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ABSTRACT

This study investigated the analysis of electric vehicle drivetrains in the presence of a motor
fault within a powertrain. The investigation was conducted utilising a test rig that facilitated the
controlled implementation of known faults in induction motors connected to an electric vehicle
powertrain configuration, thus enabling the application of various control methodologies. The
induction motors employed in this study comprised a healthy baseline motor without faults, a
motor with known inter-turn short faults of two distinct severities, and a motor with a known
broken rotor bar fault. The motors were connected to a grid source to establish a baseline for
comparison. In each scenario, the faults were analysed using motor current signature analysis
(MCSA), Park’s Vector Approach (PVA), Extended Park’s Vector Approach (EVPA), and DC
bus current analysis. The objective of this study was to analyse the effects of various faults
and their manifestation on the DC bus of powertrains, specifically under transient speed
conditions.

The analysis of the results presented in this study indicates that the DC bus analysis
demonstrates the presence of a fault in the case of an inter-turn fault in the motor in a
significantly more consistent manner. This method, along with the EPVA, proved to be the
most effective approach for identifying the presence of a fault within the powertrain across
multiple control methodologies and motor load levels. It has been demonstrated that an inter-
turn fault introduces additional harmonics at twice the fundamental frequency of the system
on the DC bus current. This harmonic can serve as a fault indicator and may produce
additional stress on the DC bus of the system for the inter-turn fault. The selected EVPA and
DC bus analysis methods proved less conclusive when applied to a broken rotor bar fault;
however, these techniques were utilised with a focus on specific harmonics based on the
literature that emphasised the imbalance introduced through an inter-turn fault. These two
techniques help illuminate the propagation throughout the powertrain as they are applied to
different currents throughout the powertrain, with the EVPA being applied to the motor line
current.

The most significant finding was that the DC bus analysis indicated the presence of a fault
through a substantial increase in the harmonic at twice the fundamental frequency of the DC
bus current, irrespective of the complexity of the control method employed. Although more
sophisticated algorithms can address errors within a system, they are unable to conceal the
presence of errors in the DC bus fully, particularly in the case of short inter-turn faults.
Consequently, further research should be directed towards this methodology, as it may prove
valuable in identifying a broader range of faults and providing essential information for
mitigating the impact of these faults on the DC bus of electric vehicle powertrains.
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1. INTRODUCTION

1.1 BACKGROUND TO THE STUDY

If engineers do not design a battery with performance and protection in mind, the entire vehicle
becomes susceptible to expensive damage or complete failure [1]. This is especially true
today, as electric vehicles have grown in popularity in recent years as a viable option for
combating greenhouse gas emissions during transportation [2]. As of 2023, more than 10
million electric vehicles (EVs) have been sold worldwide, and it is expected that more than 40
million EVs will be circulating by 2030 [3]. With the growing demand, there has also emerged
a necessity for drivetrains to be optimised for efficiency and cost-effectiveness. As such,
particular attention must be directed towards maintaining the battery pack under optimal
conditions, as this component represents one of the most substantial costs in a vehicle [4].

Induction motors are a viable option for EV use, as other options typically require natural
magnetic materials, such as synchronous machines [5]. Induction motors are susceptible to
faults, with the main faults related to the stator winding [6]. This fault produces an imbalance
in the load, especially if the stator winding is shorted, which in turn produces additional
unwanted harmonics. In EVs, these additional harmonics propagate through the powertrain of
the vehicle and present themselves on the DC bus at approximately twice the fundamental
frequency, particularly when there is an imbalance in the motor [7]. Significant research is
being conducted to focus on battery fault diagnosis within EVs, as can be seen in papers such
as [8, 9,10]. While the focus is important, especially in monitoring the state of health of the
battery, so that thermal runaway, which can become a safety hazard, such as a fire and
eventually an explosion [8], does not occur the focus is not on analysing potential causes for
the degradation on the battery health. Methods such as spatial-temporal transformer networks
[8], neural networks [9] and segmented regression are utilised in these studies, but rarely
focus on faults within the motor causing the impact on the battery. Moradi et al. [7] is one of
the few researchers who aim to quantify what a fault on the motor results in on the DC bus,
along with Pei et al [11]. This is done using harmonic analysis with good correlation between
simulation and experimentation. This research is, however, limited as it was focused on grid-
tied inverters rather than being applied to EV applications.

