque reference and to ensure good dynamic and fast
response while the control design principle is discussed in Appendix C. The sliding surface of the
rotor speed is defined by:

Swr = w; — Wy (3 9)
Sw, = @F — @y '
The mechanical equation of induction motor is given as:
d)r = %(Te - TL) - §wr (310)

By substituting the equation (3.10) in the equation of the speed surface derivative, it will be given

as follows:

S = a7 =7 (T, = T, ~ foo,) (311)
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Basing on sliding mode theory, we can write:

Te = Teeq + Ten (312)
The equivalent control part is defined during the sliding mode state Sw=0, then the equivalent
control:
Teeq = fwr + TL (313)
The discontinuous part is defined as:
Ten = Ky, sign(Sy,,) (3.14)

3.5 Simulation of the FOC-SVM for SPMSM with current sensor faults

As mentioned previously in chapter Il, the results of the first simulation represent an
image of a healthy electric drive system and those results are sufficient and reliable to be
compared with in case of some failures in the SPMSM drive system. It is necessary to know the
effects of several current sensor faults on the whole system's performance and stability in order to
choose the best, suitable tolerant control system to these faults. Thus, a simulation of FOC-SVM
under some current sensor faults without a tolerant system was conducted.

This simulation of t=0.4sec can be conducted using the same Simulink block of chapter Il
(Fig.2.20) (Full load torque of 2.5N.m at t=0.2sec) with an addition of some fault events while
relinquishing the tolerant system in order to see, study and analyze the effect of failed current
sensors on the system's performance, stability and security. The fault events to be tested for this
simulation are the total loss of current sensor a (stator phase a current sensor), gain fault in current
sensor a (30%) and the DC-offset fault in current sensor a (+0.5A).

3.5.1 Simulation results and analysis

The following figures (Fig.3.7, Fig.3.8, Fig.3.9) represent the results of simulation with an
application of several faults on the stator current sensor a at t=0.3sec.

e Total loss of current sensor a

Stator currents (A)
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Fig.3.7 Simulation results of the FOC-SVM for SPMSM with total loss of current
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Fig.3.9 Simulation results of the FOC-SVM for SPMSM with DC-offset fault

(+0.5A) of current sensor a: (a) Three phase currents (b) Speed response (c) d-q

current components (d) Torque response

The stator current |, is affected by the several faults applied on its sensor, as no signal
appears when the total loss of the signal, higher peak-to-peak value comparing to its healthy state
when gain fault was applied and a positive shift in its magnitude due to the DC-offset shift in the
sensor readings. The other 2 stator currents were not affected in the last two tests but were highly
affected when the total loss fault of the sensor was applied since the Kirchhoff’s currents law
won't exist anymore. Those false results will affect the d-g current components as shown in the
three previous figures and hence the Pl controllers which leads to high ripples in the produced
torque which causes speed oscillations that contradicts with the advantage of PMSMs. The high

speed oscillations could damage the motor shaft and the whole drive leading to a disaster that
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could harm the drive environment. This simulation had several tests only to the stator current
sensor a and its result were not promising since the PMSM's performance decreased and its
stability is not guaranteed. Hence, the PMSM is neither reliable nor secure anymore. Further
damage could be seen when applying these faults or others simultaneously or successively on the

SENSOIS.

3.5.2 Simulation results conclusion

After reaching good results and responses to control commands for the permanent magnet
synchronous machine in chapter 11, a necessity to develop a fault tolerant control system is
looming in order to increase the reliability, security and availability of the whole system. This
necessity is demanded because of the weak response of the system in the event of current sensor
faults in the absence of the tolerant control system. Especially that these faults destabilize the
system's security and performance and cannot be rid unless the components are changed
(hardware redundancy), tolerated (passive tolerant control system based on software redundancy)
or reconfigured (active tolerant system based on software redundancy) which is the work done in

the next simulations.

3.6 Simulation of the PFTC of SPMSM with current sensor fault
Fig.3.10 presents the Simulink block of the passive fault tolerant control for multiple current
sensor faults based on 1st order SM speed controller in SPMSM with FOC-SVM control
technique where the only difference between the non-tolerated FOC-SVM system and the

tolerated one is in the outer loop design.

