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Abstract

Abstract

In the last two decades, permanent magnet synchronous machines (PMSMs)
have attracted much interest and have been largely investigated for modern
industries and special applications. Although the use of the permanent magnet
for the magnetic field creation brings a number of merits, the low fault
tolerance capability is an inherent weak point for the PMSMs. A few short-
circuit turns lead to significant increase in the faulting winding current and
excessive heat generation. This may further propagate and eventually cause a
catastrophic failure. Based on the above reason, fault detection in PMSMs has
become crucially important and necessary, especially for applications
demanding high security and reliability. This forms the basic motivation of this

research work.

In this thesis, the modelling of PMSM with inter-turn short-circuit faults is
presented first. The developed PMSM model can represent the motor operation
under normal and short-circuit fault conditions. A winding fault detection
technique is addressed by applying the sequence component theory. To
eliminate the influence of disturbances on fault detection, a fuzzy logic based
approach is considered in this work. The simulation results have shown that the
proposed fault detection approach is capable of diagnosing the faulting phase

accurately and quickly under both load and speed fluctuations.
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CHAPTER 1 Introduction

CHAPTER 1

INTRODUCTION

1.1 Electrical Machines

Built on the foundation of electromagnetic phenomena, electrical machines
were first invented early in the 19" century. By the classic definition, electrical
machine is the universal name of both electrical motors and generators, which
are both electromechanical energy converters (i.e. converting energy between
electrical and mechanical forms). Nowadays, most of the electricity consumed
by humans is generated by electrical generators, and more than 60% of the
electricity is consumed by different types of electrical motors. Hence, the
electrical machine is ubiquitous and important in modern social and industrial

applications.

There are many different ways to classify electrical machines (motors or
generators), such as electrical power input (DC or AC), operating condition
(AC induction or AC synchronous), and rotor structure (switching reluctance
machines) etc. Permanent magnet synchronous machines (PMSMs) were not

widespread until the middle of last century. Especially in the 1980s, industrial
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manufacturers made progress in the improvement of the magnet characteristics,
which enabled the fast development of the PMSMs [1, 2]. Compared to the
traditional induction motors, the PMSMs utilise a permanent magnet to create
magnetic field instead of using winding coils. This important feature brings the
PMSMs with many advantages, such as higher power density, lower
electromagnetic interference (EMI), higher achievable motor speed etc.
Therefore, the PMSMs have been extensively used in modern industrial

applications, such as hybrid automobile, aerospace drives.

1.2 Permanent Magnet Synchronous Machines

For PMSMs, the stator generally has the same form as traditional induction
motors, i.e. classical three-phase stator windings. Instead of excitation
windings, the rotor of the PMSM’s rotor has the permanent magnet installed
which is responsible for the creation of the magnetic field. According to the
position of the magnet, the PMSM can be roughly divided into two categories,
which are the interior permanent magnet (IPM) motor type and the surface

mounted permanent magnet (SPM) motor type [3].

For the SPM motors, the permanent magnet is installed directly on the surface
of the cylindrical rotor, which implies that the magnetic flux path seen by the
stator windings is independent of rotor position. In contrast, the permanent
magnet of the IPM motors is buried inside the rotor, which leads to magnetic
reluctance variation with rotor position. Consequently, the synchronous
inductance, Lg, in the direction of the rotor magnetic axis is the same as L, the
inductance in the quadrature direction in SPM machine, but is different in
IPMs.

Each type PMSM has its own advantages and drawbacks. In general, the SPM
motor is relatively easy to construct and has low torque ripple and good
linearity; due to the buried magnet structure, the IPM motor is difficult to build
and thus the cost is slightly higher. However, the constant power capability of
the IPM is better than the SPM motors [3].
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Although the use of the permanent magnet brings many merits, the PMSM s
very sensitive to machine or control system faults, since the magnetic field
generated by the PM cannot be turned off at will. For instance, a few short-
circuit turns of the stator winding will lead to an increment in the faulted
winding current, and thus to excessive heat generation. This may further
propagate and eventually cause a catastrophic failure.

If the control and protection system can detect abnormal events at early stage,
the catastrophic failures can be avoided and the machine can be protected.
Particularly for applications demanding high security and reliability (e.g.
aerospace and automotive sectors), fault detection of the PMSMs has become

crucially important and attracted much interest.

1.3 Fault Detection and Diagnosis

1.3.1 Introduction

Fault detection and diagnosis (FDD) plays a very important role for the PMSM
operation in many industrial applications. In the real word, the engineering
system is inherently complex, and faults are difficult to avoid. A simple fault
may result in the whole engineering system shut-down, and potential
equipment damage, etc. Due to the above reasons, FDD is of great practical

significance.

Figure 1.1 illustrates the block diagram of a general FDD system. The
electrical machine system is regulated by a controller and using feedback
signals from the measurement sensors. A FDD system is applied to monitor
both the control output and sensor measurements, in order to analyse the data
and thus judge the machine operating condition. As long as any abnormal
signal is observed, the FDD sends high priority control commands to protect
the machine from possible faults. It should be pointed out that, the machine
system and measurement device are subject to faults, disturbance and
environmental noise; the disturbances and sensor noise can result in a

misjudgement of the machine operating condition. It is, therefore, essential that
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the FDD system must be robust in order to enhance the availability and
reliability of the whole machine system.

Control system and
user /O interface

T

FDD system
Electrical machine Measurement
Faul q .
aults and drive system ‘ > sensors @ Faults
Disturbance Noise

Figure 1.1 Block diagram of common FDD system.

Various techniques can be used in the FDD system. In general, they can be

grouped into two categories: model-based types and knowledge-based types.

Model-based fault detection techniques are often based on linear systems
models. By using linearization approaches, practical systems can be simplified
and represented by a linear model around its steady state working point [4].
However, the simplified linear model of a real non-linear system is feasible
only around the linearization point. This implies that model is not
representative and will even result in inaccurate detection results if the system
operates away for the linearization point. To overcome that, complex nonlinear
models can be considered to represent the dynamic and steady state response of
the practical system in a more broad operating range. However, the
development of a non-linear model based fault detection technique is quite

challenging and requires further research [5].

Knowledge-based methods usually employ an expert system [6, 7], as shown in
Figure 1.2. The knowledge base facts and rules, also called a ‘rule-based
system’, contain descriptions and rules of the characteristics of the target plant.
The knowledge acquisition block is used for acquiring new facts or rules and

keeping the ‘rule-based system’ updated. Based on some algorithms and

-4-
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protocols, an inference engine processes the knowledge based facts and rules,
and communicates with the user/plant through I/O interface.

Knowledge
@ acquisition

Knowledge base Interface _
facts and rules < engine ——— / Explanations
User I/0
interface

Figure 1.2 General structure of expert system for FDD [8].

1.3.2 Faults in Electric Motors

The electrical machine based FDD system was first proposed and implemented
for induction machine drives [9]. In practical applications, electric motors are
always exposed to non-ideal environments, e.g. overload, frequent motor
starting/stopping and inadequate cooling [10, 11], and thus suffer from high

risk of various faults.

Generally, faults in electric motors can be devided into three categories, which
are electrical, magnetic and mechanical faults, respectively. According to IEEE
Standard 493-2007 [12], the two most common faults of the electric motors are
bearing faults (44%) and winding faults (26%). Mechanical faults include
bearing faults, eccentricity faults and faults caused by mechanical imbalances
or non-uniform air gaps. As the most frequently occurring electrical fault,
winding faults (mainly in stator windings) of the electrical motors are always
related to insulation breakdowns, which accounts for 36.7% [5] [13, 14].
Several possible causes of stator winding fault can be summarised as follows:
unbalanced operation, transient overvoltage during start-up and loose bracing

for end winding, etc.
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Starting with an insignificant insulation failure between winding turns, this
kind of fault may not have much noticeable effect at initial. However, it can
quickly develop into phase loss and propagates quickly to other serious faults,

and even lead to a catastrophic failure of the entire machine system [15, 16].

1.3.3 FDD Techniques in Electrical Motors

In the literature, various FDD techniques have been presented and
demonstrated for electrical machine systems, and each fault detection
technique has its own merits and limitations. Several classical approaches are

studied and reviewed as follows.

Motor current signature analysis (MCSA) is a common solution that had been
used for both induction motors and PMSMs [17]. In [18], the fast Fourier
Transform (FFT) of the rotor current was monitored to diagnose faults of
induction machines. However, this method does not perform well when the
machine is subject to fluctuations (e.g. speed or load changes). This is because
these fluctuations imply variations on the motor slips and thus the FFT signals.
Therefore, this approach is not always reliable and the fault detection result

should be treated cautiously to avoid false alarms.

With the aim of overcoming this limitation, a method based on the sequence
components of the machine current variables was developed in [19] for fault
diagnosis of induction machines. The inherent asymmetries of the system were
removed by using pre-recorded information of sequence components under
system normal conditions to isolate the fault signal and improve the reliability
of the detection result.

The wavelet transform is also a suitable approach to assess motor faults under
limited speed and load variation. For example in [20], the wavelet analysis of
the winding current is combined with power spectral density (PSD) estimation,
in order to detect inter-turn short-circuit faults of inductor motors. The wavelet
analysis based PMSM fault detection approach was discussed in [21]. The
stator current harmonics have noticeable relevance with inter-turn short-circuit

of the PMSM, compared with normal conditions.

-6-
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The discrete wavelet transformation (DWT) has been used in [22-25], as an
alternative tool for fault feature extraction to detect different electrical faults
under non-stationary conditions, inter-turn fault, bearing damage, etc. Barendse
et al [22] have applied the DWT to analyse the current variables on the rotating
frame. Bearing damage of the PMSMs was detected by using DWT over a
wide speed range [23].

Recently, sequence component theory has been considered by many
researchers as an promising solution for an electrical machine FDD system.
Cheng et al. have demonstrated that using the sequence component approach
can detect stator winding faults in induction motors [26]. The value of
negative-positive-sequence impedance is dependent on the asymmetric
behaviour of the machine, which is sensitive to stator short-circuit fault (even if
there is a one-turn stator fault). However, the main limitation of this method is
that. It demands independent current measurement [26]. In [27], the zero
sequence component of the stator voltage variables was proposed for assessing
winding faults when the motor speed changes. However, in the above
mentioned papers, the developed methodologies have only considered the
diagnosis procedure under load fluctuations, i.e. the influence of speed change,

or frequency change, is not addressed.

