Mohamed Boudiaf University - M’sila

FACULTY OF TECHNOLOGY
DEPARTMENT OFELECTRICAL ENGINEERING i, ous e toob

Serialnumber......................

Registration number................
Thesis

Presented for graduation from

LMD DOCTORATE

Major : Electrical Engineering

Specialty : Electrical Controls

THEME
Fault tolerant control based nonlinear approach for
motor system

Presented by
ZEGHLACHE Ayyoub

Defended on : 14/02/2024

In front of the jury composed of :

Last Name & First Name Grade Establishment Quality
KHODJA Djalal-eddine Professor  Univ. of M’sila President
MEKKI Hemza MCA Univ. of M’sila Advisor
DJERIOUI Ali MCA Univ. of M’sila Co- Advisor
BOUGUERRA Abderrahmen Professor  Univ. of M’sila Examiner
BENHADOUGA Seddik Professor  Univ. of Bordj Bou Arreridj Examiner
SAOUDI Kamel Professor  Univ. of Bouira Examiner

Academic year : 2023/2024



Acknowledgements

Praise be to the Almighty God who has given me faith, courage, and patience to carry out

this work.

I want to express my deep gratitude to my supervisor Dr. Hemza Mekki from m’sila uni-
versity, for the confidence he has placed in me, through his presence always with me, by his

direction, his modesty, his advice, and constructive remarks for the good progress of this work.

I thank Dr. Ali Djerioui from m’sila university for having co-supervised me, for his ori-

entation, availability, listening, and patience during the realization of this job.

I would like to thank everyone who helps me to improve my work. and who gave me any

remark that helped me to perfect this manuscript.

I express my deep gratitude to my parents, my brother, my sister, and my whole family
for their encouragement and prayers that allowed me to achieve this modest job. I am very

grateful for the confidence they have placed in me.

Finally, I express my gratitude to all those who have contributed in one way or another

to the development of this work.

O Allah, send your blessings on your noble messenger, his family, and companions, and

bless us in our life.



e Ll

I dedicate this work to my parents:

May they find here the testimony of my deep gratitude and

acknowledgment

To my brother, my sister, and my family who give love and

liveliness.

To all those who have helped me - directly or indirectly - and those
who shared with me the emotional moments during the
accomplishment of this work and who warmly supported and

encouraged throughout my journey.

To all my friends who have always encouraged me, and to whom I

wish more success.

ThanKs! E ]
N
Ayyoub ZEGHLACHE <




Abstract

This thesis focuses on designing a Fault Tolerant Control (FTC) approach for motor
systems. Electrical motors, widely used in industrial applications, are prone to faults that
compromise efficiency and reliability. The study explores FTC principles and analyzes
faults in motors, particularly addressing challenges in Permanent Magnet Synchronous
Motors (PMSMs). It proposes a novel FTC strategy, combining sliding mode control
(SMC) with nonlinear observers such as fuzzy extended state observer (FESO) and non-
linear extended state observer (NESO). The aim is to ensure robust PMSM operation
amidst disturbances and faults, as confirmed by simulation results demonstrating en-
hanced stability and control performance.

Key words: Fault-Tolerant Control, Permanent Magnet Synchronous Motors, Sliding
Mode Control, Fuzzy Extended State Observer, Nonlinear Fxtended State Observer.
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Résumé

Cette these se concentre sur la conception d’une approche de Commande Tolérante
aux Défauts (FTC) pour les systemes moteurs. Les moteurs électriques, largement utilisés
dans I'industrie, sont sujets a diverses fautes compromettant leur efficacité et fiabilité.
[’étude explore les principes du FTC et analyse les fautes dans les moteurs, mettant
particulierement I'accent sur les défis liés aux Moteurs Synchrones a Aimants Perma-
nents (MSAP). Elle propose une nouvelle stratégie de FTC, combinant le controle par
mode glissant (SMC) avec des observateurs non linéaires tels qu'un observateur flou a
état étendu (FESO) et un observateur non linéaire a état étendu (NESO). L’objectif est
d’assurer un fonctionnement robuste des MSAP en présence de perturbations et de fautes,
comme confirmé par des résultats de simulation démontrant une stabilité accrue et des
performances de controle améliorées.

Mots clés : Commande Tolérante aux Défauts, Moteurs Synchrones a Aimants Perma-
nents, Controle par Mode Glissant, Observateur Flou a Etat Etendu, Observateur Non
Linéaire & Etat Etendu.
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General introduction

Permanent Magnet Synchronous Motors (PMSMs) are widely used in various applications
that require high performance, reliability, and fault tolerance [1]. These motors have the
advantages of a compact design, reduced weight, and high efficiency compared to other types
of electric motors [2, 3, 4]. Multi-phase PMSMs are especially suitable for the transportation
and aerospace industries, where these attributes are essential for ensuring safe and reliable
operation [1, 5].

However, controlling multi-phase PMSMs is challenging, especially under open-circuit
faults (OCFs), which can cause asymmetry and nonlinearity in motor dynamics. These
faults typically arise from a disrupted or disconnected wire in the motor windings [6]. These
effects can result in undesirable torque ripples, degrading the performance and efficiency
of the motor. Therefore, detecting and promptly responding to such faults is paramount
for ensuring continued motor performance and implementing a fault-tolerant control (FTC)
strategy. One of the most common methods for detecting OCFs is to monitor the motor
currents using associated current sensors [7].

Although conventional linear controllers, such as the proportional-integral (PI) controller,
are widely used for field-oriented control (FOC) of PMSMs, they may not be able to cope
with the complexity and nonlinearity of the motor under faults. Surprisingly, there is a
lack of research on nonlinear control methods and compensation techniques for multi-phase
PMSMs under OCFs. This lack of investigation motivates the need for further research and
development in this crucial area of study. Therefore, the main objective of this thesis is
to propose and implement nonlinear controllers for PMSMs under faults, with the aim of
reducing torque ripples and improving motor performance.

Chapter 1 of this thesis serves as a foundational exploration into the realm of FTC
and the analysis of faults in electrical motors. FTC is a critical discipline within control
engineering that seeks to maintain the desired performance and stability of a system even in
the presence of faults. Given the widespread use of electrical motors in industrial applications,

understanding and addressing faults such as stator winding faults, rotor faults, bearing faults,



General introduction

and eccentricity faults becomes paramount. The chapter introduces key concepts such as the
classification of faults in control systems, Motor Current Signature Analysis (MCSA), and
the fault frequency spectrum in AC Induction Motor and AC Synchronous Motor.

Chapter 2 explores the fundamental principles of modeling and FOC of PMSMs. It com-
mences by establishing the general mathematical models for n-phase PMSMs, encompassing
both 3-phase and 5-phase PMSM models. Subsequently, it introduces a generalized FOC
strategy based on PI controllers applicable to n-phase PMSMs. This strategy incorporates
all odd harmonics of electromotive force (EMF) components along with the fundamental har-
monic to achieve enhanced torque performance. The chapter then explores two pulse-width
modulation (PWM) strategies for n-phase voltage source inverters (VSIs), each offering ad-
vantages and limitations. Finally, the chapter concludes by presenting simulation results
that demonstrate the effectiveness of FOC with 3rd harmonic current injection for 5-phase
PMSMs. These results exemplify the performance improvements and torque enhancement
achieved through FOC.

Chapter 3 delves into the specific challenges of the PMSM system using FOC and in-
troduces anti-disturbance sliding-mode control, with a focus on second-order sliding mode
control (SOSMC). This chapter explores the advantages of SOSMC in mitigating chatter-
ing, a common issue in traditional sliding-mode control (SMC). Through simulation tests
and experimental validations on a surface permanent magnet synchronous motor (SPMSM),
the chapter demonstrates SOSMC’s effectiveness in suppressing disturbances and achieving
robust control performance.

Next, chapter 4 addresses the persistent challenges associated with unexpected shutdowns
and malfunctions in 3-phase PMSMs, specifically related to demagnetization and short-circuit
faults. This chapter proposes a novel FTC strategy that combines SOSMC with a fuzzy
extended state observer (FESO) featuring an interval type 2 fuzzy logic controller (IT2FLC)
[8]. The objective is to ensure the robust operation of PMSMs in the face of demagnetization
faults and short-circuit faults. The chapter provides a comprehensive exploration of the
proposed FTC strategy, including the 3-phase PMSM model under the influence of faults
and simulation results.

In Chapter 5, the focus shifts to the fault-tolerant control of 5-phase PMSMs. Despite
their inherent robustness, 5-phase PMSMs are susceptible to OCFs that can impact their
performance. This chapter explores the application of SMC with a nonlinear extended state
observer (NESO) to handle the complexity and nonlinearity of 5-phase PMSMs during OCFs.
The combination of NESO and SMC is proposed as an effective strategy to address external

Univ-Msila/Electrical Engineering: 202/ 2



General introduction

disturbances and enhance fault tolerance. The chapter concludes with an analysis of the
results and implications of this work.

Collectively, these chapters contribute to the overarching goal of enhancing the fault toler-
ance and control performance of electric motors, particularly PMSMs, in various applications.
The proposed strategies and methodologies aim to ensure the robust and reliable operation of
motor systems in the presence of faults, ultimately advancing the field of control engineering

and electrical motor applications.

Univ-Msila/Electrical Engineering: 202/ 3



Chapter 1

Introduction of FTC and Electrical
Motor Fault Analysis

1.1 Introduction

Fault Tolerant Control (FTC) is a branch of control engineering that aims to maintain the
desired performance and stability of a system in the presence of faults. Faults are abnormal
events that affect the system’s components or parameters and cause deviations from the
normal operation. Electrical motors are widely used in various industrial applications and
are prone to different types of faults, such as stator winding faults, rotor faults, bearing
faults, and eccentricity faults. These faults can degrade the motor’s efficiency, reliability,
and lifespan, and may even lead to catastrophic failures. Therefore, it is important to detect
and diagnose these faults as early as possible and to apply appropriate control strategies
to mitigate their effects. This chapter provides an overview of the concepts and principles

related to FTC and the analysis of electrical motor faults. It covers the following topics:
o Definition and classification of faults in control systems
o Motor Current Signature Analysis as a method for identifying faults in electrical motors
o Fault frequency spectrum in AC Induction Motor and AC Synchronous Motor

The chapter serves as an introduction to the fundamental concepts and techniques used
in FTC and the analysis of electrical motor faults. It provides a foundation for further

exploration and understanding of these topics in the subsequent chapters.



Introduction of FTC and FElectrical Motor Fault Analysis

1.2 What is a Fault?

A fault in a control system is a deviation from the nominal situation of its structure or
parameters. It can vary from performance degradation to total failure. It’s different from
system uncertainties and external disturbances, which can be filtered out or handled with a

robust design. Unlike faults, require remedial actions to be taken.

1.2.1 Fault Types

Within the context of system dynamics, a fault is characterized as any deviation or malfunc-
tion within a system that leads to fluctuations in its behavior. These deviations can manifest

in three distinct types: system fault, actuator fault, or sensor fault.

Fault Fault Fault

e

>

reference output

Controller System

sJ101en}a
SJ10Sud

Figure 1.1: Types of faults in the control system.

1.2.1.1 System fault

This type of fault originates from the plant itself. Oftentimes, faults that do not belong to
the actuator or sensor fault categories are arbitrarily classified in this category. However, a
system fault results from the breakage or alteration of a component of the system, reducing
the ability of the system to perform a task. In practice, this means considering a modification
of the characteristics of the system itself (such as faults within an electric motor itself, like

rust on bearings, damaged stator windings, or broken rotor bars).

Univ-Msila/Electrical Engineering: 202/ 5)



Introduction of FTC and FElectrical Motor Fault Analysis

1.2.1.2 Actuator fault

This type of fault acts at the operational level and degrades the input signal of the system.
It represents a total failure or partial fault of an actuator that acts on the system. An
example of a total failure of an actuator is when it becomes "stuck" in a position, making
it impossible to control the system through that actuator. Partial actuator faults are those
where actuators react similarly to the nominal operating mode but with some degradation

in their action on the system, such as loss of power in a motor or leakage in a cylinder.

1.2.1.3 Sensor fault

Sensor fault degrades the accuracy of a system’s representation of its physical state. In
the case of partial sensor fault, the signal deviates somewhat from the actual value of the
measured variable. This deviation may manifest as a reduction in the displayed value or the
introduction of bias or noise, hindering precise readings. Conversely, total sensor fault results

in values that bear no connection to the measured quantity.

1.2.2 Classification of Faults Based on Severity

Faults can be classified into three main categories based on their severity:

1.2.2.1 Permanent faults:

These types of faults are characterized by sudden changes in physical parameters or system
structures that happen more quickly than the nominal dynamic process. Detecting such
abrupt changes is usually a challenge for most fault detection algorithms, as they are diffi-
cult to track based on residuals. According to Reference [9], severe vibrations, metal flakes

separating, and short circuits are the three types of permanent faults that can occur.

1.2.2.2 Drift-like faults:

These kinds of faults can go unnoticed by detection systems due to their small effects on
residuals. They are caused by sensor/actuator inaccuracy or partial failure and often take a

long time to manifest as slowly evolving faults.

1.2.2.3 Intermittent faults:

This category of fault is characterized by malfunctions that occur at irregular intervals and

can be caused by various factors such as improper electrical connections to sensors and

Univ-Msila/Electrical Engineering: 202/ 6



Introduction of FTC and FElectrical Motor Fault Analysis

actuators. As the complexity of the system increases, the likelihood of intermittent faults
occurring also increases. Most detection algorithms find it challenging to detect intermittent
faults due to their inconsistent nature. Figure 1.2 gives an overview of the different types of

faults.

Permanent Drift-like Intermittent

A faults A faults A faults
T e
Healthy freeeet oo el el el bl
- — >

Time Time Time

Figure 1.2: Classification of faults based on severity.

1.3 What is FTC?

Fault-tolerant control is a term used to describe a control system that is capable of recovering
its original functionality during a fault event while maintaining the same or an acceptable level
of performance. Such a control system can automatically compensate for faults and failures
in the system components, ensuring system stability and desired overall performance. The
concept of Fault-tolerant control (FTC) system has been widely discussed by researchers over
the last two decades, leading to significant scientific progress in this field [10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22].

1.3.1 Classification of FTC systems

FTC systems can be classified into two main types: active and passive [13, 23, 24]. The main
difference between them is that active FTC systems use an FDI system to detect and identify
the faults and then use a supervisory system to adjust the control structure and parameters
to mitigate the fault effects [25]. On the other hand, passive FTC systems do not rely on
fault information but rather use a robust controller that can handle a predefined range of

faults in the system [26, 27]. Figure 1.3 shows the basic classification of FTC techniques.

Univ-Msila/Electrical Engineering: 202/ 7
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Fault Tolerant Control
(FTC)

A 4 A 4

Passive Active

I
\ 4
<Robust Control>

Figure 1.3: Classification of FTC systems.

Online
Redesign

1.3.1.1 Passive FTC

Passive FTC systems are designed to incorporate redundancy directly into their control
design and function without relying on fault information [28, 29]. A variety of approaches
have been employed, ranging from sliding mode control (SMC) [30, 31, 32] to H., [33, 34, 35],
Lyapunov-based control [36], fuzzy logic control [37, 38], control allocation [39, 40, 41] and
Linear Quadratic control [41]. These techniques are preferred for their simplicity in design
and application, minimal delay between fault occurrence and low computational load, and
accommodation [27, 28, 42].