Continuous

Vg Ualpha

vd  Ubsta

Anti_Park

- ST

Fig.3.10 Simulink block of the proposed PFTC against current sensors failures in SPMSM
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3.6.1 Simulation results and analysis

The figure (Fig.3.11) represents the results of simulation of the PFTC of SPMSM with

total loss fault in current sensor a at t=0.3sec.
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The simulation results of the PFTC to the current sensor faults are acceptable in a way.
The 1st order SM speed controller had a good robustness against the total loss failure of the
sensor since the actual rotor speed was following the reference command and was unaffected by
the failure in the sensor. In contrast, high oscillations in the d-g current components can be
classified as an apparent effect of the fault due to the loss and non-recovery of the lost signal. As
result, the chattering effect was highly present in the produced torque. The chattering effect can
be noticed before fault application due to the SM design principle. It can be concluded that what
remains in designing a SM speed controller in PMSMs is to find balance between the robustness
and the chattering for wide range of operating conditions. In other words, having a good

robustness to several current sensor faults while having constant performance.

3.6.2 Simulation results conclusion

The results of the proposed PFTC are acceptable under several current sensor failures due
to the good robustness of the SM speed controller that appeared in the rotor speed response. To
improve the design of such controllers, 2nd order SM could be used. The PFTC of certain current
sensor faults is attractive in some domains due its simplicity in design and efficiency under these
faults. It could also be unattractive in other domains due to its side effects and its fault type
dependent design. Another tolerant technique is the AFTC can be used; it preserves the system's
performance and increases the system's dependability under every current sensor fault. The results

of the AFTC simulation to be discussed in the next section.
3.7 Simulation of the AFTC of SPMSM with current sensor faults

Since the results of the previous simulations did not guarantee neither the system's
consistent service continuity nor the system's stability and security in the presence of some fault
events, an active fault tolerant control system must be added in order to ensure the system
continuity of service under any current sensor failures by the software reconfiguration of lost
components signals and to detect the faults in order to increase the drive's system reliability,

availability and security.

Simulation of the AFTC of SPMSM with current sensor faults to be conducted by
converting the block of Fig.3.12 to a Simulink block as shown in Fig.3.13 with an addition of

some fault events.

The simulation results will also be compared to the healthy electric drive system response

and to the PFTC simulation results in order to test if the objectives of this AFTC are achieved.
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Fig.3.12 shows the diagram of the vector control (FOC-SVM) of the SPMSM, active

tolerant to the faults in the current sensors.
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Fig.3.13 Simulink block of the proposed AFTC against current sensors failures in SPMSM

The Simulink block shown in the figure (Fig.3.13) consists of four important blocks: FDI,

current observer, FR and the FOC system where the inputs of the current PI controllers are the

outputs of the FDIR block and this is to ensure always the service continuity in case of a fault
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event or even in the healthy state in anticipation of faults. Several faults can be applied to test the
effectiveness of the whole system. Failures of the three current sensors is the best case to test if
the AFTC is efficient in guaranteeing the system's continuity of service as well as its security
while the occurrence of any type of faults. If so, the AFTC will provide a current sensorless
vector control to the PMSM.

3.7.1 Simulation results and analysis

The following figures (Fig.3.14, Fig.3.15, Fig.3.16, Fig.3.17) represent the results of

simulation under several current sensor faults based on the a-b-c sequence at different times.

e Successive total loss failure in the three current sensors
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Fig.3.14 Simulation results of AFTC of SPMSM with successive total loss failure in
all sensors: (a) Measured abc currents (b) Estimated abc currents (c) Reconfigured
abc currents (d) Measured d-qg currents (e) Estimated d-q currents (f) Reconfigured

d-qg currents (g) FDI output (h) Torque response (i) Speed response

Fig.3.14 illustrates the results of simulation for the proposed AFTC system that was
applied on PMSM, the fault event in this test is the successive total loss in all sensors. Since this
tolerant control system is based on software redundancy, no hardware components are going to be
used. Thus, no successive change in sensors. After a short time (0.005sec) beyond t=0.3sec, The
FDIR block reacts by giving an output signal Z=2 (in FDI block) replacing this faulty measured
current by the correct current signal (in FR block) knowing that the current observer is not used
by the FDIR yet. After a short time beyond t=0.4sec, The FDIR block reacts by giving an output
signal Z=5 replacing the two measured currents by the correct current signals by the use of
current observer. At t=0.5sec, The FDIR block reacts by giving an output signal Z=8 replacing all
measured currents by the correct current signals from the observer. Despite having successive
failures in a small amount of time in all sensors, the PMSM still work (good response to control
commands as shown in the speed and torque responses thus continuity in service) and is not

affected by total loss in current sensors anymore.