In the last decade, artificial Intelligence (Al) technigques have attracted much
interest and have been employed successfully in the fault detection area. The
solicitation of expert systems, fuzzy logic theory, genetic algorithm (GA) and
artificial intelligent neural networks (NN) has been considered for fault
diagnosis of electric motor drive systems [28, 29]. A fuzzy logic based MCSA
approach was discussed in [28], to detect inter-turn short-circuit faults in
induction motors. In [30], the authors focused on the open-loop systems and
applied a feed-forward NN to detect inter-turn faults. However, for all the Al
techniques, a new set of training data is required when applying the technique

to a new machine.
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1.4 Project Objectives

Based on the above discussion an effective and reliable FDD scheme is vital
for PMSM applications that demand high reliability and high security. The
objective of this research work is to develop a novel fault detection and
diagnosis system, which is capable of assessing, quickly and reliably, inter-turn
short-circuit faults in PMSMs. The developed fault detection scheme integrates
the negative sequence component analysis with fuzzy logic classifier, to

improve sensitivity and robustness detection.
The main topics covered in the thesis are:

e Development of a parametric model to simulate the operation of a
PMSM drive under both normal and fault conditions.

e Development of a detection technique to diagnose inter-turn short-
circuit faults in PMSMs, based on negative sequence component
analysis of stator current and voltage signals.

e Application of fuzzy logic classifier to improve the robustness of the
sequence component analysis techniques and thereby enhance the

reliability of the FDD system.

1.5 .Thesis Outline

The thesis is sectioned into five chapters as follows:

Chapter 2 develops a simulation model of a three-phase PMSM drive system
with inter-turn short-circuit faults and performs simulation study of fault

behaviour.

Chapter 3 presents a detailed literature review of fault detection techniques for
both induction motors and PMSMs. The concept of symmetrical components is
introduced and reviewed. Following this, two methods for the real-time
evaluation of sequence components of the PMSM are compared and discussed.

The utility of the sequence component analysis for detecting inter-turn faults is
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studied, and the influences of load and speed fluctuations on the negative
sequence components are highlighted and analysed.

Chapter 4 applies the fuzzy logic approach for the FDD of an inter-turn short-
circuit fault in PMSM drives under load or speed change. The fundamental
theory of classical set and fuzzy set is introduced as the basis of the fuzzy logic
theory. Then, the membership function and the rule based inference of the
fuzzy logic are discussed to provide a clear understanding of the concepts.
Finally, the simulation shows that the proposed approach is capable of

diagnosing faults accurately and quickly under both load and speed fluctuations.

Chapter 5 summarises the contribution of this research and discusses possible

future work.
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CHAPTER 2

PMSM MODELLING UNDER
NORMAL AND STATOR
FAULT CONDITIONS

2.1 Introduction

In the last two decades, permanent magnet synchronous machines (PMSM)
have been widely investigated and applied in modern industrial areas, such as
hybrid vehicles, electric trains, airplanes and military power drive applications
[13, 21], due to their higher torque, higher efficiency and better dynamic
performance in comparison to traditional machines with electromagnetic
excitation. However, the presence of the spinning rotor magnets is a significant
weak point for the PMSMs, and any fault may create special challenges. With
the aim of ensuring high system reliability and extending motor life, fault
detection of the PMSMs plays an important role and attracts more and more

interest.

Generally, there are three kinds of faults in the PMSMs: electrical faults,

magnetic faults and mechanical faults. Since magnetic faults and mechanical
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faults are not related to this research work, only electrical faults will be
considered. An electrical fault is typically caused by the failure of winding
insulation, and can be further divided into three categories which are turn to
turn, phase to phase and phase to ground faults. As the most common fault in
the electrical machines, the turn-to-turn fault is particularly difficult to detect.
This is because, when an inter-turn short-circuit fault takes place, the current
under feedback control may not have much noticeable change. However, the
current in the short-circuit turns can be many times greater than the permissible
level [31]. In contrast, if a terminal short-circuit occurs, the current is limited
by the phase inductance. This feature implies the machine would withstand a
phase terminal short-circuit indefinitely if the phase inductance is per unit and
continued operation on the healthy phases. Since the fault current has a phase
shift of 90 degrees with the back-emf, neglecting fault resistance, the resultant
average torque output is small [32]. Nevertheless, the induced heat may lead to

phase to phase and phase to ground faults.

Therefore, the effective modelling of the PMSM inter-turn short-circuit faults
Is becoming crucially important in the development of fault diagnosis. It would
appear that a model with high precision would be the better for this purpose.
However, in reality, a compromise needs to be made between the accuracy and
the complexity of the model. A promising model of the PMSM inter-turn fault
should be able to describe the behaviour of one turn fault functionally and to
account for the effects of the fault correctly [33].

A finite element method (FEM) approach was presented in [34, 35] to analyse
the stator winding faults and inter-turns short-circuit faults. Obviously, the
FEM modelling does give quite accurate results since it includes most of the
physical phenomena. However, it demands a detailed machine specification
and a long computational time. For this reason, the FEM models are often
applied only in the fault study cases rather than in detection schemes [36]. To
overcome the limitations of the FEM model, a classical dynamic model based

on the three-phase circuit coordinates has been used in this work.
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2.2 PMSM Healthy Condition

In this section, the transformation of the PMSM equation from the three-phase

axis (ABC) to the rotating frame (DQ) is presented.

2.2.1 Brushless AC Motors in Stator ABC system

Considering a star-connected three-phase brushless AC motor with high
resistivity magnet and retaining sleeves, the current components induced by the
rotor can be ignored [37]. Therefore, the circuit equations of the three
perfectly-balanced windings, i.e. no physical discrepancy between the
windings, can be described in (2.1),

Va Ra 0 0 ia d La Mab MaC ia ea
v, =] 0 R0 +a Mp L My || |+ & (2.1)
VC 0 0 RC iC Mac MbC LC iC eC

where Vv, , V, and V, represent the three-phase voltages; i, i, and i, are the
phase currents of the three windings; R,, R, and R_are the resistance of the
windings; L,, L, and L, represent the self-inductance of each phase, while M, ,

M,. and M, are the mutual inductance between them; €, , €, and €, represent

the back-emf of each phase.

Equation (2.2) presents two sources of the back-emf [ea e, eC]T, i.e. one

from the flux linkage v, and another from the electrical angular speed @.

a)y/m(costhr%”)

-0y, Sinot
" 2 2
e, |= —a)(//m(sina)t—?”) = a)l//m(COSa)t—?”+§) (2.2)
€

—oy,,(Sin ot +2—;) oy, (cos wt +2?”+§ )

The electrical angular speed @ is determined by the pole pairs P times and the

mechanical angular speed, , as given in (2.3).
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o=Pa,, (2.3)

Assuming that the rotor reluctance stays constant, the self-inductance and
mutual inductance of the three windings can be considered identical to each
other [38], which yields,

R,=R, =R, =R

L=L =L =L (2.4)

M,=M; =M, =M

The sum of the three-phase currents for a star-connected balanced machine

equals out zero.
Iy +i, +1. =0 (2.5)

Based on the above definitions, (2.1) can be re-written as in (2.6).

v,| [R 0 Ol g L M M|i,]| |e,
V, [=|0 R 0]i rn M L M|i |+ € (2.6)
V.| |0 0 R M M Lj|i| |&

The electromagnetic torque T, can be derived as in (2.7), where T, J and B

represent the load torque, moment of inertia and viscous friction coefficient of

the motor, respectively.

B €ala + 61y + €

Te
“n (27)
=T, +Bay, +3 4%
L m dt
Therefore, the mechanical angular speed can be obtained as in (2.8).
T.—-T, +Baw
o = (L")t 2.8)

J
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2.2.2 Park’s Transformation

The Park’s Transformation (also known as DQ transformation) has been first
proposed by Robert H. Park [39] in 1929. As a mathematical transformation, it
rotates the reference frame of three-phase systems in an effort to simplify the
analysis of three-phase circuits. Figure 2.1 presents the physical interpretation
of this transformation, where 6 defines the angle between the d-axis and a

stationary reference frame — usually the a-axis for simplicity.

Figure 2.1 DQ rotating reference frame.

The Park’s transformation can be represented by (2.9), where the variable x can

be current, voltage or back-emf.

X Xa
l:xz } = qu<—abc Xb ;
Xe

(2.9)
cosé cos(e-%”) cos(0+%”)

2

qu<—abc = §

-sing -sin(@-%”) -sin(6?+%”

Combining it with (2.6), the three-phase PMSM model can be rewritten as in

(2.10), where K =Py, is the back-emf constant, and L, =L, =L-M .
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W] [R-ek]i] L 0] [i] [ 0
- + i (2.10)
Vo| |ol, R |[ig| |0 Ly| |ig| |Keen

The torque equation in the DQ frame can be derived as in (2.11), where

Kt:g Py, is the torque constant.

3 . .
T, :E(led +Vyg

3P i ..
ZT[WmIq +( Ly Ly )|d|q}

_3P .
_Tl//mlq

=K,

(2.11)

2.3 PMSM under Fault Condition

Figure 2.2 shows the equivalent circuit of the three-phase winding with an

inter-turn short-circuit fault. When the short-circuit fault takes place in phase A,

it can be divided into two parts, a normal (healthy) part a, and a faulty part
a, .The faulty part generates a corresponding magnetic field, which affects the
original magnetic field. Due to the fault, two new parameters, i, and R, can

be defined: i, is the short-circuit current; R, is a resistive impedance that

represents the insulation failure, the value of which is uncertain and depends on

the fault severity (i.e. R; = infinity indicates the system is in normal condition;

R, =zero indicates the winding is completely short-circuited) [40-42].
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Figure 2.2 Equivalent circuit if three-phase windings with an inter-turn short-
circuit fault.

The corresponding circuit equation can be derived as in (2.12) and (2.13),

where R,, and L, represent the resistance and self-inductance of winding a, ,
respectively; M,,,, is the mutual inductance between winding &, and a, ;

M., and M, are the mutual inductances between winding @,, b and C.

v,] [R, 0 0 0 iy
v, | [0 R 0 0 i
v.| |0 0O R O i.
V,, 0 0 0 R,+R;|lly (212)
Lal M alb M alc M ala2 ia eal
+d M. Mye Mg bl | %
dt M alc M bc M a2c _IC ec
M ala2 M a2b M a2c La2 Ia2 eaz
V,,+V,, =V
e (2.13)
I, =1, =1

Substituting (2.13) into (2.12), a 4x4 matrix of machine equations can be
obtained as in (2.14).
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Va Ra O O _Raz Ia ea
vw| | 0 R 0 0 il |e
v|Tl o o RrR 0o |i|Te |t
Va2 _RaZ 0 0 Ra2 + I:ef I —€a2
L L - - - (2.14)
La M ab M ac _( M ala2 + I—a2 ) la
Map Ly M. Mz dih
Mac M bc L. -M azc dt| I
__( M ala2 T La2 ) -M a2b -M a2c La2 i _If i

Then, the electrical model of the PMSM with inter-turn short-circuit faults on
the ABC frame can be written as in (2.15).

|:Vabcf :| = |:Rabcf :| : |:iabcf :| + |: Labcf :| : %[iabcf :| + |:eabcf :| (215)

Define 1 as the ratio between the number of the short-circuit turns N and the

number of total phase turns N.

He=N (2.16)

Then, a linear relationship between Lk and the resistance and the back-emf can
be defined, and a quadratic relationship between the ratio | ¥ and the inductance
can be assumed. The electrical parameters for phase A with short-circuit faults

can be obtained.