In a passive FTC system, the controller remains unchanged even in the event of a fault.
Both the structure and parameters of the controller are configured to enable the system to
withstand a range of faults without requiring active adjustments [23]*. This method relies
on robust control techniques, ensuring that the closed-loop system remains insensitive to
specific faults by employing constant parameters for the controller, as depicted in Figure 1.4.
A predefined list of potential malfunctions, including fundamental design faults and all fail-
ure modes, along with system operating conditions considered normal at the design stage, is
assumed to be known beforehand [15]. When a failure occurs, the controller must maintain
system stability with an acceptable level of performance degradation. Notably, this approach
requires neither fault detection schemes nor control law reconfiguration, making it compu-
tationally efficient and appealing. While these techniques are generally straightforward to

implement, their practical application remains somewhat limited.

Univ-Msila/Electrical Engineering: 202/ 8



Introduction of FTC and FElectrical Motor Fault Analysis

Faults
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| Control g )
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Figure 1.4: Schematic diagram for passive FTC systems.

Passive FTC methods have certain limitations that need to be considered. These limita-

tions include:

o Assumption of System Stability: Passive FTC methods rely on the assumption that
the system will maintain its asymptotic stability in the closed loop, even under certain
fault or failure scenarios. However, this assumption may not be sufficient to prevent

system breakdowns when faced with unexpected or multiple faults.

e Dependence on Hardware Redundancy: While redundant hardware can enhance a sys-
tem’s reliability, it can also increase the product’s cost, weight, and size. It is not
feasible to apply redundancy to the entire system due to space and weight constraints.

Redundancy is crucial for key components, but not for the entire system.

o Conservative Approach: Passive FTC design requires a concurrent consideration of both
normal and fault conditions. This leads to a more conservative approach compared
to active FTC design. Passive FTC systems prioritize system robustness across all
scenarios at the cost of optimal performance in individual situations. This means that
even under normal conditions, the controller’s settling time is extended to ensure the

system’s stability in the presence of a fault.

In the subsequent chapters, our focus will shift towards the exploration of active FTC
strategies. For further insights into passive FTC, readers are encouraged to refer to the
references [10, 18, 36].
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1.3.1.2 Active FTC

Active FTC techniques are generally preferred over passive methods owing to their superior
performance and capability to effectively manage a wide range of faults while responding in
a unique manner to each one. Active FTC approaches function by reconfiguring the control
law to ensure system stability and performance during faults. A design for an active FTC
usually consists of three main stages: Detection, Supervision, and Control, which necessitate a
Fault Detection and Diagnosis (FDD) technique and a control law reconfiguration approach
to handle unanticipated faults. A typical active FTC system comprises a FDD block, a

reconfiguration mechanism, and a reconfigurable controller, as illustrated in Figure 1.5.

Faults

N
o

/

> wn

reference : Q @
S150)- Reconfigurable | | system| 3 outpu}t

= Controller = e

A < =

Reconfiguration
Mechanism

<+— FDD «&—
Active FTC

Figure 1.5: Schematic diagram for active FTC systems.

In fact, the FDD block is an important component of an active FTC system, as it provides
critical fault information necessary for activating the reconfiguration mechanism as quickly
as possible. There are two main types of active strategies: projection-based approach and

online redesign approach [43].

o The projection-based approach to FTC involves pre-designing controllers to account for
all possible faults or failures that may occur within a system. The projected controller
will only become active when a specific fault occurs, for which it is specifically designed.
Once a fault is identified, an appropriate control law is selected from a set of pre-
estimated and predefined options [44, 45]. The projection method then identifies and

transitions to the control law that is most suitable for the existing fault condition. The
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FTC-based projection method requires a switching mechanism to transition between

the two control strategies. Figure 1.6 illustrates these FTC-based projection techniques.

o The online redesign approach presents a highly promising solution for enhancing fault-
tolerant systems. It does not require switching between different controllers when a
fault occurs, instead generating a new controller online that can meet control objec-
tives [46]. This method uses the behavioral theory perspective of trajectories, unlike
the projection-based approach that relies on two nested controllers. Therefore, the on-
line redesign based approach can compute a new controller based only on the real-time

trajectories of the system without needing any prior information about the plant model.

. Controller_fc_Jr L Faults
healthy conditions K ) -x
>
2} w
® output
refereﬂ" g System § p_»
S @
w
Controller for | |
faulty conditions
projection-based active FTC
; Resid ‘I S0
;f\ > esi u_a ;‘:.‘Alarm\,“'
Evaluation
output —

Figure 1.6: Schematic diagram for projection-based active FTC systems.

1.4 Types of Electrical Motors

The stator is an important part of an electric motor that generates a rotating magnetic field
by passing current through coils or windings. The design of the stator determines the number
and orientation of the poles of the magnetic field. For example, a two-pole three-phase motor
has a north-south (N-S) configuration. When a rotor (a magnet) is placed inside the stator,

it experiences torque that makes it spin. Notably, the rotational speed of the rotor aligns
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with the frequency of the stator’s supplied current, classifying this motor as a permanent

magnet synchronous motor. Various types of electrical motors fall into categories such as:

e AC induction motor
o AC synchronous motor

« DC motor

It is essential to highlight that AC motors, whether synchronous or induction, share the

same stator and can be powered by single-phase, 3-phase, or multi-phase current.

1.5 Faults in Electrical Motor

Electric motors play a pivotal role in industrial applications, accounting for approximately
65% of the electricity consumed in this sector [47]. Given their significance, understanding
the primary causes of motor failure is crucial for maintaining operational efficiency. Research
based on a survey conducted by the IEEE-Industry Applications Society [48] identified com-

mon fault mechanisms in high voltage motors, as illustrated in Figure 1.7.

Others
10%

Shaft coupling
2%
Rotor bar
5%

Externalfactors
16%

Bearing
51%

Statorwinding
16%

m Bearing = Stator winding = External factors Rotor bar = Shaft coupling = Others

Figure 1.7: Distribution of Failed Components.

One of the leading causes of motor failure, accounting for 51%, is attributed to bear-

ing issues [48]. These failures arise from various factors, including insufficient lubrication,
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excessive greasing, misalignment, shaft overload, vibration, and overheating. Insufficient lu-
brication can lead to bearing seizure, while excessive greasing may cause damage to seals and
accumulation of dirt, resulting in overheating and premature failure. Misalignment, often
due to incorrect installation or machine wear, can lead to a range of issues, from bearing
failure to damage in housing and rotors. Overloading, both in terms of shaft and thermal
stress, can also lead to bearing failure, as can extreme vibrations caused by factors like elec-
tromagnetic interference, mechanical imbalance, rubbing parts, and resonance. As illustrated
in Figure 1.8, a bearing in an electric motor subjected to excessively high vibration levels

exhibits a rusty discoloration, indicative of fretting [49].

Figure 1.8: Excessive vibration causes rust on electric motor bearings.

Stator winding issues account for 16% of motor failures [48]. Overheating and overloading
are the primary culprits, with overstarting being a major contributor to overheating. This
process, where the motor draws several times its rated current during startup, places sig-
nificant thermal stress on the windings, potentially leading to failure. Overloading can also
result in extreme heat buildup in the stator windings, further exacerbating the risk of failure.
Figure 1.9 illustrates the specific damages incurred by stator windings as a consequence of
overload [50].

External conditions contribute to 16% of motor failures, with factors such as motor op-
erating temperature, humidity, contamination, and ambient temperatures playing significant
roles. Broken fans, clogged vents, and blocked cooling fins can all contribute to excessive heat
buildup, while harsh environmental conditions, high humidity, and contamination can lead to
moisture ingress and damage. Ambient temperatures, too, affect motor performance, often
necessitating derating for high temperatures and specialized materials for low temperatures.

Rotor bar issues, accounting for 5% of motor failures, primarily result from excessive

starting frequency, overloading, and under voltage. High starting frequencies can lead to
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Figure 1.9: Stator winding damaged due to overload.

rotor bar breakage due to the accompanying excessive current, causing temperature rise
in the motor. Overloading can result in various mechanical faults, from seized bearings to
foreign objects causing disruptions. Under voltage, particularly when coupled with a constant
load, can lead to increased running currents, overheating, reduced efficiency, and eventual
failure. A visual representation of rotor bar faults is provided in Figure 1.10, where the bar

was interrupted by drilling holes into the rotor near the end rings [51].

Broken bar

Figure 1.10: Broken Rotor Bar.

Shaft coupling failures, though less common at 2%, can still significantly impact motor
performance. Misalignment and improper installation are the primary causes, necessitating
early detection and corrective action.

Finally, air-gap eccentricity between the stator and rotor can lead to unbalanced forces,

potentially damaging the motor (see Figure 1.11). Two types of eccentricities, static and
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dynamic, have distinct causes ranging from core ovality and misalignment to bearing wear
and mechanical resonance. Addressing these various fault mechanisms is critical to enhancing

motor reliability and longevity in industrial applications.
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Figure 1.11: Different types of rotor eccentricities.

1.6 MCSA to Detect the Electrical Motor Faults

In most systems and machines, the driving unit is an electrical motor. Therefore, it is crucial
to identify any faults in the motor beforehand to avoid unnecessary downtime. Motor current
signature analysis (MCSA) is a reliable method to detect faults in the electrical motor, such

as broken rotor bars, short-circuits, rotor eccentricity, and bearing faults.

1.6.1 AC Induction Motor Fault Frequency Spectrum
1.6.1.1 Broken Rotor Bar Frequency:

Rotor bar fault will give rise to unbalanced torque, lead to modulation in the current wave-
form, and produce sidebands in the current spectrum. Current signature analysis is used to

detect particular components of the current spectrum directly related to rotor asymmetries.
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The frequencies of the spectral components due to broken bar are given by [52]:

EM:F;F<1_S>i4 (1.1)

Tp

where Fj,, and F represent the broken rotor bar and supply frequency, respectively; k is a

positive integer representing the harmonic index; s is slip; n, is pole pair of the motor.

1.6.1.2 Short-circuits Frequency:

Isolation failures are typically identified by short circuits in stator coils, and the frequency

components of the fault sideband for short circuits can be determined as [53]:
k
Fa=F,|—(1—3s)%v (1.2)
Tp
where Fy is short-circuit frequency; Fj is supply frequency; k is a positive integer; v is an

odd positive integer; s is slip; n, is pole pair of the motor.

1.6.1.3 Rotor Eccentricity Frequency:

The fault sideband components for rotor eccentricity frequencies can be determined as [54]:

(1—s)

n

F. =F, |(kR £ ny)

+v (1.3)

P

where F, is dominant frequency in the current spectrum due to eccentricity; Fj is supply
frequency; k is a positive integer; v is an odd positive integer; R is number of rotors; ng is
dynamic eccentricity value (ng = 0 for statically eccentric rotor); s is slip; n, is pole pair of

the motor.

1.6.1.4 Bearing Fault Frequency:

The characteristic fault frequencies for ball bearings are based on ball diameter, pitch diame-
ter, and ball contact angle shown in Figure 1.12. The bearing fault frequency can be written
as [55, 56]:

be = Fs + nFm (14)

where Fyy is bearing fault frequencies in the current spectrum; Fj is supply frequency; n is
integer; F,, is bearing frequencies (inner race defect, outer race defect and ball spin). As
stated by [56], the bearing frequencies vary according to the type of defect are presented as

follows:
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o The ball defect frequency: f, = % m [1 — (% cos B) 2}

 The outer race frequency: f, = 5 frm {1 — % CoS 5}

o The inner race frequency: f; = 5 frm {1 + % coS ﬁ}

where f,,, is the mechanical rotor frequency; n is the number of bearing balls; /3 is the contact

angle of the balls on the races; PD is the bearing pitch diameter; BD is the ball diameter.

Outer race x

PD

@

Figure 1.12: Ball bearing dimensions.

1.6.2 AC Synchronous Motor Fault Frequency Spectrum

The majority of electrical and magnetic faults in AC synchronous motors exhibit the same
specific harmonics in motor current signature analysis. The fault frequencies for different
fault types can be expressed as follows [57]:
k
Frous = |1+ —| F, (1.5)
My
where k is an integer constant number; Fy is supply frequency; n, is pole pair of the motor.
As indicated in (1.5), unlike AC induction motors, the fault frequency spectrum remains

independent of slip.

1.6.3 Current Measurement and Signal Analysis

Accurately performing motor current signature analysis (MCSA) requires the measurement

of the current waveform. Using an ammeter for this purpose is inadequate, as it only provides
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2 Modulated Waveform
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Figure 1.13: Comparison of sine wave and modulated waveform.

the root mean square (RMS) value, which is insufficient for MCSA. MCSA relies on the de-
tailed current waveform, which cannot be accurately captured using an ammeter. Figure 1.13
shows that two waveforms can possess similar statistical parameters yet exhibit different fre-
quency spectrum content. This difference in frequency content may indicate the presence of

faults in the motor if the modulated waveform represents the motor’s current. The current

measurement can be:
e Current Transformer.
e Rogowski Coil.

« Hall Effect Sensor.

After measuring the current waveform, it is analyzed to identify the specific frequency
spectrum that indicates the presence of faults in the motors. The signal analysis can be

performed using either of the following methods:
o Data Acquisition Unit and a PC.

o Stand alone FFT analyzer.
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1.6.4 Theory of MCSA

In this theory of MCSA section, we will explore the rationale behind concentrating on the
analysis of the current waveform for the purpose of identifying faults in motors. For instance,
when examining a three-phase motor and taking into account the three oscillating torques
resulting from torsional vibration, each characterized by a distinct frequency, the torque

equation can be expressed as follows:
T = To + T1 COS (27TF1t + ¢1> + T2 COS (27TF2t + sz) + T3 COS (27’(’th + ¢3) (16)

where Ty is the average torque, representative of the healthy motor. Ty, T5, and T3 are the
oscillating torques due to torsional vibrations that indicate the faults. Fy, F,, and Fj are the
frequencies produced by the faults.

The stator current is included in two components, the direct component (Iy4) for gener-
ating magnet field and the quadrature component (I,) for producing torque. Due to faults,

these components will have oscillating components as shown by the following equations:

Isq = Lsgy + Ag, sin (21 F1t 4 ¢g, ) + Aa, sin (27 Fot + ¢a,) + Agy sin (20 Fst + ¢g,)  (1.7)
Iy = Lsgy + Ay, cos (2 Fit + ¢g,) + Ay, €08 (2T Eot + ¢y ) + Ay cos (2 F3t + ¢g,)  (1.8)

By using inverse park transformation, the current in a-phase will be:
Iy = Isgsin (2w Fyt) + I, cos (2mFit) (1.9)
Assuming ¢q, & ¢q, ; Ga, = ¢g, and Qg, = @g, the above equation yields to:

Lo = Iysin (27 F,t + ¢o)

(Aql +Ad1>cos Q2r (Fs = F1)t — ¢q,) + (Aql )COS(QW (Es + 1)t + Gay)
( —; > cos (2w (Fy — Fy)t — ¢pg,) + (qu > cos (2 (£ + B) 4 0u.)
( —I2- > cos (21 (Fs — F3)t — ¢ay) + (A > cos (27 (Fy + F3)t + ¢as)

where Iy = /I2 +I?

$qo sdo

vibration (Fj, Fy and F3 ) across supply line frequency (Fy) . Iy is the amplitude of the

and ¢y = tan~' (Iyy,/lsa,); Sidebands of components of torsional

supply frequency; (Ag,, + Adiys) /2 and (Ag,s — Adyys) /2 are amplitudes of the lower and
higher sidebands due to the fault, respectively.
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The a-phase current for multi sidebands components is obtained as:
Lo = Iysin (27 Ft + ¢y)

- A(Ii + Adz‘
+3 <2> cos (27 (Fy — F)t — ¢,) (1.10)

+y (Agi;fhd’) cos (2m (Fs + Fi) t + ¢;)

=1

where n represents the number of harmonics produced by the faults.