e Successive positive gain failure in the three current sensors
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Fig.3.15 Simulation results of AFTC of SPMSM with successive gain failure in all sensors: (a)

Measured abc currents (b) Estimated abc currents (c) Reconfigured abc currents (d) Measured d-

q currents (e) Estimated d-q currents (f) Reconfigured d-q currents (g) Torque response (h)

Speed response

Fig.3.15 illustrates the results of simulation for the proposed AFTC system that was

applied on PMSM, the fault event in this test is the successive gain failures in all sensors. After a

short time (0.005sec) beyond t=0.3sec, The FDIR block reacts by giving an output signal Z=2 (in

FDI block) replacing this faulty measured current by the correct current signal (in FR block)

knowing that the current observer is not used by the FDIR yet. After a short time beyond
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t=0.4sec, The FDIR block reacts by giving an output signal Z=5 replacing the two measured
currents by the correct current signals by the use of current observer. At t=0.5sec, The FDIR
block reacts by giving an output signal Z=8 replacing all measured currents by the correct current
signals from the observer. At t=0.5sec, another thing can be noticed is that all stator currents are
having amplified healthy shape but the fault still exist which is why the FDI block is important in
this system. To conclude, the PMSM is not affected by gain faults in current sensors anymore.

The output signal Z of the FDI block is not shown in Fig.3.15 as it is the same as in
Fig.3.14 by applying the fault successive sequence a-b-c.

e Saturation of current sensor a
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Fig.3.16 Simulation results of AFTC of SPMSM with saturation sensor a: (a) Measured
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currents (e) Estimated d-q currents (f) Reconfigured d-q currents (g) Torque response (h)

Speed response

Fig.3.16 illustrates the results of simulation for the proposed AFTC system that was
applied on PMSM, the fault event in this test is the saturation in sensor a. After a short time
(0.005sec) beyond t=0.4sec, The FDIR block reacts by giving an output signal Z=2 (in FDI block)
replacing this faulty measured current by the correct current signal (in FR block) knowing that the
current observer is not used in case of a single fault. To conclude, the PMSM is not affected by
saturation in current sensors anymore.

e Multiple successive current sensor faults

Three types of current sensor faults were treated. To test the proposed AFTC to other two
faults, Combination of faults is conducted in order to see the effectiveness of AFTC against any
type of faults. At t=0.3sec, current sensor a is having a noise fault. At t=0.4sec, sensor b is having
negative DC-offset fault while at t=0.5sec sensor c is totally lost.
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Fig.3.17 Simulation results of AFTC of SPMSM with multiple successive sensor faults: (a)
Measured abc currents (b) Estimated abc currents (c) Reconfigured abc currents (d) Measured d-
g currents (e) Estimated d-q currents (f) Reconfigured d-q currents (g) Torque response (h)

Speed response

Fig.3.17 illustrates the results of simulation for the proposed AFTC system that was
applied on PMSM, multiple successive faults were conducted. After a short time (0.005sec)
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beyond t=0.3sec, The FDIR block reacts by giving an output signal Z=2 (in FDI block) replacing
this faulty measured current by the correct current signal (in FR block) knowing that the current
observer is not used by the FDIR yet. After a short time beyond t=0.4sec, The FDIR block reacts
by giving an output signal Z=5 replacing the two measured currents by the correct current signals
by the use of current observer. At t=0.5sec, The FDIR block reacts by giving an output signal Z=8
replacing all measured currents by the correct current signals from the observer. Despite having
successive and multiple failures in a small amount of time in all sensors, the PMSM's response to

control commands as shown in the speed and torque responses is attractive.

3.7.2 Simulation results conclusion

AFTC proves its effectiveness to every type of current sensors failures in the PMSM drive
by having a total control on these faults. The PMSM drive is current sensorless when using
AFTC, It is achieved because of a good observer and efficient reconfiguration system. This
property will increase the drive dependability and makes it unaffected to any kind of these faults.