Ralz(l_:uf )R’ RazzlufR
2 2
Lo=(1-p )L, Ly=uL (2.17)
ealz(l_:uf )ea’ eazzzufea
Assuming that there is no leakage flux present between the normal winding

part a; and faulty part a,, the mutual inductance Mgs52 is equal to ﬂjL L -

a

Due to the short-circuit fault, the voltage across the faulty part is zero.

Therefore, the fourth row of the matrix (2.14) can be expanded as,
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V,, =0
di
Lazd—tf+ R.,i (2.18)
) di di di
= Razla +( La2 + Malaz )d_?+ Mazb d_'?_'_ IvlaZc d_f_'_eaz

Assuming the resistive impedance R;that models the insulation failure is zero,
based on the definitions in (2.17), the short-circuit current i in steady state can
be derived as in (2.19).

[Va.rated ] ‘

R, + ja)LaZ/yf‘

. di
[Va.rated ] = Rala + La d_f + M

(2.19)
b %_1_ Mac %+ea
dt dt

The electromagnetic torque (2.7) can be re-written as follows, where

eallal + eblb + eclc + eaZIaZ
4

m
€., +6,1, +6, +€,,l.
- ,

m

T =

e

(2.20)

2.4 Modelling PMSM under Inter-Turn Fault

The previous section has presented the mathematical equation of the PMSM
with inter-turn short-circuit faults. In this section, a simulation model is
established by using the Matlab/Simulink platform, according to the PMSM

machine specification.

Figure 2.3 shows the developed simulation model, while Table 2.1 summarises
the nominal parameters of the PMSM. The model consists of the control block,
the PMSM motor block (electrical model, mechanical model and back-emf
model), the inverter stage and the d-q reference frame transformation block,

which will be discussed in detail as follows.
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Figure 2.3 Developed simulation model for PMSM.

Table 2.1 Three-phase PMSM parameters

Rated speed 3000 rpm No. of phases 3
Rated torque 1 Nm No. of turns per 62
phase
Back-emf (peak at
Rated current(peak) 6.0A 3000rpm L-L) 38.1V
DC supply voltage 140V Phase resistance 05Q
No. of pole-pairs 6 Phase inductance 3.5 mH
Torque constant | 1.77><10" Nm/A | Inertia coefficient | 5x10*Kg.m

2.4.1 Motor Model

Figure 2.4 shows the implemented PMSM motor model. A switch (i.e. the

block named “fault”) is utilised to change the system from a healthy to fault

condition. The back-emf is simulated by a controllable voltage source block,

and the control signal is from (2.2).
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Figure 2.4 Implemented PMSM motor model.

2.4.2 PWM Generation

Figure 2.5 shows the implementation of the Pulse-width Modulation (PWM)
generation. Three triangular carrier waves with a frequency of 10kHz and
mutual phase shift of 120 degrees are used to compare with the reference
voltage signal Vabc nominated reference voltage (i.e. generated by controller),

in order to produce the gate signal for the voltage source inverter.

Convert

MNOT

Convert

Plues
NOT

Convert

NCT

Il

10KHz Triangular Wave

Figure 2.5 PWM generation.

2.4.3 Voltage Source Inverter Model

Supplied by a DC voltage source, the voltage source inverter is employed to
produce three-phase AC voltage with variable frequency and magnitude.
Figure 2.6 shows the inverter that is simulated by six switch modules, each
consisting of one power switch (i.e. Insulated-gate bipolar transistor - IGBT)
and one anti-parallel diode.
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Figure 2.6 Voltage source inverter.

2.4.4 Speed and Current Controllers

For this project, vector control is selected to regulate the PMSM. The proposed
control strategy, as shown in Figure 2.7, contains an outer speed control loop

and an inner current control loop.

Uqg

+ Udref +
ol - Pl

iq UJeLqiq

Decoupling
terms

() Pl

PI

Figure 2.7 PMSM control strategy.

For the current control, the PI controller needs to be designed according to the
system requirements and specifications of the PMSM. The speed control loop
should be designed based on the complete current loop. Generally, in the SPM
motor, the current reference of the d axis is set to zero. The error between the
reference speed and measured speed is sent to the speed controller to produce

the current reference of the q axis. Then, the error between the reference and
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measured currents are through other two PI controllers to determine the DQ

reference frame stator voltage.

Figure 2.8 shows the block diagram of the decoupled dg current control
strategy. Both ig and iy are controlled with a Pl regulator to match their
reference values igrer and igrer. Since the bandwidth of the inner current control
loop is much higher than that of speed loop, the effect of the back-emf on the q

axis current can be ignored at the control design stage.

idref + Udref 1 iq
—> Pl >
sL, +R

\

d-axis current control loop

iqref + Ugret 1 iq N 1 Wm
— PI K, — >
sL, +R Js

N K €

e

g-axis current control loop

Figure 2.8 Decoupled dq current control loop.

Assume the PI current controller has the general form of w where ki
S

and kp; are the integral and proportional gains, respectively. Using the pole-zero
cancelling technique, the relationship between k;i and ky can be found, i.e.

ki /ki =L, /R. Hence, the closed loop transfer function for both d and q axis

currents is:
kii
iy () Rs 1
e Rf( == (2.21)
Idref,qref(s) 1+ ‘o411
Rs

The speed control loop needs to be designed based on the current control loop.
Assuming the bandwidth of the current control is sufficiently higher, the

closed-loop speed control system can be represented by the following block

diagram:
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— PI K - >
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Figure 2.9 Speed control loop.

Suppose the PI current controller has the form of Kis + KpsS  where ki and Kps
S
are the integral and proportional gains of the speed controller. Through similar

design procedure, the closed loop transfer function of the speed control can be

derived.
<) ki +KpeS Ky
W, S S J
= (2.22)
Wref(s) 1+ki5+kpss.ﬁ
S J

Based on the above design and the motor parameters, the current controller
values of k;; and kp; are obtained as 4502.52 and 7.58, and the speed controller

values of kis and kps are obtained as 233.085 and 1.137, respectively.

2.5 Simulation Results

In this section, the developed PMSM model will be tested under two cases,

speed change and load change.

2.5.1 Speed Change

For this test, the PMSM motor is used to supply a constant load of 0.6Nm,
while a speed change will be employed to test the performance of the PMSM

motor.

2.5.1.1 Under Healthy Condition

Figure 2.10 shows the speed response of the PMSM rotor under healthy
condition, where the blue and red dash curves represent the measured electrical

speed and the speed reference, respectively.
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At the time point of 0.14s, the speed reference is increased from 800rpm to
1000rmp within 0.06s. Clearly, the actual speed can match the reference

accurately, which verifies the proposed control design.

1100+ : - - : r
Speed
-Speed ref
— 1000
IS
=
o
o
Q 900
n
<]
g
800
700° - : :
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

Time (sec)

Figure 2.10 PMSM speed response under healthy conditions.

Figure 2.11 indicates the behaviour of the electrical torque under this speed
change. As it can be seen, along with the speed change, the torque has
increased from 0.6Nm to 0.78Nm with slight oscillations. When the speed

control becomes constant, the torque ramps down back to 0.6Nm.

1.2¢ r r r E
Torque
1
= |,
Z 0.8 WWWWWWWWMWWWWWWWWWW
g }
g 0.6 Mmmmwmwwmwmm
= W
0.4
0.2° £ £ £
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

Time (sec)

Figure 2.11 PMSM motor torque under healthy conditions.
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Figure 2.12 shows the waveform of the three-phase currents during the speed
change. When the speed ramps from 800rpm to 1000rpm (i.e. from 0.14s to

0.2s), the phase current amplitude increases from 3.4A to 4.3A.

< “hnannanad TV W haenaoneen
e AN AL RATARIARIAR RS AIAR AT AN
5 L LTV VT Oy
g L WAVWAR AN VRV

Time (sec)

Figure 2.12 Waveform of three-phase current of PMSM under normal
conditions.

Figure 2.13 shows the current waveforms in the two winding parts of the phase
A, where the blue trace line represents the phase current, and the red trace is
the short-circuit current. As expected, the fault current is equal to zero under

healthy conditions.
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Figure 2.13 Current waveforms in phase A winding under normal conditions.
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2.5.1.2 Under Fault Condition

A short-circuit fault of 2 turns is introduced into phase A at the time point of
0.24s. Figure 2.14 shows the comparison of the speed response with the normal
and faulty windings, while Figure 2.15 highlights the comparison of the output
torque under healthy and faulty cases. It can be seen that, when the short-
circuit fault occurs, a 2" order harmonic has been introduced to both speed

response and electromagnetic torque waveforms.
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(@) Original view.
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(b) Zoomed-in view.

Figure 2.14 Speed response under normal and faulty conditions.
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Figure 2.15 Torque response under normal and fault conditions.
Figure 2.16 presents the current waveform under the inter-turn short-circuit

fault. It can be observed that, after 0.24s, the faulty phase current (i.e. phase A)

has relatively larger amplitude than the other two.

A T VTR oo
ATty
AR AR AL A ARV AN A NEAL AR

- ANV AR ARV

uu Wk W Wy W

Phase current (A)
o (o)) £ N o N BN (e} o]

0.1 0.15 0.2 0.25 0.3
Time (sec)

Figure 2.16 Waveform of three-phase currents under faulty conditions.

Due to the very small number of the short-circuit turns, both the motor torque
and speed changes in an insignificant manner. However, due to the winding
asymmetry, the three-phase currents become slightly unbalanced, which causes

small harmonics in the motor speed and torque.

Figure 2.17 presents the waveforms of the short-circuit currenti, , the healthy

current I, and I ,, where I, =1,

—1i, . Obviously, the amplitude of the short-

circuit current i, is significantly higher than that of the healthy current I, , and
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the direction of i_, is opposite to other two currents. The peak value of I, is

3.3A and the peak value of i, is around 21A. The fault current simulation

result is good match with the theoretical. Consequently, a torque is generated,
which resists the output torque resulting in the 2" harmonics when the system

is under turn-to-turn short-circuit conditions.

40

Phase current (A)
o

; i~
Al | ml
T |
40t Fault ! I
0. 0.22 0.24 0.26 0.28 0.3 0.32

Time (sec)

Figure 2.17 Current waveform in phase A winding under faulty conditions.

In order to examine the simulation result presented above, the analytical model
discussed in Section 2.4 can be used for verification. Equation (2.23) lists

system parameters under steady state.

Speed=1000 rpm;

R=0.5Q;

L=3.5 mH; (2.23)
T, =0.6 Nm;

K, =1.77x10"" Nm/A.

Based on the three-phase PMSM parameters, the back-emf and torque can be
calculated by using (2.2) and (2.11).