1.7 Conclusion

This chapter has presented the basic concepts and methods of Fault-Tolerant Control (FTC)
for electrical motor fault analysis. It has shown how current waveform analysis can be used
to detect and diagnose faults in AC motors and how FTC can be classified into passive and
active approaches. Passive FTC does not require any fault detection or control reconfigura-
tion, while active FTC involves adjusting the control law to maintain system stability and
performance under faults. The chapter has also introduced the fault frequency spectrum
for different types of faults in AC motors. The next chapters will focus on the design and

implementation of control to deal with disturbances and faults effectively.
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Chapter 2

Modelling and FOC of PMSM System

2.1 Introduction

The PMSM system has garnered significant research attention due to the twofold advantages
of its rotor design and multiphase stator windings [58]. The rotors in PMSM system are
naturally designed with permanent magnets, offering several benefits, such as the absence
of losses caused by eddy currents in the magnetic structure. Additionally, as more phases
are added to the stator winding, more current can be injected by harmonics, providing more
degrees of freedom to enhance electromagnetic torque density [58].

The goal of implementing a field-oriented control (FOC) strategy in the motor system is
to concurrently minimize production costs and improve performance [59]. The fundamental
concept behind FOC design is to achieve torque control for AC motors comparable to that
of DC motors [60]. Several methods based on FOC are currently employed to optimize
electromagnetic torque, ensuring motor performance is sustained even under overloading
conditions through harmonic injection into the current references [61, 62, 63, 64, 65].

This chapter delves into the modeling and field-oriented control of the PMSM system. It
begins by introducing the general mathematical models of n-phase PMSMs, including both
3-phase and 5-phase PMSM models. Next, it presents a general FOC strategy based on PI
controllers applicable to n-phase PMSMs. This strategy considers all odd harmonics of EMF
components along with the fundamental harmonic to achieve high torque.

The chapter then explores various Pulse Width Modulation (PWM) strategies for n-phase
Voltage Source Inverters (VSIs), which are essential for generating the required voltage wave-
forms to drive the n-phase PMSM. Carrier-based PWM (CPWM) and Space Vector PWM
(SVPWM) are two primary PWM techniques, each with its own advantages and disadvan-
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tages. The chapter discusses the implementation and characteristics of both methods.
Finally, the chapter concludes with a presentation of simulation results that demonstrate

the effectiveness of the FOC with 3rd harmonic current injection for 5-phase PMSMs. These

results showcase the improved performance and torque enhancement achieved through FOC

and appropriate PWM techniques.

2.2 Model of the n-phase PMSM

The design of the n-phase PMSM is based on symmetry, ensuring an equal spatial displace-
ment of a = 27/n between each phase. The general n-phase PMSM model is simplified by
focusing on the star-connected multiphase motor without a neutral conductor for odd phase
numbers, eliminating the need to consider the homopolar current. Other factors, such as
core losses, cogging, magnetic saturation, and the effect of temperature on the permanent
magnet flux density, are also neglected for simplicity in the model.

The electrical voltage equation for the n-phase PMSM, where n represents the number of

phases supplying power to the motor, can be expressed in the original frame as follows:

. d .
Vsn = Rs,nls,n + %(Ls,nls,n + ¢fm,n) (2]—>

where v, is the n x 1 vector of the stator voltage, i, is the n x 1 vector of the stator
current. R, represents the n X n matrix characterizing stator resistance, structured as a
diagonal matrix with each element denoting the resistance of its corresponding phase and
the remaining elements set to zero. L, is the n X n matrix signifying stator inductance,
structured with a diagonal where each element represents the self-inductance of its respective
phase, and off-diagonal elements denoting mutual inductance between phases. ¢y, , is the
n X 1 vector of the flux-linkage produced by the permanent magnet and can be represented

in the original frame as follows:

b tma cos (h(@ - 27:5”))
Prmn =] 1 | = 2 om : (2.2)
b pron h=1,35,... cos (h(e B ZW,(Z_D))
where h is an odd positive integer (h = 1, 3, 5, ...), indicating the harmonic order, and i is an
integer from 0 ton —1 (i =0,1,...,n — 1), 0 represents the electrical angle. The magnetic
flux of the h-order harmonic components in the back-EMF is denoted by ¢,.
The generation of electromagnetic torque in an n-phase PMSM is determined through the

derivative of magnetic co-energy with respect to the electrical angle (#). The torque equation
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in the original frame is articulated as:

dWco (1 .T dLs,n . T d¢fm,n>
—= = np

Te=—0p glsn"gp e Tl gy

(2.3)

where W,, denotes the magnetic co-energy and n, represents the number of pole pairs. When
the inductance matrix (Ls,) remains constant relative to the electrical angle (#), indicating
a non-salient pole rotor, the torque expression simplifies as follows:
7 d dt
T. =i, Pfm o

’ dt  do

——

Back EMF

1
= ﬁ Z 15k Csk
=1

where (2 is the mechanical speed. e, is the nx 1 vector that denotes the back-EMF produced

by the rotor magnet and can be expressed within the original frame in the following manner:

€s1 sin (h(@ — 2@ ))

n

€Esn = = — Z hanqbfh (25)
h=1,3,5,...

€sn sin (h(9 — W))
where h is an odd positive integer (h = 1, 3, 5, ...), indicating the harmonic order, and i is
an integer from 0 ton —1 (i =0,1,...,n —1).
The zero-sequence components are negligible because there is no homopolar current in the
star-connected n-phase PMSM without a neutral conductor. Therefore, the transformation
from the original frame to the stationary frame by the Clarke transformation matrix can be

expressed as follows [59]:

_Xxl_ 1 cosa cos2a  cos3a ---  cos3a cos 2x¢ cosar |
Xy 0 sina sin2«a sinda --- —sinda —sin2a —sina
Xa, 1 cos2a cos4a cosba -+ cosba cos 4o cos2a | | Xy
Xy | = i 0 sin2a sin4da  sinba  --- —sinba —sinda —sin2o

. X,
Xz, 1 coska cos2ka cos3ka --- cos3ka  cos2ka  coska
| Xy, 0 sinka sin2ka sindka .-+ —sindka —sin2ka —sinka]

(2.6)

where X signifies the considered motor variables, such as voltage, current, or flux. k repre-

sents the number of orthogonal planes in which the corresponding harmonic is mapped, and
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it can be calculated by [66]:
n—1

2
The harmonic distribution rule for each plane is provided as follows [66]:

k=

(2.7)

x1 — yp plane: h = ni £ 1 harmonics (where i is even; i = 0,2,4,...)

To — Yo plane: h = ni + 2 harmonics (where 7 is odd; i = 1, 3,5,...)

x — yg plane: h = ni+ k harmonics (where ¢ is odd when k is even, and ¢ is even when

k is odd)

Clearly, the ;1 — y; plane corresponds to the fundamental harmonic and is commonly known
as the a — 3 plane.

The transformation from the stationary frame to the dq rotational frame is achieved by
utilizing a Park transformation matrix that depends on the number of orthogonal planes
(k). This transformation is expressed through a series of block-diagonal matrices, varying

the electrical angle by k" order harmonics, as follows [58]:

Xan| |-+ cos(hf) sin(hf) ---| | Xux (2.8)
Xon -+ —sin(hf) cos(hl) ---| | Xy '

By applying transformations (2.6) and (2.8) to the original frame model, the dq-frame
model of an n-phase PMSM is obtained. The stator voltage equations for the h** harmonic

are as follows:

, d
Vap, = Rgign + fl:h — hn,Q¢gn
do (2.9)
Uqh == Rsiqh + th + hangbdh
The stator flux equations for the A** harmonic are as follows:
®an = Lapian + Oyn (2.10)

®Oqh = Lgnign

where vap, Ugh, Ldh, tqn, Lan, and Ly, are the voltage, current, and inductance in the dg,-frame

influenced by the A*" harmonic, respectively.
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The electromagnetic torque for the A" harmonic is as follows:
Teh = §np [hgbfhzqh + h(th — th)'ldhzqh] (211)
The total electromagnetic torque produced by the n-phase PMSM is as follows:
T.= Y Tu (2.12)
h=1,35,...

where vap, Ugh, tdn, tqh, Lan, and Ly, represent the voltage, current, and inductance in the dgp-
frame influenced by the h*" harmonic, respectively. Additionally, ¢, denotes the amplitude

of the h** harmonic of permanent magnet flux linkage, and R, represents the stator resistance.

2.2.1 3-phase PMSM Modelling

Considering n = 3, we have k = 1, resulting in the presence of only the x; — y; plane (o — 8
plane). In the 3-phase PMSM, this plane predominantly comprises the fundamental harmonic
along with the impaired harmonics 5, 7, and 11 (where h = 3i +1; i =0,2,4,...). Figure 2.1
depicts the equivalent stator structure of star-connected windings for a 3-phase symmetrical

PMSM, in which each phase shifts to another with o = 27/3.

l:a
A
isl = isa
Vsl =V5aT
(24 o
4
4
a NG
L 1 So
|32 - Isb z
NP2 ) )
2b |53=|sc3.C

Figure 2.1: Star-connected windings of a 3-phase PMSM stator.

According to (2.1), the stator voltage equation for the 3-phase PMSM in the original

frame (abe-frame) is as follows:

d
vy = Ryis + %(Lsis + Ppm) (2.13)
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where v; = [Ugq, Vs, Vs Tepresents the stator voltage vector, and 15 = [iq, i, isc] . TEpresents
the stator current vector. R represents the 3 x 3 matrix that corresponds to the diagonal
stator resistances. L, represents the 3 x 3 matrix that corresponds to the diagonal elements
representing self-inductance and off-diagonal elements denoting mutual inductance between
phases. ¢y, is the 3 x 1 vector representing the flux linkage, and it can be expressed as

follows when only the fundamental harmonic of the flux (¢1) is considered:

D fma cos (6)
Ppm = |Ppmp| = @1 |cOS ( - %’T) (2.14)
4
G fme cos ( — ?)
Based on (2.4), the torque equation in the abe-frame is expressed as follows:
1
T, = ﬁ(isaesa + ispCsp + lscCsc) (2.15)

The back-EMF for each phase is given by:

€sa sin (0)
e | = —npQds |sin (9 - %”) (2.16)
Csc sin (9 — %’T)

Since only the fundamental harmonic is considered in a single plane, the z;y;-frame is
denoted as the af-frame, and the d;q;-frame is denoted as the dg-frame. Using (2.6) and
(2.8) for a 3-phase PMSM, the transformation from the abc-frame to the af-frame and the

transformation from the afS-frame to the dg-frame can be expressed as follows, respectively:

- 1 X,

Xa 211 cosa cosa
=z | x, (2.17)
X3 3|0 sina —sin ] x

[Xd] _ [(:08(9) Sin(9)] _Xa} (2.18)
X —sin(f) cos(d)] | X3

q
According to (2.9), (2.10), and (2.12), the model for a 3-phase PMSM in the dg-frame is
given by:

Vg = Ryig+ %4 — n, 09, -
o b (2.19)
vg = Rgig + 5 + npQ2¢a
{ ¢a = Lgiqg + o5 (2.20)
¢q = Lqiq
3 ) ..
Te = *Tlp [¢f1lq + (Ld — Lq) Zqu] (221)

2
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2.2.2 5-phase PMSM Modelling

Considering n = 5, we have k = 2, indicating the presence of two planes: the x;—y; plane and
the o — yo plane. The x; — y; plane encompasses the fundamental harmonic and multiples
of the form h = 57 + 1, where 7 is an even integer. On the other hand, the x5 — y5 plane
encompasses the third harmonic and multiples of the form h = 5i 4+ 2, where ¢ is an odd
integer. Figure 2.2 illustrates the equivalent stator structure of star-connected windings for
a 5-phase symmetrical PMSM, where each phase shifts to another with o = 27/5. Only the

fundamental and third-harmonic components are considered to enhance model simplicity.

1l:a

Figure 2.2: Star-connected windings of a 5-phase PMSM stator.

According to (2.1), the stator voltage equation for the 5-phase PMSM in the original
frame (abede-frame) is as follows:

d
vy = Rgis + %(Lsis + drm) (2.22)

where vg = [Vsq, Vsp, Use, Vsd, vse]T represents the stator voltage vector, and the stator current
vector is represented as iy = [isq, fsh, Gse; Gsds ise) . - Rs Tepresents the 5 x 5 matrix that corre-
sponds to the diagonal stator resistances. L, represents the 5 x 5 matrix that corresponds to
the diagonal elements representing self-inductance and off-diagonal elements denoting mutual
inductance between phases. ¢y, is the 5 x 1 vector representing the flux linkage, and it can

be expressed as follows when only the fundamental harmonic and third-harmonic components
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of the flux (¢f1,¢¢3) are considered:

[ fma cos (0) cos (30)
O fmb cos ( %) coS (39 — %“
Gfm = | Ppme| = Ps1 |cOS ( %’T) + ¢y3 | cos (36 — 127”) (2.23)
@ fmd cos ( %”) cos (39 — 1%”)
L9 fme ] cos ( s ) cos (30 — 247”)
Based on (2.4), the torque equation in the abcde-frame is expressed as follows:
1
Te = a(isaesa + isbesb + Z.scesc + isdesd + ’ise€8€> (224)
The back-EMF for each phase is given by:
s ] | sin (0) ] | sin (30) ]
€sb sin ( 2 ) sin (39 — &
ese| = —mpQp1 |sin (0 — 42) | — 0, Qys [sin (30 — 127) (2.25)
€sd sin ( %) sin (30 — 1%)
| Ese | _Sin (0 — %”)_ _sin (39 _ 24%)_

The x1y,-frame, which contains the fundamental harmonic that produces the main torque
and fundamental flux, is the principal plane and is denoted as o, 3,-frame. The zyy,-frame,
which contains the third harmonic that enhances the torque, is the second plane and is
denoted as a,fs-frame. Additionally, the rotational frames d;q;-frame and dsdsz-frame are
denoted as the d,g,-frame and the d,q,-frame, respectively. Using (2.6) and (2.8) for a 5-phase
PMSM, the transformation from the abcde-frame to the af-frames and the transformation

from the af-frames to the dg-frames can be expressed as follows, respectively:

L [x,]
Xap 1 cosa cos2a cos2a  cosa x
b
X 210 si sin2a —sin2a —si
op| _ 2 ina sin2a in2c in« X, (2.26)
Xos 911 cos2a cosda cosda  cos2a %
Xgs 0 sin2a sinda —sinda  sin2q | Xd
Xap cos(f)  sin(0) 0 0 [ Xop
Xop _ |- sin(f) cos(0) 0 0 Xap (2.27)
Xis 0 0 cos(30)  sin(30) | | Xas
Xys 0 0  —sin(30) cos(30)] | Xgs
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According to (2.9), (2.10), and (2.12), the model for a 5-phase PMSM in the dg-frames is

given by:
, d
Vap = Rgigy + f;:p — np{lgp
» d
Vgp = Rslgp + Z;Zp + 1p 0y
b (2.28)
Vs = Rglgs + st - SHPQqus
dys
Vgs = Ruigs + f;: + 3n,Q045
Gap = Lapiap + O51
Pap = Ligplp (2.29)
Gas = Lasias + O3
qus = quiqs
5 ) .
Ta = ot [Or1qp + (Lap = Lap) iapiqp]
Te3 = inp [3¢f32qs +3 (Lds - LqS) ZdSqu] (230)
’_Z—'e = Tel + TeS

2.3 General FOC for n-phase PMSM

The field-oriented control (FOC) strategy is developed and applied in the dg rotating frame.
Figure 2.3 illustrates the general field-oriented control structure for an n-phase PMSM, show-
casing the implementation of PI controllers for the speed and current loops. To simplify the
design of PI controllers for current loops, the stator voltage on the output of the controllers

for each ht" order harmonic is expressed as:

re . di
. 2.31
reg . dldh ( )
Uqh = Rslqh + th%

By adding the decoupling voltages (eqn, €4n) to the output stator voltage (2.31), the stator

voltage references are obtained as follows:

v, =vd —e
dh = Udn — C€dh
(2.32)
* _ reg

Ugh, = Ugpy + €eqn

where Cdh = hanthiqh and €qh = han(thidh + beh)-
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/

Figure 2.3: General FOC structure for n-phase PMSM using PI control.