After testing the effectiveness of the proposed AFTC system and simulating the whole
system under several successive current sensor faults, one thing to be said is that the
dependability of the PMSM drive system is high and consistent enough under current sensor
faults when using this tolerant control type. Knowing that the dependability of a system
incorporates RAMS attributes, The Table3.3 summarizes and presents a simple comparison on
the difference between non-tolerant and tolerant systems when undergoing current sensor faults

(evaluation of the attributes only to current sensor faults).

Control
systems Non-tolerant PETC AFTC
systems. systems.
Dependab- control systems.
ility attributes
Itis limited, when | It is dependent to certain ey sEniewed

fault event the faults and the type of when system s having

current sensor failures
since the AFTC can

system will not be controller used. It can be

o reliable anymore increased by finding a
Refiability and needs to be balance between the operate in the sensorless
repaired which | robustness and performance mode as seen by the
depends on the when designing such simulation results.
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redundancy used.

controllers.

Availability

The system is only
available when it is
not undergoing
current sensor
faults. This kind of
systems shut down
directly when faults

occur.

It is also dependent to certain
faults and the type of
controller used since PFTC is
only efficient to certain
faults. Thus, The system is
available only when certain
faults occur or when in

normal state.

The system is always
available whether
undergoing current sensor
faults or being in healthy
state. The total
availability can be
increased by having other
tolerant blocks to other

types of drive faults.

Maintainability

It is dependent on
the type of fault
and maintenance
used which makes
system'’s continuity
of service in

danger.

Maintenance is of software
type in this system and it is
limited to certain faults.
Maintainability of this
system is attractive since
faults were repaired in a very
short duration but with a
degradation in the system's

performance.

Software maintenance is
used and it is always
present. Maintainability
of this system is very
attractive since faults
were repaired in a very
short duration with no
degradation in

performance.

Safety

and security

It is dependent to
the occurrence of

faults.

It is dependent to certain
faults and it is not attractive
as system's continuity of
service is achieved at the
expense of some

components.

The drive's environment
is safe in the occurrence
to any kind of current
sensor faults and the best
evidence is its sensorless

mode of control.

83

Table3.3 Dependability attributes in multiple control systems



Chapter I11 Current Sensor Fault Tolerant Control of PMSM

3.8 Chapter conclusion

In this chapter, passive and active fault tolerant techniques for current sensors have been
proposed in the vector control of permanent magnet synchronous motor. Multiple current sensor
faults were tested to see their effect on the drive's performance. The decrease in reliability,
unavailability and unsecure service of electric drives under these faults necessitate a fault tolerant
control system to limit their effects. In the passive tolerant system compensation between the
robustness of the controller and the overall system performance must be treated. In opposite, the
system's performance in the active tolerant system was consistent and continuous due to three
important blocks. A detection algorithm with a circuit decision logic was applied for each phase,
in order to identify faulty sensors. Immediately after the sensor failure, the FD block generates an
output signal Z indicating failed sensors. Based on the values of Z, the reconfiguration block
selects the correct current components by the use of a simple current observer allowing the
continuity of service and uninterrupted operation. Several and successive current faults in the
three sensors were simulated, The results showed the necessity for higher order SM controller in
the PFTC systems and the ability of AFTCs to work on the current sensorless mode that increases

the system's dependability and makes it unaffected to these faults.
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General Conclusion and Perspective

During the last half-century, dependability and continuity of service were an obligation in
a few fields such as telecommunications, transport and light industry, but essential in other fields
such as aeronautics, defense, aerospace and nuclear. Today, the economic factor and operating
safety standards play a very important role in all sectors which has opened the door to several
avenues of scientific researches; among these researches we find the methods and concepts at the
service of risk control. As a result, fault tolerant controls, which were a feature of some industries,

have become essential for all industries.

This work discussed the fault-tolerant control of current sensors used in variable speed
drives of three-phase permanent magnet synchronous motors. A study has been devoted to this
subject, offering numerous solutions either for the detection of faulty sensors or for the
reconstruction of currents. The solutions offered for the detection of faulty sensors are promising
and diverse, on the other hand, the methods chosen for estimating and reconstructing stator
currents are always limited to a few techniques which suffer from several drawbacks, such as the
need to have at least one healthy current sensor, the need to restart the entire system in the event

of recovery of a faulty sensor, the severe degradation of performance, etc.