E(Peak)=6.78V,;

I(Peak)=3.3A; (224)

With the short-circuit fault of two turns, the fault current i, can calculated as

follows,
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V, wea =\J(E +RI)? +(wLl) =10.48V (Peak)

2.25
Va.rated | _ 1048 | = 2079A(Peak) ( )
0.5+j0.0608 |

R+ja),qu‘

‘If_Peak

As it can be seen, a very good match between the theoretical analysis and
simulation results has been demonstrated, which proves the accuracy of the

PMSM modelling under inter-turn faults.

2.5.2 Load Change

For this test, the speed reference of the PMSM motor is fixed at 1000rpm,
while a step change in load will be employed to test the motor performance.

2.5.2.1 Under Healthy Condition

Figure 2.18 shows the torque response of the PMSM under healthy condition,
where the blue and red curves represent the electromagnetic torque and the

load torque, respectively.

Torque
Load

o
©

Torque&Load(Nm)
o
[ep}

©
N

0.2° - -
0.1 0.12 0.14 0.16 0.18 0.2
Time (sec)

Figure 2.18 Torque response under healthy condition (with step change in load).

At the time point of 0.14s, the load torque has a step change from 0.4Nm to
0.6Nm. Clearly, the electromagnetic torque responds very quickly and reaches

steady state within 0.01s.
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Figure 2.19 presents the speed behaviour of the PMSM under the load step

change, where the blue and red curves represent the measured electrical speed

and the speed reference, respectively.
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Figure 2.19 Speed response under healthy conditions.

Along with the load torque change at 0.14s, the speed drops down about 2rpm,

and then increases back to 1000rpm when the torque response becomes

constant.

Figure 2.20 shows the waveform of the three-phase current when the load

change applies. When the load torque changes from 0.4Nm to 0.6 Nm at the

time point of 0.14s, the amplitude of the three-phase increases from 2.2 A to

3.3A accordingly.
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Figure 2.20 Current response under healthy conditions.
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Figure 2.21 presents the current of the two parts of phase A winding, which is
very similar to Figure 2.13. As expected, the fault current is equal to zero under

healthy conditions.
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Figure 2.21 Current waveform in phase A winding under healthy conditions.

2.5.2.2 Under Fault Condition

A short-circuit fault of 2 turns is introduced into the phase A winding at the
time point of 0.25s. Figure 2.22 shows the comparison of the output torque
under healthy and faulty conditions, while Figure 2.23 shows the
corresponding speed response comparison. Clearly, when the short-circuit fault
occurs, a 2" order harmonic has been introduced to both speed response and

electromagnetic torque waveforms.
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Figure 2.22 Torque response under normal and fault conditions.
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Figure 2.23 Speed response under normal and fault conditions.
Figure 2.24 shows the waveform of the three-phase current under the short-

circuit fault. When the fault occurs at 0.25s, the amplitude of the faulty phase

current increases a bit.

Phase current (A)
o

e
——
——

5 A
| I I Fault I
0.1 0.15 0.2 0.25 0.3
Time (sec)

Figure 2.24 Waveform of three-phase currents under fault condition.

Figure 2.25 presents the waveform of the short-circuit current and the healthy

part current in phase A. The amplitude of the short-circuit current i, is

significantly higher than that of the healthy current, and the direction of i, is

opposite to other two currents. The fault current value calculated by (2.19) is

20.79A, which is very close the simulation result 21A.
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Figure 2.25 Current waveform in phase A winding under faulty conditions.

2.6 Summary

In this chapter, the modelling of the PMSM with inter-turn short-circuit faults
has been presented. Firstly, the fundamental theory of PM machine equation
under ABC frame and DQ frame has been introduced. Then, the PMSM model
has been discussed in detail to provide a clear understanding of the basic
concepts. Finally, a very good match between the simulation results and the
theoretical analysis has been demonstrated.
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CHAPTER 3

FAULT DETECTION
TECHNIQUE 1:
NEGATIVE SEQUENCE
ANALYSIS

3.1 Introduction

In this chapter, the traditional fault detection techniques used for both induction
motors and PMSMs are first reviewed and studied. Following that, the concept
of symmetrical components is introduced, which forms the basis of the
proposed negative sequence components detection approach. Then, two Kinds
of methods are discussed to perform the calculation of the negative sequence
components of the PMSM: one is three-phase sequence analyser and another is
second order generalised integrator based approach. The influence of motor
load and speed changes on the negative sequence components are investigated,
which will help to draw a robust and accurate algorithm for the inter-turn short-

circuit fault detection.
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3.2 Fault Detection Techniques

3.2.1 Fault Detection for Induction Motors

Motor current signature analysis (MCSA) is one of the most common
approaches for the fault detection of induction motors [18, 43-45]. By applying
signal processing algorithms, the MCSA analyses motor current waveforms
and can provide early machine diagnosis and protection. However, it requires

long computation time, due to the complexity in mathematics.

Due to the interaction between electrical and mechanical behaviour, inter-turn
faults and some unbalanced electrical faults of induction motors can be
reflected by vibration phenomenon [46, 47]. Based on the measurement of such
signals, vibration signature analysis (VSA) analyses and identifies possible
faults of inductor motors. The main drawbacks of this approach are that.it
demands a number of measurement sensors, which is costly, and is sensitive to

environment noises.

It has been shown that the use of axial flux (AX) is able to reveal magnetic
circuit imbalances [48-50]. Based on this, different methods have been
proposed for AX analysis, in order to diagnose motor faults. Theoretically, a
perfectly balanced machine should have an axial flux of zero. However, small
asymmetries always exist in practice, due to physical discrepancies of stator
windings; for example, this fact implies that any motor will have a small but
non-negligible axial leakage flux, and so this approach demands special care to

obtain reliable data.

Apart from aforementioned methods, many other approaches have been
reported in literature for the fault detection of the induction motor, e.g., thermal
monitoring, gas in oil analysis [11, 15, 29]. However, since this research work
focuses on the diagnosis of short-circuit faults of the PMSM, they are beyond

the scope of this study and will not be discussed here.
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3.2.2 Fault Detection Technique for PMSMs

Generally, faults in PMSMs can be divided into three categories, which are
electrical, magnetic and mechanical faults, respectively [15, 51]. For electrical
faults, it mainly includes abnormal connection of the stator windings, stator
open turns and short-circuit turns etc [41]. Magnetic faults consist of partial or
total demagnetization of the rotor magnets. Mechanical faults cover bearing
and eccentricity faults, (while the latter one further involves static eccentricity,
dynamic eccentricity and mixed eccentricity [51]). The eccentricity faults are
mainly caused by the manufacturing imperfections and imprecision, and can
lead to magnetic and dynamic problems of the PMSM [51]. Since this research
work is dedicated to the inter-turn short-circuit failures, some principal fault

detection techniques are introduced as follows.

Based on the sequence components of the stator current, Reference [52] has
demonstrated an approach to the detection of open-circuit faults in multi-phase
PMSM drives. By using the second-order generalized integrator (SOGI) for the
generation of the quadrature signal, the fundamental negative sequence current
can be evaluated. The Cumulative Sum (CUSUM) algorithm was adopted to

define the decision criterion.

In [53], the author proposed a simplified on-line short-circuit fault detection
scheme for interior permanent magnets synchronous machines (IPMSM), by
looking at a change in positive sequence component supplied by a current-
controlled voltage source inverter (CCVSI). According to the difference
between the DQ axis voltage reference in the look-up table and the actual
voltage references output from the current controller, the fault can be indicated

without using any voltage sensor.

Wavelet transformation has been employed in [21] to diagnose the inter-turn
short-circuit faults of PMSMs. The harmonic components of the stator current
are analysed and transformed into the DQ axis, and the wavelet approach is

applied to extend the analysis to transitory failures.

In this research work, a novel fault detection scheme is presented to assess the

inter-turn short-circuit fault of the PMSMs. The proposed technique is based on
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the negative sequence components of stator currents and impedances, which

will be discussed in the following sections.

3.3 Symmetrical Components

The method of symmetrical components was first proposed by C. L. Fortescue
[54] in 1918. It states that any unbalanced n-phase quantities, i.e. either voltage,
current or impedance, can be represented by n symmetrical sets of balanced
phasors. For example, considering an unbalanced three-phase system shown in
Figure 3.1, each of the three phasors is displaced 120 degrees from the others

in a clockwise rotation sequence.

According to Fortescue’s methodology, for this given system, there are three
sets of independent components: positive, negative and zero sequence
quantities. The positive sequence quantities have the same phase sequence as
the three-phase system. The negative sequence quantities are displaced 120
degrees from the others, but in a counter-clockwise rotation sequence (i.e. A-C-
B). The zero sequence quantities are equal in magnitude in phase with each

other but have no rotation sequence [54].

Ve
Vai Positive
sequence

Vi1
Ve
vV V.o Via V Zero
Original a ﬁ> \j‘o’ p0:¥c0  sequence
system
VCZ

Vb
Vaz Negative
sequence
Vb2

Figure 3.1 Symmetrical components of unbalanced three-phase system.
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The symmetrical components can be used as an effective tool to determine any
unbalanced variables (e.g. current or voltage) as in (3.1),

L=1"+1"+1° V., =V'+V +V°

L =a’1"+al +1° V, =aV'+aV +V°

|, =al"+a’1” +1° V.=V +a’V +V° (3.1)
a:ej27r/3

where V,, Vp and V. represent the three-phase unbalanced line to neutral
voltages; I, Iy and I are the phase current of the three windings; V¥, V" and V°
are the positive, negative and zero sequence components of the voltage; I”, I
and 1° are the positive, negative and zero sequence components of the current;
the o operator shifts a vector by an angle of 120 degrees anti-clockwise, and

the a® operator performs a 240 degrees counter-clockwise phase shift.

By using (3.1), the symmetrical components of the current and voltage for the

unbalanced three-phase system can be calculated as below,

I+

=%(Ia+alb+azlc) V*z%(Va+aVb+a2Vc)

I‘=%(Ia+azlb+alc) v—=%(va+a2vb+avc)

o_1 o_1

| =§(|a+|b+|c) v =§(va+vb+vc) (3.2)
l+a+a® =0

Then, the symmetrical component set can be written as in (3.3), where the

variable x can be either current or voltage.

X" . 1 a o |x
X~ =3 1 a® a | X (3.3)
x° 1 1 1]|x

C

Following this, the negative sequence impedance can be defined and calculated,
as shown in [46, 55] (3.4),

z- =V (3.4)
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In the following sections, the concept of symmetrical components will be
utilised to diagnose the inter-turn short-circuit faults of the PMSM.

3.4 Three-phase Sequence Analyser

3.4.1 General Structure

In this section, the three-phase sequence analyser provided by MatLab-
Simulink is utilised to calculate the negative sequence components. For a
specified frequency, this block first applies a Fourier analysis over a sliding
window of one cycle of the three input signals. Then, it evaluates the phasors

values and derives the positive sequence, negative sequence, and zero sequence.

Figure 3.2 shows the block diagram of a three-phase sequence analyser for
negative sequence components calculation. It should be pointed out that, due to
the use of the sliding window for the Fourier transformation, one cycle of
simulation has to be completed before the outputs give the correct magnitude
and angle. Consequently, the evaluation of the symmetrical components is
always delayed by one cycle of the fundamental frequency. The calculation

procedure of the sequence components can be found in (3.3).