To achieve optimal torque decoupling of the n-phase PMSM, the FOC strategy is utilized
to regulate the currents in the d-axes (i4p,), driving them towards zero. As a result, the torque

equation for the A*" harmonic can be succinctly formulated as follows:

T = Sphdguian (2.33)
The ratio between the currents i4; and 74, depends on the characteristics of the back-EMF,
as expressed by the following equation [67, 68, 69]:
_ lan _ hom
i On

where ¢, represents the magnetic ratio between the first-order and A** order harmonic com-

(2.34)

ponents of the back-EMF. This ratio is crucial for minimizing copper losses in the motor.
From (2.33) and (2.34), we obtain the i}, current reference for the the fundamental har-

T
y J— €

’l/ P ——
ql
ky

where T represents the output of the PI controller for the speed loop, and k; is defined as:

k;T:anqaﬂ( 3 gi) (2.36)

h=1,35,...

(2.35)

Based on (2.34), the iy, current reference for the ht" harmonic is derived as follows:
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It is essential to highlight that if an A" order harmonic is not utilized to maximize the
torque or enhance the motor efficiency, the current reference for that harmonic should be set

to zero.

2.4 n-phase VSI PWM Strategies

The two-level voltage source inverters are commonly used for multiphase motors. Figure 2.4
shows the voltage source inverter (VSI) setup for supplying power to an n-phase PMSM.
This setup is determined by the on/off states of each leg, as described in (2.38). When
As

the number of phases in the inverter increases, the available voltage space vectors follow

S, equals 1, it means the upper switch is on, and when 5, is 0, it is the opposite.

the pattern of 2". For instance, a 3-phase voltage source inverter provides 8 voltage space
vectors, while a 5-phase VSI offers 32 output voltage space vectors. This indicates that as
the number of phases increases, designing an effective space vector PWM (SVPWM) scheme
becomes more complex. However, carrier-based PWM (CPWM) for voltage source inverters
is simple and can easily be adapted to inverters with more than 3 phases, making it a preferred

choice for these systems.

o
'tis? [ n-phase
Voo == e | PI\p/ISM
DC Bus 'y lsn \
wod g d -
o
Figure 2.4: An n-phase VSI structure.
Ve | -1 -1 -1 —1 | [s]
Vsh -1 n—1 -1 -1 52
Vae
Vse | = ; -1 -1 n-1 —1 | |S; (2.38)
Vgn -1 -1 -1 n—11 S,
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2.4.1 Carrier-based PWM

Carrier-based pulse width modulation (CPWM) stands out as the most prevalent PWM tech-
nique, owing to its straightforward implementation and effectiveness in controlling multiphase
motors, even under fault conditions. The fundamental principle of CPWM is illustrated in
Figure 2.5. By combining the stator voltage references in the original frame with an appropri-
ate zero-sequence signal and comparing the resulting signal to a carrier waveform (triangular
or sawtooth), CPWM generates the PWM signal. The carrier frequency is typically main-
tained significantly higher than the stator voltage references. A notable advantage of CPWM

is its minimal computational burden compared to alternative techniques.

Vea O (X (X S
A
Vsp © gV HE=— S,
A
Ve © >3 —»% H=— S;
S
) ) ) )
) ) ) )
) ) ) )
) ) ) )
) ) ' )
Vg O (X M _=t— S,
S
YYY Y /\ /\
Zero-sequence Vo \/ \/ \/

signal calculator n
Carrier waveform

Figure 2.5: Principle of CPWM for an n-phase VSI.

To enhance the DC bus with n** harmonic injection, CPWM employs the following zero-
sequence signal equation [70]:

1
Dno() = =5 (max(vg, v, 0 07) + min(o, v, v) (2.30)

’n

2.4.2 Space Vector PWM

The analysis of Space Vector Pulse Width Modulation (SVPWM) for an n-phase VSI can be
simplified by considering only two adjacent large vectors. Each plane has 2n sectors, and the
reference voltage vector in each sector is composed of a combination of the neighboring two
large vectors. The time durations of the operation and zero time for each switching period

are given by (2.40) and are shown in Figure 2.6, which displays the position of the reference
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vector and the neighboring available space vectors in sector N. Figure 2.7 shows a block
diagram of the SVPWM to explain the concept further.

|

—]
|
<

N+1

Vxl + JVyl

/Y Sector N »\7N

Figure 2.6: Synthesis of SVPWM voltage vectors.

T, Vyessin (N (180" /n) — X
7y, = Lotreysin (N (180°/n) — X')
‘VN sin(180° /n)
Tovreg sin (A" = (N = 1)(180° /n)) (2.40)
TN+1 = N
V ny1|sin(180° /n)
To :Tc_TN_TN+1

where \ represents the position of the voltage reference vector, N denotes the sector number
ranging from 1 to 2n, T. stands for the switching period, v,.s indicates the length of the
voltage reference vector, and % ~ and % ~N+1 represent two neighboring active voltage vectors.
Additionally, T, T11, and Ty correspond to the application times for the two active voltage

vectors and zero vectors, respectively.

2.5 Simulation Results

The structural diagram of an FOC strategy using PI control for a 5-phase PMSM is illustrated
in Figure 2.8. The 5-phase PMSM model is represented by (2.28), (2.29), and (2.30), where
the motor is injected with the third-harmonic component to enhance torque production.

Details of the motor drive parameters are provided in Table 2. In order to generate the
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Figure 2.7: General principle of SVPWM for an n-phase VSI.

PWM signal, we compared two strategies outlined in sections 2.4.1 and 2.4.2: CPWM with
5" harmonic injection and SVPWM based on the simplest strategy, which involves using
only large vectors.

Figure 2.9 presents the spectrum of the stator current waveform of phase “a” obtained
via fast fourier transform (FFT) in steady-state. The speed reference was set to 300 rpm
and the load torque was set to 20 Nm. As observed, the CPWM exhibited a lower To-
tal Harmonic Distortion (THD) compared to the SVPWM. The SVPWM demonstrated the
presence of undesirable low-order harmonics such as the 7th and 9th harmonics, while the
CPWM effectively suppressed these low-order harmonics. In conclusion, considering its sim-
plicity of implementation and superior performance, CPWM with n® harmonic injection is
recommended for multi-phase PMSM applications.

In order to assess torque enhancement with 3rd harmonic current injection in a 5-phase
PMSM, we compare the responses of speed, torque, and stator current both without (z’fls = 0)
and with 3rd harmonic (7}, = e3i},) under maximum torque conditions, as depicted in
Figure 2.10. The speed reference was held constant at 300 rpm, and the load torque was

initially set to 20 Nm. At 1 second, the load torque was increased to 40 Nm and further
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Figure 2.8: FOC structure for 5-phase PMSM using PI control.
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Figure 2.9: Phase “a” stator current spectrum.
increased to the maximum load torque of 50 Nm at 2 seconds.

As observed, the motor’s response with 3rd harmonic injection effectively returns to the
speed reference under maximum load torque, demonstrating an improved torque response
compared to the scenario without 3rd harmonic injection where the speed decreases under
maximum load torque (50 Nm). This decrease in speed without harmonic injection is at-
tributed to the maximum torque response being less than the applied load torque (50 Nm).

The presence of a 3rd harmonic in the phase “a’ stator current of the 5-phase PMSM,
as depicted in Figure 2.10c, indicates its potential for torque enhancement compared to the

absence of injection shown in Figure 2.10d.
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(d) Stator current of phase “a’ with 3rd harmonic injection.

Figure 2.10: Comparison of FOC responses with and without harmonic injection.
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2.6 Conclusion

This chapter provided a comprehensive overview of modeling and field-oriented control for
n-phase PMSMs, covering models for both 3-phase and 5-phase PMSMs. Additionally, it
introduced a general FOC strategy utilizing PI controllers, applicable to n-phase PMSMs.
This strategy incorporated all odd harmonics of EMF components, alongside the fundamental
harmonic, to achieve enhanced torque. The chapter delved into two PWM strategies for n-
phase VSIs: CPWM and SVPWM. Each technique, CPWM and SVPWM, was scrutinized for
its specific advantages and disadvantages, detailing their implementation and characteristics.

The simulation results presented in this chapter validated the effectiveness of FOC with
3rd harmonic current injection for 5-phase PMSMs. These results underscored the notable
improvement in torque response achieved by the proposed FOC strategy under various load
conditions. Furthermore, the outcomes highlighted CPWM with 5* harmonic injection as
a preferable PWM technique for n-phase PMSM applications, owing to its simplicity and
superior performance.

In conclusion, this chapter significantly contributed to the comprehension of the modeling,

control, and performance aspects of n-phase PMSMs.
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Chapter 3

Anti-disturbance Sliding-mode
Control of PMSMs

3.1 Introduction

The field-oriented control (FOC) method stands out as a widely embraced technique for
governing Permanent Magnet Synchronous Motors (PMSMs), providing notable advantages
such as seamless starting, smooth acceleration, and diminished torque ripples, thereby ensur-
ing an efficient dynamic response [71]. However, the control of PMSMs presents challenges
attributable to their model nonlinearity and susceptibility to temperature fluctuations, which
impact their parameters [72, 73]. Furthermore, in numerous industrial applications, the un-
known load torque necessitates the application of robust nonlinear control techniques like
sliding mode control (SMC) to effectively address these challenges.

While traditional SMC exhibits insensitivity to disturbances and uncertainties, it grap-
ples with chattering due to its inherent switching property. Various approaches have been
proposed to mitigate chattering, encompassing reaching law SMC [74], super-twisting SMC
[75], terminal SMC [76], adaptive SMC [77], and event-triggered SMC [78]. Super-twisting
SMC, also referred to as second-order sliding mode control (SOSMC) [79], proves effective in
suppressing chattering while retaining the merits of traditional SMC [80].

This chapter delves into the application of anti-disturbance sliding-mode control to PMSMs,
with a particular emphasis on the utilization of SOSMC. The main objective is to enhance
control performance by reducing chattering. The chapter will conduct a comparative anal-
ysis between the SOSMC strategy, PI control, and conventional SMC through simulation

tests. To substantiate the effectiveness of SOSMC, experiments will be conducted on a sur-
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face permanent magnet synchronous motor (SPMSM) under normal operating conditions,
involving variations in speed reference and load torque. The simulation results will showcase

the robustness and efficacy of the SOSMC approach.

3.2 Disturbances in the PMSM Model

In this chapter, we focus on discussing the 3-phase SPMSM as a benchmark PMSM system

due to similarities in disturbances, such as unmodeled dynamics, parametric uncertainties,

and external disturbances. In last chapter of this thesis, we will shift our focus to 5-phase

PMSMs to address the interests of readers in related areas. According to (2.21), with SPMSM
machine attributes (Ly = L, = L), the simplified torque expression is as follows:

o = ;’npqpfz'q (3.1)

To facilitate the development of control laws for the SPMSM and enhance understanding

of its dg-frame dynamic model, the expressions of the substitution of the stator flux equations

(2.20) into the voltage equations (2.19) are as follows:

L — cyig +n,Qig + BVy
Y = c1ig — npQiq + Q + BV, (3.2)
% = Cgiq — 0419 — OéQTL

The components of the SPMSM model (3.2) express consistently with the machine parameters

. _ _Rs. _ %y, _ 3np®r. _ . _ 1. 1
as follows: ¢; = —7*; cg = —=1-L; c3 = =377 a1_§’a2_7’ﬁ_fs'

where Vg, V,, i4, and ¢, represent the stator voltages and currents of dg-frame, respectively;

L is the inductance of dqg-frame, respectively; R, is the stator resistance; ®; is the rotor
flux; € is the rotor speed; J is the moment of inertia; f denote friction coefficient and 77,
represents the load torque; n, is the pole pairs number of the motor.

Considering the load, perturbation parameters, and unmodeled dynamics as disturbances,
the SPMSM model (3.2) can be expressed as follows:

Y — crig+nyQiy + BV + di,

Do = crig — Qi + Q + BV, + d;, (3.3)

aQ _
G = 3ty — a1§) + dg

where d;,, d;,, and dg are the lumped disturbances given as follows:
dz’d Aclid + ABVd + (Sd
diq ACl’iq + ACQQ + AB‘/q + (Sq (34)
dQ ACSQ - AOQQ - OéQTT - AO{QATL + 5Q
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AR,
AL’

The components in the lumped disturbances (d;,, d;,, do) represent as follows: Ac; =

14
_ npdy _ 3npdy _Af 1 _ 1
AC2—_APLS>AC3_ g Aar = 37, AO@—E’AB_ALS'

where ARy, ALy, AJ, and Af represent the variations in motor parameter values. dq, dg,

and dq constitute the unmodeled dynamics.

3.2.1 Unmodeled Dynamics
3.2.1.1 Torque Variation Due to Motor Body Structure

The body structure of AC motors can cause different kinds of pulsating torques depending

on the rotor materials used.

1) Cogging Torque: This phenomenon refers to a pulsating torque, arising from the
interaction between the magnetic flux of the rotor and variations in the angular of the stator
magnetic reluctance [81]. Notably, cogging torque persists even in the absence of a power
source connection. The unmodeled dynamic effect due to cogging torque can be expressed
as follows [81, 82]:

1 o0
0000y = i > beogi sin(n,if) (3.5)

i=1
where d.,4; represents the amplitude of the ith harmonic; J is the moment of inertia; ¢ is the

electrical angle; n, is the pole pairs of the motor. Unlike PMSM, induction motors have no

cogging torque but skewed slot torque instead [83].

2) Flux Harmonics: The magnet material that is most commonly used in PMSM is
Neodymium Iron Boron, which has a flux density that is sensitive to temperature changes.
The demagnetization of permanent magnets due to temperature increase affects the maximum
torque and the efficiency of PMSM. The unmodeled dynamic effect of flux harmonics on the
electromagnetic torque can be represented as follows [81]:

3yl

00510 = 377 > Dy cos(6ib) (3.6)

i=1

where ®; represents the amplitude of the 6¢th harmonic.