The main objectives of this work are to design and test two fault tolerant control systems.
The active tolerant control system is based on a single current observer which ensures the
estimation of three-phase currents without the need of one healthy sensor associated with a fault
detection and isolation mechanism, as well as the reconfiguration of the system for early and on-
line detection of various defective sensors. Whereas the passive tolerant control system is based
on a 1st order robust controller that under certain faults in expense of total system performance.
Those methods were tested on Matlab/Simulink for an SPMSM.

The first chapter presented a state of the art on the main concepts, starting with a few
definitions in the field of electric drives and dependability then fault tolerant control strategies
based on software redundancy reviewing the various faults that may appear in the AC machine
drives including PMSMs.

The second chapter presented an overview about PMSMs, the mathematical modeling
based on simplifying assumptions and the multiple control techniques of PMSMs. The vector
control (FOC-SVM) of PMSM was tested and simulated. The results were promising and can be
considered as the image of a healthy electric drive system and are sufficient to be compared to

results of an electric drive system under fault events which is done in the next chapter.
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The fault tolerant control methods of current sensors proposed in this work are presented
in the third chapter. It mainly dealt with the active and passive fault tolerant control of an
SPMSM with current sensor faults in which there was a test about the effect of these faults on the
system'’s continuity of service and security. Several simulation results of the FTCs of the SPMSM

undergoing several successive current sensor faults were highlighted.

The PFTC proposed in this work is based on 1st order sliding mode when designing the
speed controller. The aim of such system is to ensure the continuity of service under certain faults
by the expense of performance degradation. What remains in designing a SM speed controller in
PMSMs is to find balance between the robustness of the controller and the chattering side effect
for wide range of operating conditions. In other words, having a good robustness to several
current sensor faults while having constant performance. To improve the design of such
controllers, 2nd order SM could be used. The PFTC of certain current sensor faults is attractive in
some domains due its simplicity in design and efficiency under these faults. It could also be

unattractive in other domains due to its side effects and its fault type dependent design.

The AFTC proposed in this work is divided into two parts, the FDIR part which ensures
the detection and isolation of faults as well as the reconfiguration of the system and the part which
ensures the reconstruction of the stator currents. In order to ensure the detection, isolation and
reconfiguration of the electrical drive system in the event of a current sensor fault, a decision
circuit has been put in place. Current sensors are located on the stator phases of the machine to
detect any unusual and undesirable change in the signals of the measured quantities due to a gain
fault, an offset fault or a total break in the sensor signal, the error between the measured currents
and the estimated currents is calculated at each sampling step. The absolute values of the error
obtained on each phase are always kept under analysis by a logical comparator regarding a
threshold. Consequently, in the event of a fault on one or more sensors, the output of the logic
comparator corresponding to the faulty sensor is set to the value 1. After the detection of the
faulty sensor, then comes the isolation, where according to the outputs of the three logic
comparators a decision is made to isolate the sensor(s) and replace the erroneous measurement(s)
by a correct estimate. Certainly, this method is simple and effective; on the other hand, it is
always limited because it requires the selection of an appropriate and well-defined threshold for

each system.

Successful active fault tolerant control of high-performance current sensors is
synonymous with good reconstruction of currents. Until now, little work has offered a solution for

the reconstruction of three-phase currents based on a single estimator without resorting to current
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sensors. The method proposed in this work for the estimation of the PMSM stator currents
ensures this task even in the event of failure of all the current sensors which makes the drive

system unaffected to any current sensor fault.

Needless to say, the subject in question is far from being exhausted and the work of this
work has opened up other avenues for improvement. The plan for the continuity of the work in
the short term aims to:

e Implementation of the work carried in this work.

e Apply the AFTC method on a traction chain of an electric vehicle and an
autonomous photovoltaic pumping system.

e Develop an artificial intelligence-based fault detection and isolation method that
can detect faults in current sensors by skipping the trip threshold adjustment phase.

e Study the effect of the machine faults and parameters on the current estimator.

e Extend the tolerant control over the entire control system including machine faults.

e Developing the sensorless control of the system using MRAS for speed estimation.

e Developing the blocks used in both tolerant systems like using a super twisting 2nd
order sliding mode controller in the PFTCs.

e Developing the PFTCs to tolerate under all current sensor faults.

e Expansion of the FDIR block to the FDIIR where fault identification is present
and developing identification techniques to avoid the famous overlapping

phenomena.