Ot

tMagnitude of 3-phase
negative sequence component

- plEGLE

o

Three Phase Signals

hd

01

Ot

Phaze B

Ot

Fhase C
Frequency H —
)

Figure 3.2 Block diagram of three-phase sequence analyser for negative
sequence components calculation.
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3.4.2 Simulation Results

Figure 3.3 shows the waveform of the three-phase current when the amplitude

changes. The three-phase current amplitude decreases from 2A to 1A at

time=1sec, while the fundamental frequency remains at 5Hz.
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Figure 3.3 Three-phase current response under balanced system.

Figure 3.4 shows the corresponding symmetrical components response, where
the blue and red curves represent the positive sequence current and negative

sequence currents, respectively.

/
Yoo

Positive & Negative Current (A)
H

Figure 3.4 Symmetrical components response under balanced system.

Since the system is balanced, the positive sequence current represents the

amplitude of the three-phase current, while the negative one is zero in steady

0.5

1
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state. As it can be seen, due to the sliding window employed for the Fourier
analysis, it always takes 0.2s (i.e. one cycle=1/f | f is the fundamental

frequency 5Hz) for the positive sequence current to reach the steady state and

give an accurate result. Another observation is, during the transient (i.e. from 0

to 0.2s, from 1s to 1.2s), the negative sequence current is not zero.

Figure 3.5 shows the current waveform of the unbalanced system. At the time
point of 1s, the amplitude of the current is reduced to 1A and the system

becomes unbalanced. The current of phase B has relatively lower amplitude

than other two phases.
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Figure 3.5 Three-phase current response under unbalanced system.

Figure 3.6 shows the corresponding symmetrical components response, where

the blue and red curves represent the positive sequence current and negative

sequence currents, respectively.
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1/ |
/o

0 0.5 1 15 2
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Positive & Negative Current (A)

Figure 3.6 Symmetrical components response under unbalanced system.

It can be seen that, the early values (before 1s) are the same as in Figure 3.4,
while the latter part is significantly different. Due to the unbalance, the positive
sequence current is reduced to 0.95 (lower than 1 in previous case), and the
negative sequence current in steady state is 0.05 (not 0 anymore). The
significant difference in the negative sequence current can be utilised to detect
the unbalanced three-phase current, and thus diagnose possible inter-turn short-

circuit faults.

3.5 Negative Sequence Calculation based on SOGI

3.5.1 General Structure

The second order generalised integrator (SOGI) was originally proposed by M.
Ciobotaru for a single-phase phase locked loop (PLL) structure [56]. Due to its
simple implementation and effectiveness in orthogonal system generation, it is
also considered in this work to perform the negative sequence component

calculation.

Figure 3.7 shows the block diagram of the SOGI based negative sequence
calculation system. It mainly consists of three stages: firstly, the aff
transformation is used to transform the three-phase quantities (i.e. voltages and

currents) into af frame; then, the resultant af3 components are filtered and
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quadrature signals are produced; the output of two SOGIs enables the

calculation of the negative components.

Viily
> SOGI )1
qViilry v NE
Vabe ABC Vg A >
> . ;
We » Negative |
sequence —>
labe V/|p » calculation 7
bQ y Vil "
i
> SOGI gVl

Figure 3.7 Block diagram of the proposed negative sequence calculation
system.

3.5.2 Equation Derivation

According to Lyon’s method, the symmetrical components can be applied in
the time domain by using the Lyon transformation[54, 57]. Take voltage for
example, equation (3.5) represents the instantaneous negative sequence

components V_;_of an unbalanced sinusoidal voltage vector Van=[Va Vi Vc]"
[58].

vV, .V, V. =[T ]V

abc — a c

20 (3.5)

11
:—a , a=e 3
3

a’

With the Clarke transformation [59], the voltage vector Vape can be transferred

from the abc to af reference frames as in (3.6).

[ o] =T Vs

(3.6)
R
2|7 2 2
SR
2 2
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Then, the instantaneous negative sequence voltage on the af reference frame

can be found,

Var =[Tap Voo =[Tap |7~ Mese
=[Ts ] [T _ ] [T ]_1 Vas (3.7)

111 ¢
=— V
2 {—q 1} p

where q:e_JE is an operator corresponding to a 90 degree phase shift of the

original signal.

Following (3.7), the expression for calculating the negative sequence
components of a generic variable x can be written as in (3.8), where the

variable x can be either current or voltage.

[X;ﬂ]:%{ ; q:||:xaﬂ] (3.8)

_q 1
3.5.3 Principle of SOGI

The generation of the orthogonal signals of the a8 components is achieved by
two SOGIs. Figure 3.8 presents the general structure of a SOGI, which is
defined as [60, 61]. Variable ; is the resonant frequency of the SOGI, which
is usually set to be the synchronous frequency w, of a three-phase sinusoidal

system.

qv’ «—J

—
\/

A

Figure 3.8 General structure of SOGI.
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The closed loop transfer functions are defined as in (3.9) and (3.10), where v’(s)

is the filter output; s is the Laplace operator; k and @, set the damping factor

and the resonant frequency of the system.

V' Ko, s
D(s)=—(s)== > (3.9)
v S° +kw, S+ o,
[ k 2
Q(s)=T(s)= (3.10)
% S° +Kkw; s+ wy

The corresponding Bode plot of the SOGI system is shown in Figure 3.9

Bode Diagram

i \\

-60 ~ .
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90 pa—
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0 SESAEE qviv 4

Phase (deg)

-180 1 - 2 - 3 il 5
10 10 10 10 10

Frequency (rad/s)

Figure 3.9 Bode plots of the SOGI system.

If the input signal v(s) is sinusoidal and the frequency is a)f', it can be

expressed as a phasor v [62]. The SOGI system can produce two output signals:
the direct filter output signal, v’(s), will be in phase with the input signals for
fundamental frequency components, the in-quadrature output signal, ¢gv’(s), is
always 90 degree shifted with respect to v’(s) (refer to Figure 3.9). The

expressions of the two signals can be calculated from (3.11) and (3.12).
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|D|= ko, w,
S L e | @11
‘2 2
_ 1| Wy T @y
D =tan ( kKo, w, J
o
Q=2p
gv =Qv f (3.12)
T
-ID-Z
Q=03

The output of o and B components SOGI, v’, and v’ are used in (3.8) to
calculate the negative sequence components. Based on that, the negative

sequence components can be derived by using (3.13) and (3.14).

= (%) (%) (3.13)

z7|= (3.14)

3.5.4 Simulation Results

Figure 3.10 shows the waveform of the three-phase current when the amplitude
changes. The three-phase current amplitude increases from 3.2A to 3.85A at

time=0.15sec, while the fundamental frequency remains at 100Hz.
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Figure 3.10 Three-phase current response under balanced system.
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Figure 3.11 compares the corresponding positive sequence components
obtained by the two calculation systems, where the blue curve represents the
output from the SOGI system, and the green one is from the three-phase

sequence analyser.
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Figure 3.11 Comparison of positive sequence components.

Clearly, when the three-phase sequence analyser is employed, it always takes
one fundamental period (i.e. 0.01s) to reach the steady state, due to the use of
the Fourier analysis. Compared with this, the SOGI system can respond to the
amplitude change instantaneously and does not exhibit any delay. However, the
output positive sequence component oscillates seriously, and thus takes much
more time to reach the steady state. In the following study, the three-phase
sequence analyser will be employed to obtain negative sequence components

for fault detection purpose.

3.6 PMSM under Asymmetrical Components

For a three-phase PMSM, several effects can cause asymmetries in the three-
phase quantities, such as inherent motor defects, inter-turn short-circuit,
unbalanced phase windings, and load or speed fluctuations, etc. The negative
sequence component can be used to detect these asymmetries. As discussed in
[63], a considerable increase in the negative sequence current takes place under

the inter-turns short-circuit fault of the PMSM. However, unbalanced phase

-47-



CHAPTER 3 Fault Detection Technique 1: Negative Sequence Analysis

windings (i.e. back-emf unbalanced) can produce a similar asymmetry. In order
to produce an accurate and robust fault detection system, some modifications to

this approach are needed.

In this section, the negative sequence analysis based approach is applied to
diagnose inter-turn short-circuit faults of the PMSM. Based on the
measurement of the voltage and current variables, the negative sequence
components of the system are calculated by using the three-phase sequence
analyser. Meanwhile, the PMSM drive is tested with either speed or load
fluctuations, in order to obtain the behaviour of the negative components,

under such conditions.

3.6.1 Speed Fluctuation

In this sub-section, the PMSM motor is set to supply a constant load of 0.6Nm,
with 2% asymmetrical components of back-emf in the phase A. The speed
reference ramps up and down between 800 rpm and 1000rpm, as Figure 3.12
shows, in order to give a complete performance test under speed fluctuation. A

short-circuit fault of 2 turns is injected into phase A time = 0.5s.

1100+ : r - : :
Speed reference
-Speed with fault
— 1000
£ \
2
©
(]
2 900
n
<]
800
700° - - - - -
0.1 0.2 0.3 0.4 0.5 0.6

Time (ser)

Figure 3.12 PMSM speed response under speed fluctuation test.

Figure 3.13 presents the corresponding negative sequence current under this
testing condition. As can be noticed, although the inter-turn short-circuit fault

can be revealed immediately after its occurrence, six false alarms are also
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generated at 0.14s, 0.2s, 0.25, 0.3, 0.35 and 0.4, whose values are almost higher
than that of the real fault conditions.
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Figure 3.13 Negative sequence current under speed fluctuation and fault
conditions.

Obviously, these six false alarms are caused by the speed fluctuation. When a
speed change occurs, it brings a non-stationary symmetry condition which
generates a considerable increment on the magnitude of the negative sequence

current. As a result, a false alarm may arise in the detection system.

Figure 3.14 shows the corresponding negative sequence impedance under this
testing condition. Similarly, the negative sequence impedance fluctuates
signicantly during the speed change of the PMSM.
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Negative Sequence Impedance
N

Figure 3.14 Negative sequence impedance under speed fluctuation and fault
conditions.
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Obviously, using this information only will lead to a false alarm, so some

filtering algorithm is required to remove the false alarms.

Figure 3.15 shows the waveform of the negative sequence current, when a

moving average filter is utilised for signal processing.
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Figure 3.15 Negative sequence current with moving average filter under speed
fluctuation and fault condition.

In this case, the moving average filter has averaged the high frequency
component produced by the speed change over half cycle, as shown in Figure
3.16. The negative sequence current still experiences a high value either under
speed fluctuation or the inter-turn short-circuit fault, though the waveform
becomes much smoother, and the time constant of false alarm=2x7/®, o is

the electrical angular speed (refer to section 3.4.2).