3) Others: In permanent magnet motors, two primary sources of pulsating torque exist in
addition to cogging torque. Commutation torque arises from the varying current rates during
phase switching [84]. Another source is non-sinusoidal back electromotive force, influenced
by factors such as the stator winding, rotor magnet direction, and machine imperfections
[85].
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3.2.1.2 Dead-Time Effects

The dead-time reduces the effective duty cycle and distorts the voltage and current waveforms
[86]. This distortion becomes particularly evident when the current approaches zero, resulting
in ripples in the electromagnetic torque. The unmodeled dynamics due to the impact of dead-

time on stator voltages in the dg-frame can be characterized as follows [81, 87]:

Stgens = i 54i sin(6i6)

= (3.7)
Oneng = Li El dqi cos(636)

9dead

where d4; and d,; represent the amplitudes of 6th-order harmonic voltage signals correspond-

ing to dg4,,,, and o respectively.

qdead’

3.2.1.3 Measurement Error Effects

Measurement errors can impact AC motors, leading to torque ripples arising from inaccura-
cies in position or current measurements. To illustrate, consider the offset error in current
measurements, which will contribute directly to the phase currents through the Clarke and
Park transform, resulting in ripples on the dg-frame currents [88]. The representation of this

error can be modeled as follows [81, 89]:

{ Odyy; = Ooff sin(0 + a)

(3.8)
Ogorr = Ooff cos(0 + )

dof f

where o represents the constant angle of displacement, and d, ;s denotes the ripple amplitude.

3.2.2 Parametric Uncertainties
3.2.2.1 Mechanical Parameters

In permanent magnet synchronous motors systems, the inertia (J) of the rotor and load
typically remain constant during short-term operations. In specific scenarios, such as electric
winding machines, the system inertia may vary over time, increasing as time progresses [90].
When the inertia of the system becomes several times larger than its original value, the speed

response exhibits a greater overshoot and a slower settling time [91].

3.2.2.2 Electrical Parameters

The design of the motor controller relies on the accuracy of the thermal model of AC machines

in accounting for heat effects [92]. The thermal model plays a crucial role in effectively
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estimating disturbances and uncertainties. Specifically, the stator resistance (Rs) is influenced
primarily by the winding temperature, with negligible consideration for minor factors such as
skin and stray losses [93]. The formula to calculate the resistance R at a given temperature

T is expressed as follows [81]:
R, = Ro(235 + T)/(235 + Tp) (3.9)

where R represents the resistance at temperature Ty. According to the PMSM model (3.3),
variations in the stator resistance directly impact the current loop, thereby significantly
affecting the performance of current-loop controllers.

The stator inductance, L, is difficult to determine accurately, as it depends on magnetic
saturation [94]. To exemplify, cross-saturation can vary the stator inductances, affecting the

motor’s plant gain and open-loop electrical time constant.

3.2.3 External Disturbances
3.2.3.1 Friction Torque

Friction is the force that resists the relative motion of two surfaces in contact with each
other. Friction can be described by different models, depending on whether they consider
the time-varying effects of friction or not. Static models assume that friction is only a function
of the relative velocity and the normal force between the surfaces. Some examples of static
models are the coulomb model, the stribeck model, and the karnppp model. Dynamic models
account for the history-dependent effects of friction, such as hysteresis, stick-slip, and pre-
sliding. Some examples of dynamic models are the luGre model, the bristle model, the dahl
model, and the reset integrator model. Friction is a common source of nonlinearity in servo
systems, and it can cause errors such as tracking lags, steady-state errors, and limit cycles
in position controllers [95]. For instance, using the stribeck model, the friction torque T’

can be written as [81, 95]:
Trrie = (To + (T, — T)e” &)%) sign(Q) + fQ (3.10)

where Ty represents the static friction torque, T, denotes the coulomb friction torque, €2

stands for the mechanical stribeck velocity.

3.2.3.2 Load Torque

The load torque refers to the force applied to the load side of the motor, influencing the speed

and stability of the motor system. An illustration of this impact is the potential vibration
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and resonance in the transmission mechanism, which may occur due to its not being perfectly

rigid [96]. Changes in load torque inevitably lead to alterations in motor speed.

3.2.3.3 Mechanical Factors

Another factor that affects the servo performance of motor drives is the mechanical properties
of the system. These include the vibrations caused by twisting the shaft, the gaps between
the gears, and the faults that occur when the shaft is not aligned properly. These faults
can damage the shaft or break it completely. Most of the vibration problems in industrial
motor drives are due to the shaft being misaligned, which accounts for more than 70% of the
cases [97].

3.3 SMC Design and Analysis

Sliding mode control (SMC) is a powerful technique for designing controllers capable of
handling uncertainties and disturbances in dynamic systems. It was originally developed in
the 1977s by Utkin [98]. The main idea of SMC is to drive the system state to a sliding surface
where the system behaves as desired, and then to maintain it on the surface by switching
the control input between two or more values. SMC offers numerous advantages, including
simplicity, robustness, and high performance, making it attractive for various applications,
particularly in the field of motor systems.

The most commonly defined sliding surface, which ensures the convergence of the state

to its reference as given by Slotine [99], is expressed as follows:

s(z) = (i + A)M e(z) (3.11)

where e(z) = (z,ef — ), A and r represent the error between the state and its reference, a
positive constant, and the relative degree, respectively.
The traditional sliding mode control law, which drives the sliding variable to zero in finite

time, was first proposed by [100]. It can be considered as:
$ = —ksign(s) +p (3.12)

where k is a positive constant, and p is the perturbation term.
The advantage of the second-order second-order sliding mode control (SOSMC) over the

traditional SMC is that it more precisely accounts for nonlinearities and uncertainties, thanks
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to integral action. Furthermore, integral action is well-recognized for boosting control effi-
ciency when dealing with uncertainty. The phase plane diagram in Figure 3.1 illustrates
the mechanism of the traditional SMC and SOSMC methods when exposed to a random
sinusoidal perturbation term. The SOSMC law, which utilizes a super-twisting algorithm, is

outlined by [101] as follows:

{ 5= —kiy/|s|sign(s) + U + py (3.13)

U = —kysign(s) + py

where k; and ky are positive constants; p; and p, are perturbation terms.

A€

Traditional SMC

Zoom Super-twisting SMC

Figure 3.1: Sliding-mode mechanism in phase plane.

3.3.1 Application of SOSMC to 3-phase SPMSM

The sliding surfaces are defined as follows:

S1 = Q- Qref
S9 =g —iq., (3.14)
$3 = 1d — ld,.,

The SOSMC laws for the speed and dg-frame currents controllers are presented below. The

speed controller law is given by:

1 . .
(Ole + Qref) — kigy/|s1] sign (s1) + Uq

1 = —
Qref 3

(3.15)
Uq = —kaoq sign (1)
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The g-axis current controller law is given by:

1

Vare; = 3 (—cliq + 1, Qg — 22 + iqrﬁf) — kigy/|s2| sign (s2) + U,
B (3.16)
U, = —ky,sign (s2)
The d-axis current controller law is given by:
1 .
Vi, == (—crig — npyQiy + 14, , ) — k1a\/|8s] sign (s3) + Uy
B ( o + ) (3.17)
Ud = _kf2d sign (83)
3.3.1.1 Stability Analysis
The proposed Lyapunov function for the control is shown in [101] as follows:
1., 1 12 2
V = 2kyls| + U + 5(/<;1|s| sign(s) — U) (3.18)

Additionally, the Lyapunov function can be represented in a quadratic form as follows:

V =(T'P¢ (3.19)

where (T = “5]1/2 sign(s) U}, p=1

—Fky 2
Taking the time derivative of (3.19) yields:

Ay + k2 —k1]

) 1 B
V= —Shls| ("¢ (3.20)

2k + k7 —k
Whereq:% 2k; ! 11.
—k1

The perturbation terms are as follows: pig=dq, p1q= di,, pra=d;,. It should be noted
that the second terms, paq, p2q, and paq, do not exist and are equal to zero. The perturbation

terms are globally bounded, as follows:

10| < day/[s1]

pral < 8/lsa (3.21)

lp1a| < day/|ss]

where dq, 04, and dq are bounding known positive constants. To assure the stability of the
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system (V < 0), we must select control gains that satisfy the following conditions:

]ﬁg > 2(59
5(5(2 k’lQ +46?2

koq > kg 2(k10—20q)

56qk1q+462

kg > 26
{ te = (3.22)
qu > qu 2(k14—234)

{ kld > 25d
584k14+4672
k2a > k14 2(k14—244)

3.3.1.2 Chattering Attenuation

The main shortcoming of sliding mode control is the chattering phenomenon. This unde-
sirable effect can be attributed to the utilization of the sign function within the control
algorithm. To further smooth the control output and reduce noise, it is suggested to replace
the sign function with the sigmoid function [101], represented as:

S

3.23
STt m (3.23)

where m is a small positive parameter, such as: |s| >> m.

SVPWMIE
o X iqA y mi 3-\;;hsalse
dq P isa
)\ i
abc|
1YY

Speed
Detection

Figure 3.2: Diagram of FOC based on SOSMC.
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3.4 Simulation Results

The simulation results sections presented in all chapters of this thesis were obtained through
a processor-in-the-loop (PIL) experiment implemented in MATLAB /Simulink. PIL exper-
imentation is a valuable tool for evaluating control systems on hardware, as it allows the
control algorithm to be executed in real-time.

To verify the proposed control, a PIL experiment was conducted, with the setup shown
in Figure 3.3. This procedure enabled the verification of the proposed control algorithm by
generating code onto the embedded processor dual-core of the DSP card (TMS320F28069M)
via serial communication. The code executed on the DSP card in a single cycle and then
transmitted the results back to Simulink. This allowed for the PWM signals to be generated
and fed into the inverter, which in turn supplied power to the motor. The output speed from
the motor was continuously compared to the speed reference in the controller operating in
real-time. The PMSM and inverter models were not physically present but were simulated

in Simulink with a fixed step size of 1 x 1076 s.

Vg == p s ( PMSM

0 o
S F s P
o : , 3
— — — By Ayyoub Zeghlache L |
S S S S, S5 S 9 PIL Block DSP board ;
Control

TMS320F28069 .
M Launchpad

gl [
inge <&

Figure 3.3: PIL experiment.

Using the structural diagram of the field-oriented control based on SOSMC (Figure 3.2)
with ig,., = 0, the simulation results were derived. The SOSMC strategy for SPMSM
was evaluated by a simulation test and compared with PI control and conventional SMC.
Table A.1 shows the parameters for the SPMSM drive. The conventional SMC used the

same sliding surfaces as the SOSMC design, but it also required estimating the load torque
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by applying the following equation (3.24):
T =S n>0 (3.24)

An experiment was conducted on a SPMSM under normal operating conditions, involving
changes in speed reference and load torque to verify the effectiveness of the SOSMC. The
variation in load torque is depicted in Figure 3.4a, starting with a speed reference of 1500
rpm and a rated load torque of 28.4 Nm. The motor experienced a sudden torque increase
to 38.4 Nm at 0.4 s, returning to its initial value of 28.4 Nm at 0.8 s. The variation in speed
reference is illustrated in Figure 3.4b, increasing from 750 rpm at time 0 s to its nominal
value of 1500 rpm at 0.5 s.

Three control techniques: PI control, traditional SMC, and SOSMC, are compared in
Figure 3.4 for their speed responses to sudden variations in load torque and speed reference.
The comparison shows that the speed response of SOSMC had the least oscillation and
fluctuation in the speed response among the three methods. Moreover, the response of PI
control was slower in following the reference speed than SMC and SOSMC. On the other
hand, SOSMC achieved a faster settling time to reach a steady state, less overshooting, and

without needing load torque estimation.

' ' ' ' 1500 f ' ! '
1500
2 N N A
1505
g 1500 1498 ] 1000 + 1500 ,
i 1000 1495 149641 1500 & "
Na¥ 0.1 04 05 0.8 0.9 = 05 0.6
e .
g ¢ .
L Ref o, Ref
& 500 PI & 500 = e
SMC 750} SMC
SOSMC SOSMC
0 0.1 0.2
0 ; . ; : 1 0 . . . :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(a) Variation in load torque. (b) Variation in speed reference.

Figure 3.4: Speed performance under healthy conditions.

To demonstrate the robustness of the SOSMC under healthy conditions, we will analyze
the effects of parameter uncertainties and unmodeled dynamics. The speed reference and
load torque are set to nominal values of 1500 rpm and 28.4 Nm, respectively (see Figure 3.5).
At 0.5 s, the parameter uncertainties of the SPMSM in this scenario are set as follows:
AR, = +60%R,, AL, = —30%L,, AJ = +80%J, Af = +100%f. Regarding the dead-

time effects, as shown in (3.7), the two remaining unmodeled dynamics (4, d,) are assigned
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as %2 sin(60) and %2 cos(60), respectively. The results show that the SOSMC demonstrates

robust and effective control in dealing with the lumped disturbances.

100
1500 ;
A 50 “WLLLLLLUAAAL
Eh S VANWANYA | ] Ay
o 1 Z 60 5 1
\:é/ 1300 1498f \]i v g \q; ’ 0.73 v(]“ 0.75
é 0.773  0.774 0.775 0.776  0.777 gi 40 i
9 1200 et 1 &= _
SPII\,IC 20 PI 1
1100 SOSMC gl(\;[ﬁsc
0 012 014 Oi6 0j8 1 00 0j2 0j4 O:6 0i8 1
Time (s) Time (s)
(a) Speed performance. (b) Torque performance.

Figure 3.5: Performance in presence of lumped disturbances.

3.5 Conclusion

This chapter has demonstrated the effectiveness of the SMC strategy, especially the SOSMC,
for controlling PMSMs under various disturbances and uncertainties. The SOSMC strategy
was able to handle load torque variations, speed reference changes, parameter uncertain-
ties, and unmodeled dynamics, thereby achieving robust and optimal control performance.
The simulation results confirmed that the SOSMC strategy outperformed the PI control and
conventional SMC in terms of speed tracking, torque ripple reduction, and chattering elimi-
nation. The next chapters will explore active fault tolerant control methods for PMSMs, and

how the sliding mode control strategy can be modified to cope with different types of faults.
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Chapter 4

FTC of 3-phase PMSM

4.1 Introduction

The extensive application of permanent magnet synchronous motors (PMSMs) is marred
by persistent challenges associated with unanticipated shutdowns and malfunctions stem-
ming from eccentricity, demagnetization, and stator faults [102]. Among these, short-circuit
faults in the motor phases are particularly prevalent, given the substantial voltage and tem-
perature stresses imposed on the stator coils [103]. Furthermore, PMSMs, comprised of
permanent magnets, are susceptible to demagnetization faults, leading to a significant re-
duction in efficiency, which may arise from environmental factors and electromagnetic fields.
As highlighted by [104], operating in an environment with a high temperature of 100 °C can
result in a notable 20% reduction in permanent magnet flux. In light of these challenges,
various strategies have been proposed to detect and mitigate the effects of these faults, with
the aim of preventing sudden failures and extending the operational lifespan of PMSMs
[74, 105, 106, 107, 108, 109].

This chapter aims to tackle these issues by introducing a novel fault-tolerant control
(FTC) strategy that combines second-order sliding mode Control (SOSMC) with a fuzzy
extended state observer (FESO). The primary objective is to ensure the robust operation of
PMSMs, particularly in the face of demagnetization faults and short-circuit faults.

The succeeding sections of this chapter provide a comprehensive exploration of the pro-
posed FTC strategy. It begins by delving into the PMSM model under the influence of
modelled faults, representing sinusoidal components in the dg-frame currents. Additionally,
the chapter introduces the PMSM model under demagnetization fault. Subsequent sections

detail the proposed FTC, designed based on FESO and implemented through reconstruction
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control. The chapter concludes with sections presenting simulation results and summarizing

the overall findings.

4.2 Modelled Faults in the PMSM Model

A PMSM becomes asymmetric due to electrical faults. This produces harmonics in the
spectrum of stator current [110]. As stated in [111], incorporating a sinusoidal component

into the dg-frame currents can represent these faults.
ny

1qg — g + Z Az Sin(wit + 02)

nyg
iq — iq + Z Al cos(wit + 91) (41)

Ww; = 27T-(Ffault + FS)

1= 1, ey g

where n; represents the number of harmonics produced by the faults, A; and 6; are the
unknown amplitude and phase parameters that describe the initial condition of the fault.
F; is the fundamental frequency, and Fl,,; is the characteristic frequency of the fault. The
fault frequency can be easily detected and analyzed using MCSA [7].