87



Appendices

Appendices

Appendix A.1: Pl speed controller’s gains calculation

The used P1 controller in the outer speed loop for all control schemes is the anti- windup
controller. The dynamic equation and the transfer function using Laplace transform of the speed

loop are given as following:

dor _ _ [ Te _ 1
v ]a)r+] ]TL (A1)
_ o) 1
Gy (s) = Te(s)-TL(s)  Js—f (A-2)
The transfer function (TF) of the PI controller is defined as follow:
PI=K, - (A.3)

K, and K; are the proportional and integral gains.
s is Laplace operator.

Then, Fig.A.1. shows the block diagram of the speed control loop.

T,
wi(s) o T;(s)lg 6y %

Fig.A.1 Speed control loop

By considering the load torque T;, as a disturbance. The global transfer function of the
speed control in open loop becomes:

Gw,(s) = orls) — 1 (Kps + %) (A.2)

W, (s)  Js+f
In closed loop, the TF becomes

Kps + K;
Js2+(Kp+f)s+ K;

Gw,(s) = (A.3)

By identification member to member, the denominator of the equations (A.31) with the
canonical form of second order system given in (A.32):
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1

G(s) = rrtonstan? (A.4)
where w,, is the natural frequency and ¢ is the damping coefficient.
we obtain:
J -1
Kpjﬁ _ ‘;’? o (A4)

The gains are determined for a damping coefficient & = 1.

Appendix B:

Q ————> 0

Fig.B.1 Possible switches state in VSI
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Fig.B.2 Switching times for each sector in SVPWM technique
Specifications Parameters
Nominal power [W] 415 R, = [Q] 4
Nominal voltage [V] 53 L; = [mH] 43
Nominal current [A] 45 Ly, = [mH] 43
Number of pole pairs 2 Y, = [Whb] 0.3
Nominal speed [rpm] 1500 J = [Kg.m2] 85e-6
Nominal torque [N.m] 2.6 F = [Nm.s.rad™1] 0.000005

Table.B.1 SPMSM parameters
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Appendix C: Robust control design

There are various methods in literature for control design. The most common of them are
the relay control, the equivalent control scheme and the linear feedback with switched gains. The
equivalent control is the most used structure for the control of electrical machines (Fig.C.1). It is
preferred due to the relay control which is more suitable for the structure of the power electronics

converters.

u Disturbance

eq
| - 1
Un A’L System Output
-1 —
A

h 4

[ Switching Law }

Fig.C.1 Equivalent control structure

The design of sliding mode control is mostly performed by two parts. The equivalent
control u,, is added to another control term called the discontinuous control ., in order to ensure

that the state trajectory reaches and stays on the switching surface.
The control law expression is given by:
U= Ugq T Uy (C.1)
By considering the following state system:
x = A(x) + B(x)u (C.2)

The equivalent control is found by recognizing that S = 0 is a necessary condition for the

state trajectory to stay on the switching surface S=0.

The time derivative of the sliding surface is given as:

. _9dS _ dSox
By substituting (C.1) and (C.3) into Eq (C.2):
$ =2 A%x) + 2 B(x)ueq + = B, (C.4)
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The equivalent control is defined during the sliding phase and the steady state where S =S =0

and u,,=0.

as 1 s
Uy = — (aB(x)) =% A(x) (C.5)
The existence of an inverse matrix is a necessary, which means the next condition (C.6):
ZB(x) #0 (C.6)
By substituting (C.5) in Eq (C.4), the new sliding surface expression becomes:
S= g—iB(x)un (C.7)

The discontinuous control un is determined during the convergence state and must guarantee the

finite time convergence condition SS < 0 which is given by:
; as
SS = SaB(x)un <0 (C.8)

In order to satisfy this condition, the sign of u,, must be the opposite of the sign of Sg—iB(x). The

discontinuous control is defined as a switching term formed by relay function sign(S) multiplied
by a constant coefficient K.

The relay function is defined by:

sign(S) = {__Fi i; ; i 8 (C.9)
u, = —K sign(S) (C.10)

The coefficient K must be positive to ensure the convergence condition.

In order to limit the effect of chattering, the *“sign(S)” will be replaced by sigmoid function
“sigm(S)”.

sigm(S) = ( 2 ) -1 (C.11)

1+e4S

q is a small positive constant which adjusts the sigmoid function slope.
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