1
s <
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i —: D
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Figure 3.16 Block diagram of moving average filter.
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Figure 3.17 gives the corresponding waveform of the negative sequence
impedance, when the moving average filter is employed. As it can be noticed,
the negative sequence impedance experiences a considerable increase when the
speed changes. In contrast, it drops significantly (i.e. from 2.2 to 1.7) as the

inter-turn short-circuit takes place.

2 L WK'/
0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)

Negative Sequence Impedance

Figure 3.17 Negative sequence impedance with moving average filter under
speed fluctuation and fault condition.

3.6.2 Load fluctuation

In this sub-section, the speed reference of the PMSM motor is fixed at
1000rpm with 2% asymmetrical components set in the back-emf of Phase A. A
step change in load is considered to examine its possible influence on the

negative sequence components.

As shown in Figure 3.18, the load torque steps up and down between 0.4Nm
and 0.6Nm, in order to give a complete performance test under load fluctuation.
A short-circuit fault of 2 turns is introduced into phase A at 0.5s. The blue and

red curves represent the electromagnetic torque and load torque, respectively.
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Figure 3.18 PMSM torque response under torque fluctuation test.

Figure 3.19 gives the waveform of the negative sequence current under this

testing condition. It can be noted that, the value of the negative sequence

current is not equal to zero when the load is constant due to imbalance in the

phase back-emf. When the step change is applied at 0.14s, 0.3s and 0.4s the

values of the negative sequence current increase significantly, but the duration

of the false alarm time is around 0.01s (i.e. one cycle). Once the torque settles

down, it decreases back to the original value. When the inter-turn short-circuit

fault occurs, the negative sequence current can reflect it immediately by an

increase in the amplitude from 0.01A to 0.13A.
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Figure 3.19 Negative-sequence current under load fluctuation and fault

conditions.
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Figure 3.20 shows the waveform of the negative sequence impedance under

this test. Similarly, the negative sequence impedance is affected by both the

load fluctuation and the short-circuit fault.
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Figure 3.20 Negative sequence impedance under load fluctuation and fault

conditions.

With the aim of smoothing the diagnosis signals, the moving average filter is

also employed for this testing. Figure 3.21 and Figure 3.22 show the

waveforms of the negative sequence current and impedance, when the moving

average filter is implemented.
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Figure 3.21 Negative sequence current with moving average filter under load
fluctuation and fault condition.
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Figure 3.22 Negative sequence impedance with moving average filter under
load fluctuations and fault condition.

3.6.3 Discussion

Obviously, the use of the moving average filter does help to smooth the two
diagnosis signals, but the false alarm caused by the load fluctuation cannot be
eliminated, which makes it very difficult to diagnose the short-circuit faults by

using the information from one signal (i.e. either current or impedance).

The behaviour observed from the negative sequence current and impedance is
summarised in Table 3.1. It can be seen that, during the fluctuations, both the
negative sequence current and impedance increase to a higher level. Under
fault condition, the negative sequence current starts to increase, while the
negative sequence impedance is decreasing. It should be pointed out that the
decrease of the negative sequence impedance depends on the severity of the
fault, and it may not reduce significantly for imbalance PMSM systems. With
the aim of improving the accuracy of fault detection, a combination of the
negative sequence current and impedance is adopted in this work, which will

be discussed in Chapter 4.
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Table 3.1 Relationship between the sequence components under load change,
speed change and fault condition.

Sequence Load Speed Fault
Component change change condition
Negative sequence
current T T T
Negative sequence -
impedance T T l

3.7 Summary

In this chapter, the traditional fault detection techniques used for both induction
motors and PMSMs are reviewed and studied. Following that, the concept of
symmetrical components is introduced, and two kinds of methods are discussed
to perform the calculation of the negative sequence components of the three-
phase PMSM. Finally, the simulation results have been provided to reveal the
influence of load and speed fluctuations on the negative sequence components.
By using both the information of the negative sequence current and impedance,

the inter-turn short-circuit faults can be distinguished effectively.
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CHAPTER 4

FAULT DETECTION
TECHNIQUE 2: FUZZY
LOGIC APPROACH

4.1 Introduction

Previous research work has demonstrated clearly that, the inter-turn short-
circuit faults can be reflected by using the negative sequence current or
impedance in the system steady state. However, as shown in the simulation
results, the false alarm caused by load or speed fluctuation cannot be
eliminated, which makes it very difficult to diagnose the short-circuit faults by
using the information from one signal only (i.e. either current or impedance).
For this reason, a novel fuzzy logic based approach is considered in this work
for the fault detection of the PMSMs, in order to utilise the information of both
the negative sequence current and impedance to draw a clear and accurate

detection result.
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In this chapter, the concept of conventional classical sets is first reviewed as
the basis of fuzzy logic. Following that, the principle, membership function and
rule based inference of fuzzy logic are presented and discussed. Based on the
information of the negative sequence components analysed in the previous
chapter, a fuzzy logic based fault detection scheme is developed, in order to
reduce the influence of speed and load changes on the detector output. The end
of the chapter provides simulation results using the MATLAB/Simulink

environment.

4.2 Fuzzy Logic Foundation

4.2.1 Classical Sets

For classical set theory, a universe set is defined as a collection of elements
that have the same characteristics, and each qualified element is called the
member of the set [64]. Some classical sets may be contained inside the
universe set. Generally, the sets are denoted by capital letters, and the elements

are represented by lower case letters.

Figure 4.1 shows an example to support the understanding of the above
definitions. Considering a universe set of U, the solid circle is its boundary and
the points inside it are its elements. A classical set of V with square-shape
boundary is contained by the universe set U. Several points, a, b, ¢, X, y and z,

are distributed inside the set U, but some are out of the classical set V.

Classical set V

X ( ]
b o y

Universe set U

Figure 4.1 Example of classical set theory.
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If the element a belongs to the set U, the relationship can be represented as
aeU . Similarly, the symbol ¢ indicates one element does not belong to a set,
for example beV . Table 4.1 summarises the notation and definition for the

example given in Figure 4.1.

Table 4.1 Notations and definitions of the set example shown in Figure 4.1.

Notation Definition

a,b,c,x,y,z belong to the

a,b,c,x,y,zeU .
universe set U

X,y belong to the classical set

X, V
ye v

a,b,c,z do not belong to the

a,b,c,zeV .
classical set V

Using a characteristic function to distinguish between elements contained and
not contained in a set is known as mapping the universe set into the determined

set.

1 if aeU

ﬂ“(a):{o if agU (41)

4.2.1.1 Classical Sets Operations

In order to explain the operations of classical sets, Figure 4.2 shows two sets as

an example: V and W, which exist in the Universal set U.

Figure 4.2 Set VV and W in the universe set U.
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Figure 4.3 shows the union between the set V and set W, often denoted in
classical set theory as VUW. The union of two sets includes all elements

existing in either set \VV, W or both.

VOUW ={x|xeV or xeW| (4.2)

Figure 4.3 Union of set V and set W in the universe set U.

Figure 4.4 shown below portrays the intersection of the two set V and W,
which represents that all the elements in the universe set U that belong to both
set V and set W,

VAW ={x|xeV and xeW| (4.3)

Figure 4.4 Intersection of set V and set W in the universe set U.

Figure 4.5 depicts the difference of the two sets V and W, which represents the

element in set V that only belongs to set V. It can be denoted as V|W.

V[\N:{X|XEV and XeEW} (4.4)
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U

Figure 4.5 Difference of set V and set W in the universe set U.

The complement of a set is defined as the element in the universe set that does
not belong to the set. Figure 4.6 shows the complement of set V in the universe
set U.

\7:{x|xgv XEU} (4.5)

Figure 4.6 Complement of set V in the universe set U.

4.2.2 Fuzzy Sets

Fuzzy logic, also known as fuzzy set theory, was first introduced by L. Zadeh
in 1965 [65], a concept which is founded on classical or crisp set theory. In the
classical set theory, each elements of the universe set is issued a value of 0 or 1
to represent FALSE or TRUE by the characteristic function [66]. In
comparison to a classical set, the boundary of a fuzzy set is not defined. The
fuzzy set is formed in a way that contains elements which have varying degree
of membership. In other words, the characteristic function can take a value in

the interval ranging between 0 and 1.

The membership g4 of an element x for a fuzzy set V is denoted by,
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Ly o X —)[0, 1] (4.6)

V ={(x, 4, (x))|xeV, u,(x)e[0,1]} (4.7)

where g, (x) is the degree of membership of element x in the fuzzy set V.

Fuzzy sets can be categorised as either continuous or discrete. In the discrete
fuzzy set VV, a member x, which has a relative membership x can be represented
as u/% [64]. The set V can be written as follows, where x; X ---X, are members

of the discrete set V and s, 4 -+ 4, are the degrees of membership.

Vo= [X A+ [ X +eee e + 4, /X,
or (4.8)
V= Z ,ui/xi

i=1,n

A continuous fuzzy set can be denoted as,

X
v=[£2Y (x) 4.9)

X
Figure 4.7 shows a fuzzy set of negative sequence impedances, which defines
all the values of the negative sequence impendence magnitudes at low, middle
or high. Obviously, the concepts of the low, middle and high values of the
negative sequence impedances are determined by the data from simulation

analysis, and the details of definitions are described in the Section 4.3.1.

1~ Low Middle High

o
o
T

o
(e}
1

o
N
7

Degree of membership

©
N
T

0 I s \ - L
1 1.5 2 2.5 3

Negative Sequence Impedance
Figure 4.7 Fuzzy set of negative sequence impedance.
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Thus, we can have the following fuzzy values of the membership level in the

three sets:
1 1.0<Z”
19-72"
L7 )= 1.0<Z2°<1.9
Hiou(Z7) 191 (4.10)
0 Z >19
0 1.8<7"
2718 87«15
_ 1.95-1.8
Hyigae(Z ™) = 91 7" (4.11)
—— 195<77<21
2.1-1.95
0 Z >21
0 2.0<Z”
Z -20
- (Z7)= 20<Z72°<3.0
Hrign(Z7) 3020 (4.12)
1 Z >30

For example, when the calculated negative sequence impedance value is 1.5,
the corresponding membership degree is 0.44 in the set Low, and 0.0 in the set
Middle and High. If the value of the negative sequence impedance is 1.85, it
may be judged to be Low or Middle, i.e. pow(1.85)=0.04, umidaie(1.85)=0.37.

4.2.2.1 Fuzzy Sets Operations

Fuzzy set operations are derived from the classical set theory and thus have
similar forms. Considering a given element x of the universe U, the operations

of union, intersection and complement are listed below [64].