The following exosystem is able to model the faults depicted below:

2=95z (4.2)
S = diag(5;)
0 w 2e(S) = 2n; X 2
where | S; = “ with size(5) ey .
—w; 0 size(z) = 2ny x 1
i:1,2,...,nf

The dg-frame currents described in (4.1) with perturbing terms can be rewritten as follows:

{ id—>id+QdZ

o (4.3)
tg — i + Qg2

Q=[101..10]

where .
Q=[0 10 ... 0 1]
Using the ecosystem (4.2), the derivatives of currents can be determined as follows:

{’Ld—>ld+QdSZ

. . (4.4)
lg = ig+ Qg S-Z
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Substituting (4.3) and (4.4) into (3.2) yields the dg-frame currents of 3-phase SPMSM

model in presence of modelled faults, which are:

{‘Zgzclz'ﬁn,,mqucﬁfd (45)

Lo = crig — Qg + 0+ BV, + £,

where fd _ CleZ + anqQZ + QdSZ _ FZ; with T’ — Cle + anqQ + QdS '
. 1Qqz — npQaz + Q52 1Qq —npQa2 + Q.S

4.3 SPMSM Model Under Demagnetization Fault

Magnets can lose their magnetic properties permanently due to factors beyond their control,
such as high temperatures. When this occurs, the permanent magnets will undergo changes
in the amplitude and direction of their flux linkage. Figure 4.1 illustrates these variations,
where the flux linkage amplitude transitions from ®; to ®,, and the flux linkage direction

shifts by an angle of ~.

Figure 4.1: Variation of SPMSM flux-linkage.

When a demagnetization fault occurs in a SPMSM, the flux linkage of the rotor will be

affected as follows:

{ By = Lyig+ O+ A,y (46)

&, = Ly, + AD,,
where A®,; = &, cosy — &; and AP,, = P, sin~y represent perturbation values for flux
linkage components along the dg-frame.
The electromagnetic torque (3.1) will become as follows:

3 3
Tem = 5rp®siq + 51p(ADraiy — A®ygia) (4.7)
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Substituting (4.6) into (2.19) yields the state equation of a SPMSM in the presence of

demagnetization fault, as follows:

B — cyig + npQy + BVa + fa
B0 = Crig — npQia + 2+ BV, + f, (4.8)

aQ _ . -
E—Cglq_alQ—FfQ

fd %ZA(I)qu
where | f, | = | —7AD0
fQ 32LJP (A(I)rdz.q - A(I)rqid) - aQTT

4.4 Design of Fuzzy Extended State Observer

In order to design an ESO for the PMSM, it is imperative to formulate a comprehensive
model of the motor. This model can be precisely defined through the utilization of state

equations, as delineated below:

{ i = Az(t) + Bu(t) + Df(t) (4.9)

y = Cu(t)

In accordance with the state equation (4.9), the traditional design methodology for the ESO
of the SPMSM is structured as follows:

B(t) = AZ(t) + Bu(t) + DF(t) + h(y(t) — §(t)) (4.10)

where £(t), §(t) and f(t) are the estimates of z(t), y(t) and f(t), respectively; h is the
observer gain matrix.
By integrating fault terms as additional states, the extended state-space model for stator

currents in SPMSM is presented as follows:

14 ci npQ 1 0f | g 0
d|ig | |=m2 e 0 1] | 4 N cof)
dt | fa 0 0 00| f 0
f 0 0 00]]|f 0
! ! (4.11)
B0 00
0 % 00 :
S0P Y [fd]
0 0|V, 10|/
0 0 01
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T T
where z(t) = {id iq fa fq} is the state vector; u(t) = [Vd Vq} is the control vector;

T T
y(t) = [id z'q} is the output vector; f(t) = { fa fq} represents the demagnetization fault
affecting the SPMSM.
It is evident that the system described by (4.11) possesses full rank and is observable.

The FESO equations for the currents can be obtained in the following manner:

{ %d = Clgd + an%q + fd + BVy+ ha FLCy

fo=haFLC,

X R o (4.12)
{ iq = =g + crig+ fo + BV, + ha FLC,

fq=heFLC,

where hgi, haa, hqi, and hg are constants that are all positive; fd and fq are the estimates
of fg and f;, respectively.
The extended state-space model describing the speed of SPMSM can be articulated as
Q Q

follows
. —Q 1
fa 0 0] |fo

T
where z(t) = [Q fQ} is the state vector; u(t) = ¢, is the input; y(¢) = Q is the output;

d

dt

C3

. fo (4.13)

+ o +

1

f(t) = fq represents the total perturbation arising from demagnetization fault and load.
To estimate the state fq in system (4.13), a FESO for the speed can be derived as follows:

{ Q = —Cklﬁ -+ fQ -+ Cgiq + hglpLCQ (4 14)

fo = haFLCq

where hq; and hgs are both positive constants.

The IT2FLC functions by taking the error signal (iq — 74, Qg — Z'Aq, Q— Q) as input and
employing proportional, integral, and derivative control actions to generate the output in the
following manner:

FLCy = Kpippa + Kiapia + Kaapdd
FLCy = Kpgppg + Kigiq + Kaqaq (4.15)
FLCq = Kpoppo + Kiapio + Kaapan
where Kp4, K,q, and K,q are the gains of the proportional controller. K4, K;q, and K;q
are the gains of the integral controller. K4, K44, and Ky are the gains of the derivative

controller. ¢4, ¢, and ¢q are the outputs of the interval type 2 fuzzy logic control given by
(4.18).
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Figure 4.2: Structure of the IT2FLC.

To match the error signal input with the membership functions of the IT2FLC shown in
Figure 4.3 [112], we normalize it to the interval of [—1, 1] using the input scaling factor (K.),

as illustrated in Figure 4.2.

H
A, LA Ay
my | \ / ms
my
a
-1 0 il

Figure 4.3: Membership functions.

The rule structure of the IT2FLC is defined as follows according to reference [8]:
R;:IFois A;, THEN pis B;, i=1,2,3 (4.16)

where B; represents crisp outcomes with specific values assigned, such as By = —1, By = 0,

and Bs = 1. The heights of the lower membership functions, denoted as my, mso, and ms,
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are delineated as:
m=ms=1—a«a
(4.17)
mo =
Therefore, the sole parameter that requires tuning in the IT2FLC is « [8].
The expression detailing the fuzzy mapping of the single input IT2FLC, represented as

¢(0), was introduced in reference [8]. It can be articulated as follows:

(o) = ak(lo]) (4.18)

where k(o) denotes the nonlinear gain, its definition is articulated as follows:

k(a)—1< L O‘_l) (4.19)

T2 a+oc—a0 owo—1

Qref Iqref iq Vqref V‘?Inew o
SOSMC: @—"ei SOSMC: (X g
A A

A

idref Vg ref \Z
SOSMCs > BOT— 1%
A y N V V

ay B
Vol IV, | [|SVPWM

T YYY YYvY
Inverter
i dq i,
4 abc "
n j o o
PMSM

Figure 4.4: Structural diagram of the proposed FTC based on FESO.

4.5 Reconstruction Control

The active fault-tolerant control strategy is outlined in Figure 4.4, where new control laws

from FESO are implemented to adjust the existing SOSMC laws. The reconstruction control
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laws are depicted below:

7/qnew - Z(Ircf + qu

View = Va,oy + Via (4.20)
‘/Q'new - ‘/;]ref + qu

where i, e Vare e

and Vy . are the SOSMC laws given by (3.15), (3.16), and (3.17); respec-
tively, the additional control laws 7 fqs Vfd, and qu are determined by a FESO that estimates

ref

the impact of the fault and are defined as:

. 1.
lrqg = _Ci?)fﬂ
N 1 .
Vfd = —de (421)
~ 1 A
qu _Efq

where foq, fq, and f, are the fault estimates computed through (4.14) and (4.12).

4.6 Simulation Results

The structural diagram of SOSMC with FESO is depicted in Figure 4.4, and their parameters
are detailed in Table A.2. The proposed control algorithm was implemented on a DSP board
(TMS320F28069M), with the setup being identical to that depicted in Figure 3.3 of the
previous chapter. The PI control and conventional SMC are consistent with those employed
in the previous chapter. To assess the performance of SOSMC with FESO under faulty
conditions, we examine three fault scenarios: Demagnetization Fault, Modeled Faults, and a
Short-circuit Fault.

4.6.1 SPMSM Under Demagnetization Fault

The simulation of permanent-magnet demagnetization was carried out by altering the permanent-
magnet amplitude (®,) and the deviation angle (). As illustrated in Figure 4.5, the reference
speed was 1500 rpm, while the load torque was 20 Nm. The amplitude of the permanent-
magnet flux was 0.32 Wb at 0 s and 0.25 Wb at 0.5 s, while the deviation angle was 0 degrees
at 0 s and 60 degrees at 0.3 s. The load torque changed from 20 Nm to 28.4 Nm at t = 1.5
s to evaluate the fault-tolerant control under demagnetization fault.

Figure 4.5 demonstrates that SOSMC remains powerful in both healthy and faulty condi-

tions compared to PI control and traditional SMC. However, it still experiences fluctuations
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Figure 4.5: Speed and torque performance under demagnetization fault.

during transitions when a fault occurs. By boosting SOSMC with fuzzy extended state ob-
server, the performance of SOSMC in handling permanent magnet demagnetization faults is

improved. This enhancement provides strong robustness and compensates for uncertainties

and faults.
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Figure 4.6: The estimated value of fq.

Figure 4.6 and Figure 4.7 compare the simulation results of the traditional ESO and the
FESO regarding their ability to estimate fq, f4, and f, values. The traditional ESO exhibits
oscillatory behavior in its estimate, while the FESO produces a smoother estimate. This
indicates that the FESO can generate more stable and reliable estimates than its conventional
counterpart when a demagnetization fault occurs. This finding highlights the robustness and

effectiveness of the interval type 2 fuzzy logic-based approach in addressing the uncertainties
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and nonlinearities inherent in the system. Mean square error values for the estimation data

in Figure 4.6 and Figure 4.7 are presented in Table 4.1.
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Figure 4.7: The estimated values of f; and f,.

Table 4.1: Comparison between traditional ESO and FESO

ESO FESO

fsz 300.8000 256.3508
Mean square error fd T47.7654 655.8482
fo 7712615 586.4111

4.6.2 SPMSM Under Modeled Faults

In the following modeled fault scenario, sinusoidal components are introduced into the cur-

rents, as shown in the dg-frame currents model (4.5). The speed and load torque are set to

1500 rpm and 28.4 Nm, respectively, as depicted in Figure 4.8.

o At time = 1 s, a single fault occurs and is modeled by a sinusoidal signal with the

following characteristics: an amplitude (A;) of 35, a frequency of 50 Hz, and a phase

angle (0;) of 7/2.

o At time = 1.5 s, two faults arise, each characterized by additional sinusoidal signals

with amplitudes (As3) of 5, frequencies of 80 Hz and 20 Hz, and phase angles (623) of

/4.
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Figure 4.8: Performance under modeled faults.

Figure 4.8 shows the speed and torque performance under modeled faults (one and two
faults). At time = 1 s and time = 1.5 s, when the faults occur, both the PT and SOSMC
controllers experience torque ripples and speed fluctuations. In contrast, the proposed fault-
tolerant control based on SOSMC with FESO shows almost the same performance as in

normal conditions.

4.6.3 SPMSM Under a Short-circuit Fault

The performance of the control under a short-circuit fault is shown in Figures 4.9 and 4.10.
The speed and load torque are set at 1500 rpm and 28.4 Nm, respectively. At time =1 s, a
phase-to-phase short circuit between phase a and b suddenly occurs with a fault resistance
of 0.0025 Ohm.

Figure 4.9 shows that PI and SOSMC controllers without FESO exhibit high ripples in
speed and torque performances during the fault. In contrast, SOSMC with FESO maintains
a stable and robust performance with minimal ripples.

Figure 4.10 illustrates that abc currents in PI and SOSMC controllers become unbalanced
during short-circuit fault conditions. However, when FESO is used with SOSMC, the currents

remain at the same level during fault conditions as they do under healthy conditions.
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4.7 Conclusion

In conclusion, this chapter has demonstrated that the combination of second-order sliding
mode control (SOSMC) with a fuzzy extended state observer (FESO) yields efficient and
robust dynamic performance for both speed and current controllers for a 3-phase PMSM.
Through this combined approach, it exhibits adept handling of demagnetization and short-
circuit faults, thereby ensuring the overall stability and control performance of a 3-phase
PMSM. The incorporation of an interval type-2 fuzzy logic controller (IT2FLC) within the
observer further amplifies the system’s robustness, fortifying its resilience against both faults
and external disturbances. The findings presented in this chapter underscore the efficacy of
the proposed approach in addressing critical challenges within the PMSM system, thereby
contributing to the advancement of fault-tolerant control strategies in the realm of electric

motor applications.
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Chapter 5

FTC of 5-phase PMSM

5.1 Introduction

Robustness is a vital feature of 5-phase permanent magnet synchronous motors (PMSMs),
but they are still vulnerable to open-circuit faults (OCFs) that can affect their performance.
OCFs are usually caused by faults or breaks in the motor windings [6], and they require quick
detection and response to prevent further damage. Therefore, fault-tolerant control (FTC)
strategies are essential to reduce the negative impacts of OCFs.

Many FTC strategies have been developed to deal with the unbalanced currents that
result from OCFs in 5-phase PMSMs [113, 114, 115]. However, most of them are based on
linear controllers, such as the PI controller, which is commonly used in field-oriented control.
These linear controllers may not be able to handle the complexity and nonlinearity of 5-phase
PMSMs during OCFs, which causes asymmetry in the motor and torque ripples. There is
a need for more research on nonlinear control methods and compensations for multiphase
machines under OCFs.

One of the nonlinear control methods that has attracted attention is sliding mode control
(SMC), which has been shown to have advantages over linear methods [116]. SMC can cope
with system uncertainties and disturbances, and it is less sensitive to model imperfections.
This makes SMC a promising solution for PMSMs during fault conditions [117, 118]. SMC,
despite its simplicity and tunability, has some challenges, such as the chattering effect, which
need to be addressed by using mitigation methods, such as the reaching law approach. This
approach includes techniques like constant rate reaching and power rate reaching, which can
help reduce chattering effects in SMC [100]. However, there are also external disturbances
that affect PMSMs, called mismatched disturbances, which pose additional challenges [119].
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Traditional SMC techniques may not be able to fully compensate for these disturbances [120],
which leads to the exploration of combining controllers with observers. The integration of
a NESO with HTF and SMC is suggested as an effective strategy to handle mismatched
disturbances.

The following sections of this chapter will explain the details of the proposed control
strategy. Section 5.2 will describe the 5-phase PMSM model in healthy and faulty con-
ditions, while Section 5.3 will discuss optimal control references for both models. Section
5.4 will present the design of an SMC with NESO, and Section 5.5 will analyze the results
of the proposed approach. Finally, Section 5.6 will conclude the chapter, summarizing the

contributions and implications of the research.

5.2 Dynamic Model of 5-phase PMSM Under an OCF

To facilitate the advancement of control laws for the 5-phase PMSM and enhance the under-
standing of its dynamic model, we can represent the motor model under healthy conditions

by using (2.28) and (2.29) in the following manner:

idp = Cl’idp + CQQiqp + blvdp

iqp = Cgiqp — C4Qidp — 50 + bqup

fzds = CGids + C7Qiqs + b3vds (51)
iqs = Cgiqs — CgQ’ids — CloQ + b4Uq8

Q= alTe — alTL — CLQQ

Wherein the machine parameters delineate the constituent components of the 5-phase PMSM

model as follows:

— Rs — L‘ZF — RS — LdP — ¢f1 — Rs — 3qu — Rs
C1 = Lap’ Cy = Ld%::’p? C3 = Lop’ Cq4 = Lqpnlh Cs = Lqpnpa Ce = Ly y C7 = Lgs Np, C8 = Lgs?
— 3Lgs — 3%rs — 1 — 1 - 1 -1 — 1 - F
Cg = qun]ncl()_ qun[”bl_Ldp7b2_Lqp7b3_Ld5’b4_qu7a1_J’a2_J'

To enhance clarity, this chapter simplifies the fault model of 5-phase PMSM by focusing
solely on the OCF during phase “a”. In the event of an OCF, we can establish the new Clarke
and Park transformation ((5.2), (5.3)). These transformations are designed to uphold the

circular rotation of the fundamental magnetomotive force (MMF) and back-EMF, ensuring
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their consistency with a healthy model [117].

2 4 6 87
COS?—l cosg—l cosg—l cos = —
T._ g sin %’“ sin 4{ sin 6; sin %” (5 2)
°f o} sin &¢ sin 127 sin T sin 2z .
5 5 5 5
1 1 1 1
cos@ sinf 0 O
—sinf cosf® 0 0O
Ty = (5.3)
0 0 10
0 0 01

Using ((5.2), (5.3)) and substituting the vector representing the flux linkage of a per-
manent magnet under an open circuit into the derivative of magnetic co-energy concerning

the electrical angle, the expression for electromagnetic torque can be derived as described as
follows [121]:

Tef = Tefl + TefS (54)
5 ) 5 ..
Tepr = §np¢fllqp + §np2dpqu (Lap — Lep) (5.5)
15

Teps = an¢f3 [(—igp(cos(20) — cos(46))

+igp(sin(26) 4 sin(46)) + 2ig5 cos(36)]

where T¢; denotes the total electromagnetic torque under faulty conditions, it is the sum of

(5.6)

two components: Ty and T, 3. T,y is the electromagnetic torque affected by the fundamen-
tal harmonic, which is equivalent to the healthy model. T¢ss is the electromagnetic torque
that causes torque ripples due to the fault. The dynamic model of the 5-phase PMSM under

the open circuit fault in phase “a” can be obtained as follows [121]:

tdp = Cilap + C28igy + b1vgp

Ggp = C3lgp — Caldigp — 580 4 bavgy

R (5.7
igs = Cr1igs — 1282 c08(30) + bgsvas
Q = alTef - CLlTL - GQQ

where ¢;; = —%SS , Clg = 32’; 2ny , bgs = L%s’ with 6 representing the electrical angle and

L;s denoting the leakage inductance. The voltage (vgs) and current (igs) in the fs-axis are
specified in the stationary frame afs-frame, influenced by the third-order harmonic. It is

noteworthy that the a,-axis was eliminated during a single-phase open circuit in (5.2).
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5.3 Optimal Control References

5.3.1 Current References in Healthy Model

To ensure optimal torque decoupling of the 5-phase PMSM during normal operating condi-

tions, as outlined in Section 2.3, the current references for healthy conditions are:

i, =0

. _I7

Loy = —

P kr (5.8)
ih, =0

i* = €3i*

qs qp

3¢f13 and kr = 2n,¢p1 (1 4 €3).

where €3 = o

5.3.2 Current References in Faulty Model

To mitigate reluctance torque, it is essential to maintain the dp-axis current at zero, as this
minimizes torque ripple resulting from the difference between the dp- and g¢p-axis induc-
tances, as outlined in (5.4). Additionally, attention should be given to the current igs, which
contributes to torque ripples associated with third-order torque pulsation. Determining the
optimal i3, current reference is contingent upon specific control criteria, necessitating a choice

between minimizing copper loss (MCL) and maximizing torque output (MTO).

5.3.2.1 MCL Control Criteria

To mitigate copper losses effectively, an optimal control strategy involves minimizing currents
by driving as many of them to zero as feasible. Simultaneously, it aims to ensure the gener-
ation of the required output torque with the fewest possible currents, all while maintaining
optimal performance.

When ij, = 0, and i3, = 0, the torque reference becomes simplified as:

e

17 = kyig, (1 — 0.5e3c08(20) + 0.5e3c08(40)) (5.9)

where £y = %npgbfl. The torque reference in (5.9) assures MCL by raising the “c” and “d”
phases by 26.31% and the “b” and “e” phases by 46.78% [118]. In accordance with the MCL
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criteria, the currents references under faulty conditions are outlined as follows:
igpy =0
T

= 1
‘@ 7 Je (T~ 0.525008(20) + 0.5egeos(46)) (5.10)

i};s =0
5.3.2.2 MTO Control Criteria

To optimize the inverter’s output torque, it is essential to ensure the same amplitudes in the

phase currents. Assuming a constant stator magnetomotive force, the authors proposed a

[l

strategy in [113]: once phase “a” is open-circuited, align the currents of the remaining phases

by setting i, = —i4 and i, = —i.. Furthermore, from (5.2) and (5.3), we obtain:
. 20,. 27 | 6w . . 4m . 8w,
igp = = [(sm — —sin — )i, + (sin — — sin )zc}
2( 2T . 67)(, +iy) )
—(sin — — sin — ) (ip + i
5 5 5707
. 18w 120 24m .
{ sin — — sin — )i, + (sin — -~ —sin 5)20]
5 (5.12)
2(, 67T . 187T)<,+Z,)
= —(sin — — sin — ) (ip + .
505 5 0
Dividing (5.12) by (5.11) yields:
~ sin & —sin 87  0.936i
tos = sm%’r—sml%rl’gp_ Ot (5.13)
= 0.236(—1%gp Sin 6 + i,y cos 6)
When ij, = 0, the current reference in the (-axis is determined as follows:
ips = 0.2361, cos 0 (5.14)
Therefore, substituting (5.14) into (5.4) yields:
17 = kyig, (1 — 0.382¢e3 cos(20) + 0.618¢3 cos(40)) (5.15)

After applying the torque reference derived from MTO control criteria (5.15), the amplitudes
of all phases should be equal and increased by 38.2%. To select the appropriate MTO control
criteria, the current references under faulty conditions should be chosen as follows:

igp =0

" Tey

o 5.16
" = (1 — 0.38225 cos(26) + 0.618e; cos(40)) (5.16)

ips = 0.2361;, cos 0
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It is important to highlight that the torque references involve £3 multiplied by nonlinear
terms, which cannot be eliminated due to the non-zero dependency of ¢¢3 # 0 on the motor
design. Consequently, we employ nonlinear controllers to effectively handle unmodeled motor

dynamics, aiming to mitigate ripples in both torque and speed.

5.4 Design of SMC with NESO

5.4.1 Design of NESO

By considering the load and perturbation parameters as disturbance terms, we can rewrite
the 5-phase PMSM model (5.1) as follows:

idp = fap + brvay + di (1)
bgp = fap + D2Vgp + da(2)
bdas = fas + bsvgs + ds(t) (5.17)
igs = fas + bavgs + dy(t)

Q= alTe + d5(t)

The faulty model (5.7) has the same current equations as the healthy model (5.1) for the

dp-axis and the gp-axis, but the s-axis current equation is different and is given by:
igs = fas + basvgs + dg(t) (5.18)
with:
fap = cilap + caQigp,  fop = C3tgp — caldig, — 582
fas = Colas + c1Qigs,  fgs = Cglgs — Co§digs — c10§2
fss = cirigs — c12§2 cos(36)
where dy(t), da(t), ds(t) and dy(t) represent the mismatched disturbances of the stator cur-
rents in the d, g,, ds and ¢s axes, respectively. Additionally, d5(t) signifies the mismatched
disturbance for the speed, encompassing the load and viscous friction term. Furthermore,
dg(t) characterizes the mismatched disturbance in the ,-axis of the stator current during an
OCF. It is assumed that d;(t) (where i ranges from 1 to 6) and their derivatives are bounded
by:
6; > max(|d;(t)]) , pi > max(|d;(t)|) (5.19)

Consider the state equation of a nonlinear system, which can be expressed as follows:

= f(x,t)+ bu+ d(t) (5.20)
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where f(x,t) denotes a nonlinear function of x, b is a positive constant, u represents the
control input, and d(t) signifies the bounded disturbance of the state.

To estimate the unknown disturbance d(t) that affects the system (5.20), we propose a
NESO that uses the Hyperbolic Tangent Function (HTF). The NESO has the following form:

21 = Z9 — h(Zl —.73) ‘|‘f(l',t) + bu

(5.21)
4y = —h*tanh(z; — )

where z; represents the estimate of x, z5 represents the estimate of d(¢), and h is a positive
design parameter.

The estimation errors, represented as e; = z; — x and ey = zy — d(t), arise from the
asymptotically stable dynamics of errors centered around the equilibrium point. These errors
are then converted into (; = e; and (; = es —hey. The evolution of this transformation can be

elucidated by examining the dynamics of the system (5.20) and the ESO (5.21), as outlined

below: .
a=0 2 (5.22)
(o = €3 — h(a = —h"tanh(¢;) — n — h(s
where 1 = d(t).
The proposed Lyapunov function is outlined as follows:
9 G 1 9
Ve=h? [ tanh(Gi)dG + 56 (5.23)
Using (5.22), we can obtain the following expression for the derivative of the Lyapunov
function: oV, oV,
g Ve OV
<=3 & G+ ¢, G
_ 2 2 (5.24)
= h?tanh(G)G + Go(—h* tanh(G) — n — h(s)
= —C(n+ hé)

If n equals zero (n = 0), then VC = —h(? < 0. Despite the derivative being zero, the stability
of the Lyapunov function is preserved, thanks to its construction based on the system (5.22).
In cases where 7 is non-zero (1 # 0), and assuming that the norm of 7 (||n||) is less than or

equal to p, the steady state of system (5.22) can be expressed as follows:

(1=(=0

. (5.25)
o = —h2tanh((;) — 1 — héy = 0

Given the monotonically increasing nature of the HTF, we can infer from (5.25) that

taking the absolute value of tanh(z; — 1) with its bound, specifically |tanh(z; — x1)[ < /5.
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This bound plays a crucial role in guaranteeing that the estimation errors of the ESO adhere

to the following conditions:

|z1——x1\§§tanh_1(£;L 20 — d(t)] < htanh‘l(ig) (5.26)

By carefully choosing a suitable parameter h > 0, the estimation errors, denoted as e;
(where e; = z; — ) and ey (where e5 = 25 —d(t)), will gradually converge to a close proximity
of zero.

We define x, u, z1, and 25 as the corresponding states of the 5-phase PMSM model accord-
ing to (5.21). Then, we can derive the equations of the NESO to estimate the mismatched

disturbance as follows:
» The estimation of d;(t) can be determined through:

%dp = Czl (t) — hl(gdp — idp) —+ fdp + blvdp

co (5.27)
di(t) = —h7 tanh(ig, — i4p)

» The estimation of dy(t) can be determined through:
%qp - CZ? (t) o hQ(Eqp - Z'qp) + fqp + Davgp

’ " (5.28)
dy(t) = —h% tanh (i — igp)

o The estimation of ds(t) can be determined through:

gds - CZS@) - h3(gds - ids) + fds + b3vds

‘ : (5.29)
dg(t) = —hg tanh(ids — ids)

o The estimation of dy(t) can be determined through:
2qS = 34(15) - h4(%q5 - Z.qs) + qu + byvy

. R (5.30)
dy(t) = —h] tanh(igs — igs)

o The estimation of d5(t) can be determined through:
ﬁ:ci t) — hs(Q — Q) + a, T,
. o) — ol A) ' (5.31)
ds(t) = —h3 tanh(Q2 — Q)
» The estimation of dg(t) can be determined through:
Es:dAG(t>_h6(% s_i s)+fs+b sUBs
f o)+ ot -
d6(t> = —h% tanh(iﬁs - i/gs)

where h; denotes a positive constant gain of the observer for each ¢ from 1 to 6.
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5.4.2 Design of SMC

In this chapter, we explore an approach that integrates proportional rate reaching and power
rate reaching to enhance the speed of reaching the sliding surface, as discussed in [100].
This combined approach aims to demonstrate improved efficacy in accelerating the reaching
process and is articulated as follows:

§ = —k|s|%sign(s) — ms

(5.33)
O<a<l,k>0m>0

where s represents the sliding surface, the design parameters «, k, and m adhere to the
conditions outlined in the preceding equation.

We designate the sliding surfaces for the six controllers as follows:

~ %

$1 = ldp — lgp
0
Sg = lgp — iy,

S5 = s — i, (5.34)

o x
S4 = lgs — Ty

s5 =0 —0Q"

~ oy
S6 = ligs — lgs

where the reference state is represented by the symbol “*” and the estimated state of the
NESO is denoted by the symbol “.
In accordance with (5.33) and (5.34), the discontinuous control law for controllers is

expressed as follows:

up = —k;ls;|“'sign(s;) —m;s;

i=1,...,6

(5.35)

where each of the parameters «a;, k;, and m; (for i = 1 to 6) represents a positive design
constant.
The following control laws are obtained by combining the discontinuous control laws (5.35)

with the equivalent control laws, which are derived by setting the sliding surfaces derivative
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to zero: ]
U:lp = 7(_fdp - dl(t) + Z:}p> + up
qu ( fqp ()+Z )+u2
1 .
vés = 7(_fd8 - d3(t> + 125) + us3
(5.36)
vh, = ( qu— ()+z)+u4
1
Te* = 7(_d5(t) + Q*) + us
a1
* 1 P 7 x
Vg = f&(_fﬁs —d(t) +155) + ue
with:

fdp = cﬁdp + CQQZQP, fqp = c;ﬁqp — c4fﬁdp — C5Q
fds = 06543 + 07mqs, qu = CS%qs — Cgmds — 010Q
fgs = Cnggs — 150 cos(30)
where Jz(t) (for ¢ = 1 to 6) denotes the estimated disturbances of the nonlinear extended

state observer (NESO).

A Lyapunov function can be defined in the following manner:
V==0_s} (5.37)
The derivative of the Lyapunov function yields:

“isign(s;) — %Si)si

) 6 k;
V=> (_§|Si
=1 ?
6
= (Z(—Ai|5i
i=1

(5.38)

(€7

where A; is defined as L . and B; is defined as ™, achieving stability with V < 0 necessitates
meeting the conditions of A; >0, B; >0, and 0 <a; <1.

5.5 Simulation Results

To validate the proposed control strategy for the 5-phase PMSM under both healthy and
faulty conditions, we conducted comprehensive experiments utilizing MATLAB/Simulink.
The structural diagrams illustrating the control strategy for each scenario are presented in

Figures 5.1 and 5.2. Detailed motor drive parameters can be found in A.3.
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For the experimental implementation, we executed the proposed control algorithm on a
DSP board (TMS320F28069M), which generated PWM signals. These PWM signals were
employed to control a 5-phase Voltage Source Inverter (VSI) responsible for supplying power
to 5-phase PMSM. The VSI and 5-phase PMSM models were meticulously constructed using
Simulink, and simulations were conducted with a fixed step size of 1 x 107%s. To facilitate the
control of the five-phase motor, particularly under OCF conditions, we adopted the CPWM
technique due to its simplicity, ease of implementation, and its ability to inject zero-sequence

signals into the modulation signals.

s | X .
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Figure 5.1: Control structure in healthy conditions.