Union (i.e. Or):

Hyow (X) =, (X)L g4, (X) =max( g4, (X), 44, (X)) (4.13)

Intersection (i.e. And):

Hy e (X) = 4, (X) Oy, (X) = Mz, (), 14 (X)) (4.14)
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Complement (i.e. Not):

1, (0)=1-44,(x) (4.15)

Take the Low and Middle sets of Figure 4.7 for example,

Low =0.27/1.65+0.16/1.75+0.04/1.85+0/1.95+0/2.05

Middle =0/1.65+0/1.75+0.33/1.85 +1/1.95 +0.33/2.05 (4.16)
The union of the fuzzy sets Low and Middle
=0.27/1.65+0.16/1.75+0.33/1.85+1/1.95+0.33/2.05 (4.17)
The intersection of the fuzzy sets Low and Middle
=0/1.65+0/1.75+0.04/1.85+0/1.95+0/2.05 (4.18)
The complement of the fuzzy set Low
=0.73/1.65+0.84/1.75+0.67/1.85+0/1.95 +0.67/2.05 (4.19)

4.2.3 Fuzzy (Rule-Based) System

Generally, a fuzzy rule has the form as in (4.20), where V and W are two
classical sets that are defined on two universe sets X and Y, respectively.

If xisV, thenyis W (4.20)

The if-part of the sentence is called the premise of the rule; the then-part of the
sentence is called the conclusion of the rule. It typically expresses an inference
such that if there is a fact, then another fact can inferred or derived [64, 67]. It
should be pointed out that, both the premise and conclusion of a rule may
contain multiple parts [68].

Figure 4.8 shows a simple Mamdani model of two-rule system. It has two crisp
values inputs x and y and a single output z*. Equation (4.21) gives the If-Then

rules used in the fuzzy system,

IfxisA andyisB,, thenzisC,

: . : (4.21)
IfxisA, andyisB,, thenzisC,
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where A;, A;, By, B, C; and C; are the fuzzy sets.

A A A
M A M B: M C;
1F 1t
________ S, I N 1 11 l
0 X 0 y 0 7
A A
” A2 p BZ U CZ
ir AN 1 - A __ 1
/ \ Z/\_X\_ _______ min___|
o' > 0 > 0 ;
X y ‘max
v
1
A >

Figure 4.8 The Mamdani fuzzy inference system.

The operation of the Mamdani fuzzy interface system is explained as follows:
for the given value x, membership values ua1(x) and uax(x) are derived; for the
given value y, the membership values ug1(y) and ug2(y) are calculated; then for
each rule, find the minimum of the membership value min(uai(x), us1(y)) and
min(ua2(X), us2(y)); Based on it, the fuzzy sets C; and C,, are truncated to get
the sets C’; and C',; for each value in the truncated sets, take the max operation
to get the final output fuzzy set C.

4.2.4 Defuzzification

The output from the Mamdani model is a fuzzy set. To be able to use it, it is
often necessary to convert it to a single scalar quantity, which is known as
defuzzification. Several methods can be found in the literature, such as Max-
membership method, Centroid of Gravity (COG) method, Weight average
method and Mean-of-Maxima method [64]. In this work, the COG method is
applied for the fuzzy set defuzzification.
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The COG method, also known as the centre of area or centre of gravity, is an
essentially technique for finding mid-point of the final output fuzzy set. It
utilises a weighted average of the membership grades. Figure 4.9 shows
graphical representation of the COG method, while (4.22) gives the

mathematical expression,

T |

0 z*

N VY

Figure 4.9 Centroid of Gravity (COG) method [69].

o Ju@)

= 4,22
[ e (2)dz 422

where uc(z) is the membership value of the fuzzy set C, and z* is represents the

centre of the shaded area.

4.3 Fault Detection based on Fuzzy Logic

The inter-turn short-circuit fault of the PMSMs can be detected by observing
the information of the negative sequence components (i.e. both the current and
impedance). However, it is very difficult to interpret the obtained component
values as a linear relationship and to further derive a clear and precise detection

algorithm.

The fuzzy logic approach can be considered as a promising solution, since the
numerical data (i.e. values of the negative sequence components) can be treated

in a linguistic manner. Two major subsections should be taken into account,
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which are the membership function of the system input and the fuzzy rule
based inference.

4.3.1 Membership Function

Based on the definitions presented in Section 4.2, the fuzzy logic approach is
employed for fault detection of the inter-turn short-circuit faults of the PMSMs.
The first input is Negative Sequence Current, and it can be divided into three
membership functions, which are Negative Sequence Current Low (NCL),
Negative Sequence Current Medium (NCM), and Negative Sequence Current

Big (NCB), respectively.

1 NCL

qj) / \
3 0.8 /o
§ / \ ////
o / \
= 0.6 \
@ / \\ //
0] / \
D |- / \\
E 04 // \ /
q) / \
= 0.2+ / \
0
0 0.02 0.04 0.06 0.08 0.1 0.12

Negative Sequence Current

Figure 4.10 Membership functions for the first input (Negative Sequence
Current).

Figure 4.10 shows the membership functions of the Negative Sequence Current.
It should be pointed out that, the set of the membership function should be
designed according to the individual system under consideration. For example,
the value of the negative sequence current for a PMSM is determined by many
factors such as inherent unbalance caused by winding discrepancy etc. [5]. The
simulation result given in Chapter 3 has shown that, when the system is in
steady state under normal condition, the value of the negative sequence current

is very small but does not have a constant value.

According to the simulation results, the negative sequence current with 2 short-
circuit turns is 0.13A (refer to Figure 3.19). Hence, the range of the negative

sequences current under fault conditions can be chosen to be between 0.085
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and 0.13. Since the value of the negative sequence current is proportional to the
number of the short-circuit turns, any other faults with higher short-circuit
turns can be detected effectively. By taking the system imbalance into account,
the range of the NCL is chosen to be between 0 and 0.045. Accordingly, the
range of the NCM can be determined, which is between 0.04 and 0.009.

Similarly, three membership functions can be developed for the negative
sequence impedance, which are Negative Sequence Impedance Low (NIL),
Negative Sequence Impedance Medium (NIM), and Negative Sequence

Impedance Big (NIB), as shown in Figure 4.11.

When short-circuit faults occur, the value of the negative sequence impedance
will decrease, and the change is proportional to the number of short-circuit
turns. Considering that the target PMSM has a negative sequence impedance of
2.3 under normal condition and 1.7 with 2 turns short-circuit fault (refer to
Figure 3.20), the range of NIL is chosen to be between 0 and 1.9, and the
boundary of NIB is selected at 2.

@ o

5 / -

> /

2 g 1

<

& /

3 - :

£ ~

(]

= e 1
1 15 2 2.5 3

Negative Sequence Impedance

Figure 4.11 Membership functions for the second input “Negative Sequence
Impedance”.

Based on the two membership functions and the conclusion drawn in Table 3.1,
Figure 4.12 shows the corresponding health and fault indicator, where H and F
represent the health and fault operation, respectively.
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7

0.6

0.4 1

Membership Value
\

0.2 /* |

r r r r r r r

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Output FDD

Figure 4.12 Membership function for the output “Health and Fault Indicator”.

As expected, the use of the two negative sequence components can eliminate

the influence of the false alarms and produces a very good fault detection result.

4.3.2 Rule based Inference

With the aim of relating the input and the output, a rule based inference system
has been developed. The Input signals of the system are the calculated negative
sequence current and negative sequence impedance of the PMSM. And a total
of six rules are employed to clearly state the motor operating condition in a

quantitative manner [70].

e Rule (1) If 1" isNCLand Z is NIM, then OP is H;
e Rule(2) If 1" isNCLand Z™ is NIB, then OP is H;
e Rule (3) If 1" isNCMand Z™ is NIB, then OP is H;
e Rule (4) If 1" isNCMand Z is NIL, then OP is F;
e Rule (5) If 1" isNCB and Z~ is NIL, then OP is F;

e Rule (6) If 1" isNCBand Z™ is NIM, then OP is F.

For instance, if the negative sequence current is Low (NCL) and the negative
sequence impedance is Big (NIB), the system considers the PMSM is in
normal condition and outputs an indicator of Healthy (H); if the negative
sequence current is Big (NCB) and the negative sequence impedance is Low

(NIL), then the output detector response is Fault (F).
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Based on the above rules, the inter-turn short-circuit fault condition of the
PMSM can be distinguished by using a quantitative representation of the two

negative sequence components.

Figure 4.13 presents the fuzzy inference diagram for a healthy PMSM where

rule (2) is solicited. As it can be seen, the value of 1 is 0.016 which indicates
a low negative sequence current (i.e. NCL). The graph in the first column have
the membership functions of uiow(1)=0.7, tow(1)=0.7, umidaie(1)=0.0, ugig(l"
)=0.0, usig(1")=0.0. Likewise, the second column (Z~) is at value of 2.3 which
implies a high negative sequence impedance, and thus have the membership
function of umigaie(Z)=0.0, ugig(Z2)=0.3, pow(Z)=0.0, 1 ow(Z)=0.0, wugig(Z
)=0.0. The fuzzy output for the five rules is the AND result between the first
input I" and the second input Z". According to (4.14), this operation result
should be min(0.7,0.0), min(0.7, 0.3), min(0.0, 0.0), min(0.0, 0.0), min(0.0,
0.0), which only produces uteaithy=0.3.

Now the Centroid of Gravity (COG) method can be applied to produce a crisp
output value, for the value of I'is 0.016 and the value of Z is 2.3, the fuzzy
output element output value can be calculated using (4.22), Under this
condition, the PMSM is judged to be as healthy.

[#4(2)2dz2  0.3%0.672+0.3x(1-0.672)

OP = =0.418 (4.23)
.[’uH (z)z 0.3x2
Neg-seg-cur = 0.015 Neg-seg-imp = 2.3 0P = 0412
[
TN /\

2 [ p |
s [

=

0 1.8

Figure 4.13 Fuzzy inference diagram for a healthy PMSM.
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Figure 4.14 shows the fuzzy inference diagram for a faulty PMSM where rule
(5) is solicited. The value of I is 0.13 which brings a high negative sequence

current (i.e. NCB), and the value of Z™ is 2.3 which indicates a large
impedance (i.e. NIL). Under this condition, the PMSM is considered to be
faulty (OP=1.45).

Neg-seg-cur =0.13 MNeg-seg-imp = 1.37

BN A

OF=1.45

NN N

‘ N |
A

0 o3 1 3 g

0 1.8

tn

Figure 4.14 Fuzzy inference diagram for a faulted PMSM.

Figure 4.15 shows the fuzzy inference diagram for a PMSM under speed and
load fluctuations, where rule (3) is solicited. The value of I~ is 0.0696, which

gives a medium negative sequence current (i.e. NCM), and the value of Z~ is

2.3 which implies a large impedance (i.e. NIB).

MNeg-seq-cur = 0.0696 Meg-segq-imp =3

OP=0.9

"t A

2

s | /]

4

: i

0 0.13 1 I
0 1.8

Figure 4.15 Fuzzy inference diagram for a PMSM under speed and load
fluctuations.
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Under this case, the status of the PMSM is judged to be healthy. Clearly, the
use of the fuzzy logic system can reduce the influence of speed or load changes

on the fault detection effectively.

Figure 4.16 shows the surface plot of the detector response of the FDD system,
where the x-axis and y-axis represent the negative sequence current and

impedance, and the z-axis is the output of the detector response.