The motor we studied has a trapezoidal back-EMF, which means that it has a significant
third harmonic component. We can see the back-EMF of each of the five phases in Figure 5.3.
We used a fast Fourier transform (FFT) analysis to quantify the third harmonic component,
and we found that it accounted for 19.92% of the total back-EMF spectrum. To test the
performance of the proposed SMC with NESO for 5-phase PMSMs, we conducted experiments
under both healthy and faulty conditions and compared the results.

To compare the performance of the proposed control method for 5-phase PMSMs, we
used two benchmark methods: PI control and traditional sliding mode control (TSMC).
These methods are widely used in the literature for 5-phase PMSMs. Our implementation of

TSMC was a hybrid strategy amalgamating techniques outlined in [117] and [118]. The first
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Figure 5.2: Control structure in faulty conditions.

technique [117] incorporated TSMC with a PI controller and a chattering term within the
speed loop, while the second technique [118] applied TSMC specifically in the current control
loops. To assess the torque and speed performance under different conditions, we used two

indicators of torque ripples and speed fluctuations, as defined in (5.39).

_ (max(T,.) — min(7))

eripple% mean(Te) X100 (5 39)
_ (max(Q) — min(Q)) |
Q% = mean({2) 1

5.5.1 Healthy Conditions

To demonstrate the robustness of the proposed SMC with NESO under healthy conditions,
we planned to examine the influence of uncertainties in the stator resistance parameters and
sinusoidal variations in unmodeled dynamics. The mismatched disturbances, as described in

(5.17), will be applied in the following manner:

dl(t) = _%f; + 5dp
B = =5, + oo (5.40)
ds(t) = =55 + by
da(t) = _ﬁis + 0gs
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Figure 5.3: Five-phase back-EMF in healthy.

where AR, is defined as the absolute difference between R, and Ry, with R, representing the
nominal value of the stator resistance. The terms d4p, dgp, d4s, and d4s are employed to denote
unmodeled dynamics, and their characterization involves sinusoidal forms to accommodate
dead-time effects, as outlined in [81].

To evaluate the proposed control, we performed a comparative analysis with TSMC and
PI control under different conditions of load torque and speed reference. We tested the
controllers in two situations: one with fixed speed reference and varying load torque, and
another with fixed load torque and varying speed reference. Moreover, we examined the
effects of parameter uncertainties and sinusoidal variations in unmodeled dynamics in both
situations.

Figures 5.4a and 5.4b depict the outcomes of the first situation, wherein the speed ref-
erence is established at 300 rpm, and the load torque undergoes a shift from 20 Nm to 40
Nm at 1 second. Additional unmodeled dynamics are introduced at 2 seconds, denoted as
dap = 10sin(66) and 9, = 10cos(66). Concurrently, the stator resistance experiences a
+60%R, adjustment, equivalent to 1.6R,,. The findings reveal that all three methodologies
successfully follow the speed reference despite variations in load torque and the presence of
mismatched disturbances. Nonetheless, it is observed that the PI control exhibits the slow-
est settling time, characterized by overshoot and heightened speed fluctuations. The TSMC
demonstrates a faster settling time compared to PI control, yet both methods display dis-
cernible ripples in the speed and torque responses at 2 seconds, indicating limited robustness
and control performance in the face of disturbances. In contrast, the proposed SMC with
NESO effectively mitigates the impact of parameter uncertainties and unmodeled dynam-
ics. This ensures smooth tracking of the speed reference with the quickest settling time and
minimal ripples or fluctuations in speed and torque, even under sudden load torque changes.

In the second situation, illustrated in Figures 5.4c and 5.4d, where the load torque is set at
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Figure 5.4: Healthy conditions response to load and speed changes.

40 Nm, and the speed reference undergoes an abrupt step change from 100 rpm to 300 rpm,
reverting to 100 rpm at 3 seconds. Unmodeled dynamics and parameter uncertainty, akin to
the first situation, are introduced at 2 seconds. In this context, the proposed control outper-
forms both PI control and TSMC, exhibiting more accurate tracking of the reference speed, a
shorter settling time, absence of overshoot, and reduced torque ripples. This underscores the
superior performance of the proposed SMC with NESO in effectively managing mismatched

disturbances during abrupt changes in speed reference, ensuring robust and efficient control.

5.5.2 Faulty Conditions

We examined how the proposed SMC with NESO, PI control, and TSMC performed under
faulty conditions by studying the effect of an OCF in phase “a” on a 5-phase PMSM that used
an MCL control strategy. Figure 5.1 illustrates the healthy structure, while Figure 5.2 shows
the fault-tolerant mode when the OCF was detected. We analyzed how this fault in phase
“a” affected the speed, torque, and current responses (see Fig. 5.5). The fault happened

at 1 second when the motor was running at a speed reference of 200 rpm and a load torque
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of 20 Nm. The fault detection happened at 1.5 seconds, which caused a quick switch to the
fault-tolerant mode. A noticeable irregularity in the current response was observed between
1 and 1.5 seconds before the fault detection (see Fig. 5.5¢). After the fault detection, the
current response showed differences in amplitudes of phases, with a rise of 26.31% for phases
“c” and “d” and 46.78% for phases “b” and “e”, as shown in Figure 5.5d. The proposed
SMC with NESO made a smooth transition between the healthy and faulty conditions. On
the other hand, both PI control and TSMC displayed significant oscillations and ripples in

speed and torque, persisting even after fault detection (see Figs. 5.5a and 5.5b).
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Figure 5.5: Response by using MCL under OCF.

To assess the optimal control references for the proposed SMC with NESO, PI control,
and TSMC under an OCF in phase “a”, we established a speed reference of 300 rpm and
a load torque of 40 Nm. When applying the MCL criterion, the torque ripples of the PI
control and TSMC are less at the wave peak than those of the MTO criterion, as depicted
in Figures 5.6a and 5.6b. However, the suggested SMC with NESO showed nearly identical,
minor torque ripples for both criteria (see Fig. 5.6¢). On the other hand, the MCL criteria

control results in unequal amplitude currents, while the MTO criteria control ensures that all
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phase currents are equal. Nevertheless, they increased by 38.2% from the healthy conditions
due to the application of MTO control criteria, as shown in Figure 5.6d. A comparative
analysis between PI control, TSMC, and the proposed SMC with NESO using the MTO and
MCL criteria in the steady state is provided in Table A.4. The findings reveal that SMC
with NESO has the smallest torque ripple difference between the MTO and MCL criteria
(around 0.593%), followed by TSMC (3.4042%), and PI control (6.4322%).
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Figure 5.6: Response by using MCL and MTO under OCF.

To evaluate the robustness of the proposed SMC with NESO in the presence of faulty
conditions, we conducted an examination of the consequences arising from uncertainties in
parameters by changing the stator resistance. The mismatched disturbances outlined in

equations (5.17) and (5.18) will be characterized in the following manner:

d1<t) - —%
dy(t) = — 72 (5.41)
do(t) = — 3=
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The results compared two different control scenarios: one that used the proposed SMC
with a NESO that included the HTF, and another that applied an ESO without the HTF.
The speed reference was 300 rpm, the load torque was 20 Nm, and the stator resistance
was changed to 1.6 times Ry, (+60% of Rs) at 0.5 seconds. In Figure 5.8, the stator current
waveform of phase “d” and its corresponding Fast Fourier Transform (FFT) spectra in steady
state are presented. The findings reveal that the control scheme without HTF exhibits a
higher Total Harmonic Distortion (THD) of 35.75% compared to the utilization of HTF,
which resulted in a THD of 24.08%. Specifically, for the 3rd harmonic, the reduction was
from 17.7% to 12.15%; for the 5th harmonic it decreased from 10.44% to 9.092%; for the 7th
harmonic, it reduced from 17.48% to 11.17%; and for the 9th harmonic, it decreased from
11.8% to 7.176%. The speed and torque response are shown in Figure 5.7. The figure reveals
that the stator resistance variation at 0.5 seconds caused more noticeable ripples in speed and
torque for the control without HTF than for the control with HTF. However, when the speed
reference changed to 100 rpm at 2 seconds, the speed and torque oscillations were almost
the same for both cases. Thus, the incorporation of HTF in the proposed control strategy
effectively alleviates harmonics in the current signal and reduces ripples in the speed and

torque performance.

Univ-Msila/Electrical Engineering: 202/ 79



FTC of 5-phase PMSM

FFT window (in red): 10 cycles 25Fundamental (10Hz) =9.951 , THD= 35.75%
20 E 3rd 7th
_ & 20} ¥V " 1
& S 9th
g 8 5th -
—  0f c 15 ¢
© >
c L
o %5 101
-20} S
1 1 1 = 5-
©
0 05 1 15 2 z,
Time [s] 0 20 40 60 80 100
(a) Current response (SMC+ESO). (b) Current THD (SMCHESO).
FFT window (in red): 10 cycles 25Fundamental (10Hz) = 9.808 , THD= 24.08%
: . . =25 : : : :
. 20f @ 20f
g S 3rd
g ol 5] 7th
E 10 S 15} v 5th / 1
i z ¢ 9th
o 0 = 10l 1
O_) 1 ‘ ‘ |
-10 S
L - L ©
0 05 1 15 2 = L | | | |
Time [s] 0 20 40 60 80 100
(c) Current response (SMC+NESO). (d) Current THD (SMC+NESO).

Figure 5.8: Response to parameter uncertainty under OCF.

5.6 Conclusion

In conclusion, this chapter introduced a FTC strategy tailored for a trapezoidal back-EMF
5-phase PMSM operating under an open-circuit fault. The proposed strategy harnessed
SMC with NESO based on the hyperbolic tangent function, and its stability was validated
through the application of the Lyapunov theory. Furthermore, optimal current references
were presented using FOC to achieve torque decoupling and minimize copper losses in healthy
operating conditions. In the event of faults, two distinct criteria for optimal current references
were introduced: MCL and MTO. The comparative analysis demonstrated that the proposed
control exhibited minimal torque ripples for both criteria, distinguishing it from conventional
PI control and TSMC methods. Additionally, the efficacy of the proposed control was verified
in terms of enhanced tracking accuracy and robustness to disturbances, showcasing notable
reductions in torque ripples and speed fluctuations under faulty conditions. This research
contributes valuable insights into the development of fault-tolerant control strategies for
PMSMs, emphasizing the significance of the proposed approach in mitigating the impact of

faults and improving overall motor system performance.
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In this thesis, a comprehensive exploration of fault-tolerant control (FTC) strategies for
electrical motor systems has been presented. The initial chapter laid the foundation by
introducing the concepts of FTC and the analysis of faults in electrical motors, emphasizing
the importance of early detection and appropriate control strategies to mitigate the impact
of faults on motor performance and reliability.

Chapter 2 presented a comprehensive overview of modeling and FOC for n-phase PMSMs,
encompassing models for both 3-phase and 5-phase PMSMs. It also introduced a general FOC
strategy employing PI controllers, applicable to n-phase PMSMs. This strategy incorporated
all odd harmonics of EMF components, along with the fundamental harmonic, to achieve en-
hanced torque. The chapter explored two PWM strategies for n-phase VSIs: CPWM and
SVPWM. Each technique, CPWM and SVPWM, was examined for its specific advantages
and disadvantages, detailing their implementation and characteristics. The simulation results
presented in this chapter validated the effectiveness of FOC with 3-th harmonic current in-
jection for 5-phase PMSMs. These results emphasized the significant improvement in torque
response achieved by the proposed FOC strategy under maximum load torque conditions.
Moreover, the outcomes highlighted CPWM with 5 harmonic injection as a preferable PWM
technique for n-phase PMSM applications, owing to its simplicity and superior performance.
In conclusion, this chapter made a significant contribution to the understanding of the mod-
eling, control, and performance aspects of PMSM system.

Chapter 3 focused on anti-disturbance sliding-mode control applied to PMSMs. The use
of SOSMC was demonstrated as an effective strategy for reducing chattering and improving
control performance under various disturbances. The results highlighted the superiority of
SOSMC over conventional PI control and traditional sliding-mode control, setting the stage
for further exploration in fault-tolerant control.

Chapter 4 extended the investigation to 3-phase PMSMs, addressing challenges associated
with demagnetization and short-circuit faults. The combination of SOSMC with a FESO

was proposed as a novel FTC strategy. The results demonstrated the efficiency and robust
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dynamic performance of the combined approach in handling faults and external disturbances.
The incorporation of an IT2FLC within the observer further enhanced the system’s resilience.
Chapter 5 explored the FTC of 5-phase PMSMs in the presence of open-circuit faults. The
introduced strategy, employing SMC with a NESO based on the hyperbolic tangent function,
demonstrated its efficacy in mitigating the consequences of faults. A comparative analysis
between the proposed control and traditional control methods underscored the superiority of
the proposed approach, showcasing reduced torque ripples and improved robustness.
Collectively, the research presented in this thesis contributes valuable insights into the
development and application of fault-tolerant control strategies for various types of electrical
motor systems. The demonstrated approaches, ranging from anti-disturbance sliding-mode
control to the integration of fuzzy logic and nonlinear observers, offer promising solutions
for maintaining motor system performance in the presence of faults and disturbances. This
work contributes to the advancement of control strategies in the realm of electric motor
applications, addressing critical challenges and paving the way for more robust and reliable

motor systems in practical industrial applications.
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Appendix A

PARAMETERS

Table A.1: Parameters of the SPMSM drive.

Parameter Value
Rated output power (Prated) 4.4 kW
Rated speed (nated) 1500 rpm
Rated torque (Trated) 28.4 Nm
Rated current (/ateq) 16.5 A
Rated voltage (Viated) 400 V
Pole pairs (n,) 4
Stator resistance (Ry) 0.25 Ohm
Stator inductance (L) 4.8 mH
PM flux-linkage (¢y) 0.32 Wb
Inertia constant (.J) 0.00774 Kg x m?
Viscous friction (f) 0.0089 Kg x m?/s
Switching frequency 10 kHz
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Appendiz A: PARAMETERS

Speed g-axis current | d-axis current
kiq = 80 k14 = 100 k1q = 100
koq = 600 koq = 600 koq = 600
ha1 = 500 hg1 = 800 hq1 = 1000
haa = 90000 | hg = 640000 | hge = 500000
K.=1/11 K. =1/95 K.=1/13
Kpo =11 Ky, =95 Ky =13
Kia=9 K, =85 Kiq=38
Ky =6 Ky, =170 Ky=9
a, = 0.62 a, =0.5 a, = 0.25
a; = 0.075 a; = 0.9 a; = 0.5
ag = 0.62 ag = 0.5 ag = 0.5

Table A.3: FPPMSM drive parameters.

Table A.2: Parameters of the controllers and observers.

Parameter Value Table A.4: MTO and MCL Comparison.
np 2
R, 116 Control Control Tf)rque Speed‘
Lap 6.54mH Type Criteria Ripples | Fluctuation
Loy 8.32mH % %
L 1.78mH PI MTO 37.3153 1.9202
Lys 1.68mH MCL 30.8831 1.5769
Lis 1.35mH TSMC MTO 19.4586 0.9958
1 0.512Wb MCL 16.0544 0.814
Ors 0.034Wb SMC+NESO MTO 1.9396 0.0118
J 0.095K g.m? MCL 1.8087 0.0094

DC-link voltage 150v
Switching frequency 10kH z
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