Figure 4.16 Surface plot of the detector response.

The red surface part implies that the PMSM has an inter-turn short-circuit fault,
since the negative sequence current is medium or large and impedance is small
or medium. Similarly, the blue surface part represents that the PMSM is under
normal operating condition, as the negative sequence current is low or medium

and the impedance is medium or large.

It should be pointed out that, the two green surface parts repeat the conditions
which are not covered by the rules defined above, i.e. the condition where both
the negative sequence current and impedance are either high or small.
According to the analysis carried out in Chapter 3, these two conditions will
never occur together, since the negative sequence current and impedance are

always inversely proportional to each other.
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4.4 Simulation Results

In this section, the proposed fuzzy logic based fault detection scheme is utilised
for the PMSM short-circuit fault detection using the MATLAB/Simulink
environment. The disturbance caused by both the load torque fluctuation and
the speed fluctuation is taken into account, in order to test the developed FDD

system in a practical situation.

4.4.1 Speed Disturbance (2 Turns)

In this sub-section, the speed ramps from 800rpm to 1000rpm between 0.14s
and 0.2s, an inter-turn short-circuit fault of 2 turns is injected into phase A at t
time=0.24s.

1100+ : : r r
Speed reference
Speed with fault

1000

e /

S

o)

()

3 900

(9]

S /

o

T g0 /
700" : : : :
0.1 0.15 0.2 0.25 0.3

Time (sec)

Figure 4.17 PMSM speed response with fault condition.

Figure 4.18 shows the waveform of the filtered negative sequence current. Due
to the speed ramp, the value of the negative sequence current has been
influenced, and two spikes have been introduced at 0.14s and 0.2s, respectively.
The peak value of these two spikes is quite high, which are 0.1 and 0.12 (i.e.
NCB). Obviously, using only the negative sequence current to diagnose the

fault will lead to a fault alarm.
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Figure 4.18 Filtered negative sequence current under speed disturbance.

Figure 4.19 shows the corresponding waveform of the negative sequence
impedance. Clearly, when the speed changes, the value of the negative
sequence impedance increases significantly, and the peak value is about 5.6 (i.e.
NIB). At time=0.24s, the short-circuit fault is introduced, and the value of the

negative sequence impedance drops to 1.71 (i.e. NIL).

Negative Sequence Impedance
N

ot ! ! ! !
0.1 0.15 0.2 0.25 0.3
Time (sec)

Figure 4.19 Filtered negative sequence impedance under speed disturbance.

By using both the information of the negative sequence current and impedance,
Figure 4.20 shows the fault indicator under the speed disturbance and fault
condition. Clearly, the proposed fault detection scheme is capable of
diagnosing the fault accurately and quickly (less than one cycle delay) under

speed disturbance.
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Fuzzy Logic Result
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Figure 4.20 Fault indicator under speed disturbance and fault condition.

4.4.2 Load Disturbance (2 Turns)

In this sub-section, the speed reference of the PMSM motor is fixed at
1000rpm, and a step change in load is considered to examine the possible

influence on the negative sequence components.

As shown in Figure 4.21, the load torque has a step change from 0.4Nm to
0.6Nm at time=0.14s. After that, a short-circuit fault of 2 turns is introduced
into phase A at time=0.24s.

1 E E |
Load
Torque with fault
~ 0.8
E
£
3
3 0.6 %Wm Hm‘wﬁ " memwﬂwwwmwmﬂmﬁ%mwﬁmMWMWMWMW
o3
[}
>
=)
o
= 04
0.2° - - ; -
0.1 0.15 0.2 0.25 0.3

Time(sec)

Figure 4.21 PMSM torque response under fault condition.

Figure 4.22 and Figure 4.23 show the two negative sequence components

under the load disturbance and fault condition. The negative sequence current
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is affected noticeably, manifesting spikes when the load changes at 0.14s, and
reaches 0.11A (i.e. NCB). Using only the negative sequence current will
definitely result in a false alarm. Similarly, the negative sequence impedance

increases largely (i.e. NIB) under this load disturbance.

0.4r

0.3
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-0.1

Negative Sequence Current (A)
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Figure 4.22 Filtered negative sequence current under load disturbance and 2

turns fault.
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Figure 4.23 Filtered negative sequence impedance under load disturbance and
2 turns fault.

When the system is under the fault condition, the value of the negative
sequence current increased from 0.01 (i.e. NCL) to 0.14 (i.e. NCB). Meanwhile,
the value of the negative sequence impedance decreased from 2.3 (i.e. NIB) to
1.7 (i.e. NIL).
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By using both the information of the negative sequence current and impedance,
Figure 4.24 shows the fault indicator under the load disturbance and 2 turns
fault condition. Clearly, the influence of the load disturbance can be filtered
successfully, and the fault can be detected effectively and quickly (within two

cycle delays).

Fuzzy Logic Result
|_\
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Figure 4.24 Fault indicator under load disturbance and 2 turns fault.

4.4.3 Load Disturbance (10 Turns)

In this sub-section, the speed reference of the PMSM motor is fixed at 500rpm,
and the load torque has a step change from 0.2Nm to 0.4Nm at time=0.14s. A
short-circuit fault of 10 turns is introduced into phase A at time=0.24s, as

illustrated in Figure 4.25.
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Figure 4.25 Torque response under fault condition.
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Figure 4.26 shows the waveform of the negative sequence current under the
load disturbance. Compared with Figure 4.22, the negative sequence current
value is much higher (i.e. 0.55 (NCB) versus 0.11 (NCB)), due to the 10 short-
circuit turns.
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Figure 4.26 Filtered negative sequence current under load disturbance 10 turns
fault.

Figure 4.27 shows the waveform of the negative sequence impedance under the
load disturbance. In comparison to the previous test condition (refer to Figure
4.19), the value of the negative sequence impedance becomes lower, i.e.
changing from 1.7 to 1.284.

Negative Sequence Impedance (A)
N

2

)
hE L L L L
0.1 0.15 0.2 0.25 0.3

Time (sec)

Figure 4.27 Filtered negative sequence impedance under load disturbance and
10 turns fault.
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By using both the information of the negative sequence current and impedance,
Figure 4.28 shows the fault indicator under the load disturbance and 10 turns
fault condition. The proposed fuzzy logic approach is capable of detecting the
short-circuit fault less than one cycle delay under motor speed fluctuation

condition.

Fuzzy Logic Result
|_\
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Figure 4.28 Fault indicator under load disturbance and 10 turns fault.

4.5 Summary

In this chapter, a fuzzy logic based fault detection approach is proposed for the
diagnosis of the inter-turn short-circuit fault of the PMSMs. Firstly, the
fundamental theory of classical set and fuzzy set was introduced. Then, the
membership function and the rule based inference of the fuzzy logic were
discussed in detail to provide a clear understanding of basic concepts. Finally,
the simulation shows that the proposed approach is capable of diagnosing the

faulted phase accurately and quickly under load or speed fluctuations.
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CHAPTER 5

CONCLUSIONS AND
FUTURE WORK

5.1 Conclusions

In the last two decades, the permanent magnet synchronous machine has
attracted more and more interests and been applied widely in modern industries
and special applications, such as hybrid automobile, aerospace drives and
military power drives. Owing to the high energy product of rare-earth
permanent magnet, the PMSMs hold excellent torque density, wide constant
power speed range and high conversion efficiency in comparison of traditional
machines. However, the use of the permanent magnet for the creation of the
magnetic field brings a significant drawback for the machine, which is the
weak fault tolerance capability. Taking an inter-turn short-circuit fault as an
example, a few short-circuit turns lead to huge increase in the faulting winding
current, and thus to excessive heat generation. This may further propagate and

eventually cause a catastrophic failure.
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Based on the above reason, fault detection of the PMSMs has become crucially
important and necessary, especially for applications demanding high security
and reliability (e.g. aerospace and automotive sectors). This forms the basic

motivation of this research work.

In this thesis, the modelling of PMSM with an inter-turn short-circuit faults
have been presented first. Based on the classical three-phase circuit coordinates,
the dynamic description of the PMSM under the ABC frame has been reviewed
and transformed into the DQ frame. The developed PMSM model can
represent the motor operation under the normal and short-circuit fault
conditions. The simulation results have shown a good correlation to the

theoretical analysis.

Following this, a winding inter-turn short-circuit fault detection technique for
the PMSM has been addressed by applying sequence component theory. Two
different ways for the derivation of the sequence component have been
demonstrated, and a three-phase sequence analyser is used to obtain the
negative sequence components for fault detection purpose. Although either the
negative sequence current or impedance can reflect the occurrence of a fault,
the influence of the motor speed or load fluctuation introduces disturbances

and, thus, false alarms, which makes the fault detection system unreliable.

In order to overcome this problem, a fuzzy logic approach has been considered
to process both the negative sequence current and impedance information, in
order to eliminate the disturbance of the load or speed fluctuation while the
true short-circuit fault can be diagnosed effectively and quickly. Based on a
number of different measured data from the simulation result, the fuzzy logic
system has been adjusted and tested. The simulation results have shown that
the proposed fault detection approach is capable of diagnosing the faulting
phase accurately and quickly under both load and speed fluctuations.
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5.2 Future Work

Although the feasibility of the developed fault detection and diagnosis system
has been validated successfully, there are still some aspects that need to
improve and study further for practical applications.

Although the most common fault of the PMSMs, i.e. inter-turn short-circuit
type fault, has been studied and modelled in this thesis, the work on the PMSM
fault modelling could be further improved. For the considered fault model,
several assumptions were made for simplicity, such as sinusoidal distribution
of magneto motive force and the flux, and non-saturated magnetic field etc.
These assumptions may introduce model errors, and compromise the fidelity of
the model. Advanced modelling techniques could be employed to improve
accuracy.

Second, only the stator winding turn-to-turn short-circuit fault has been
considered. In practice, the PMSM may suffer from different faults, such as
inverter faults, air gap eccentricity, partial demagnetisation, etc. For a
comprehensive FDD system, different type of faults should be detected and
identified. The influence of other faults on the developed technique should also

be assessed.

Likewise, the effects of harmonics in the determination of the fault indicator
should also be studied. And finally, the proposed system should be tested in a
prototype drive system with controllable fault injections.
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Appendix A

SIMULINK MODELS

A.1 Simulink Models

In this Appendix, the detailed structure of the MatLab Simulink models
developed for the FDD of the PMSM is presented as follows.

Current Controller dg2abc PWM

Speed @-}I 1_q_ref Q} iq_er va_ref Vg Vabc |—P»|Vabe Pulses [—|g vb(e—a
e

o

Figure A.1 Simulink model of vector controlled PMSM.

-82-



Appendix

Electrical madel

—the Eab
= |
Ter e
—P e Eabifne P Ezboue
Bade-emf model Subsystemn

Mechanical model

Figure A.2 Subsystem of the PMSM.
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Figure A.3 Subsystem of the electrical model.
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