This research aims to build on Moradi et al. work by utilising known fault detection methods
on motors, such as MCSA [12], Park’s Vector [13, 14], Extended Park’s Vector approach [15,
16], and DC bus analysis [7, 11] can provide valuable insight into how various faults may
present themselves on the DC bus of the EV powertrain. This research also aims to provide
this information in the context of EVs. Although Gundeware et al [17] and Alsharif et al. [18]
do focus on the EV context, it is more so on the motor diagnosis when referring to [17], and
modelling the battery health with machine learning, not focusing on specific harmonics and
how they propagate throughout the drivetrain. This research aims to introduce more complex
control schemes compared to the existing literature mentioned earlier. Moradi et al [7] and Pei
et al [11] show how the imbalance effect of an inter-turn short can add additional harmonics
on the DC bus and as the battery is the costliest part of an electric vehicle it is beneficial to
quantify and identify the additional harmonics introduced onto the DC bus, as they place
additional strain on the battery pack and can increase ageing of the cell [19, 20]. Because of
the limited research with a focus on EV-specific conditions, this study can form a springboard
into areas of focus in terms of research in this area and help provide valuable insights into
what could have a significant benefit in maintaining the health of EV drivetrains.
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1.2 PROBLEM STATEMENT

Preventing issues from occurring within the battery in an EV is a critical consideration in the
design process due to the high cost of these components. One important aspect involves
protecting the DC bus from faults originating on the load side of the inverter. Such faults can
stem from the motor, including imbalances, which are amongst the most common faults within
induction motors [21].

Motor Current Signature Analysis [12] have been used in the past to detect faults within the
motor. However, this approach has primarily been applied to grid-connected machines and
does not account for additional noise that can be produced when connected to an inverter.
Consequently, alternative methods need to be explored, assessed, and validated to address
this challenge effectively.

Techniques such as the Park’s Vector Approach and the Extended Park’s Vector Approach
have been utilised for effectively detecting asymmetrical faults [22]. These techniques are
cost-effective and non-invasive towards the machine, making them an excellent starting point
for analysing the drivetrain. The issue arises from translating the fault from the AC side of the
inverter to the DC side. Any additional harmonics or faults that could propagate their way
through need to be identified effectively to avoid any potential harm to the battery pack.

This serves as the main engineering problem, in which the analysis of a fault within an electric
drivetrain is to be measured on the DC bus. Thus, there is a need to develop and apply a
method for identifying the presence of a fault in the DC bus, to deepen the understanding of
how this interaction occurs, specifically with more complex control algorithms applied to the
motor of the powertrain. This would provide a stepping stone to understand the stress the DC
bus undergoes, and provide a springboard for the safety design of the DC bus on an electric
vehicle. This would eventually aid in prolonging the life of the battery as well as give more
specific design targets to achieve when designing filters for the DC bus of the vehicle.

1.3 RESEARCH QUESTIONS

There are well-documented use cases of condition monitoring techniques on the motor side,
such as the MCSA and IPSA [23]; however, little is known about identifying it from the DC bus.
This can provide a cost-effective and novel approach for fault identification, particularly as it
will help provide an understanding of what occurs in the DC bus and, in turn, the battery. With
a view to faults within an Electric Vehicle drivetrain, the following research questions will be
addressed:

1. What techniques can remotely detect an inter-turn short fault that occurs within an
induction motor connected to an inverter in an EV drivetrain at low load?

2. What techniques can be used to detect these faults on the DC bus?

3. How robust are the techniques in detecting the faults through load variations?

4. What is the impact of different control techniques in determining the presence of the
fault within the system?
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1.4 OBJECTIVES OF THIS STUDY

This study aims to provide deeper insight into the behaviour of an EV drivetrain's induction
motor faults. However, for this to be accomplished, the following objectives have been set out.

1. To successfully design and simulate an EV powertrain including the LCL filter, and
perform V/Hz open loop, V/Hz closed loop and FOC control of an induction motor.

2. To verify the simulated setup through an experimental setup.

3. To gather data from this experimental setup using appropriate data acquisition tools.

4. To perform data analysis on the gathered data and asses the effectiveness of the
chosen fault analysis techniques.

5. To draw conclusions and provide the findings on the chosen techniques.

In achieving these objectives, the study aims to develop an understanding of how faults that
are present on the induction motor present themselves on the DC bus of an EV drivetrain.

1.5 METHODOLOGY

To complete this thesis, a literature review was conducted to gather the core knowledge
forming its foundation. Following this, theoretical development was required to deepen the
understanding of the key principles necessary for controlling the motors, designing the
required filter, and applying various analysis techniques to detect the presence of the faults
within the system.

Using this understanding, the design and simulation phase could begin. The overall
implementation was tested through simulations to assess aspects such as load response,
filtering performance, and overall system behaviour. Any unsatisfactory performance was
addressed and re-simulated until acceptable results were achieved.

Once obtained, the implementation into the experimental setup can begin, with the simulated
results providing a blueprint for configuring the experiments. These experiments will serve as
the basis for data collection, so data acquisition tools and methods must also be determined
at this stage. The key data to be collected includes line-to-line voltage, line current, load torque
and speed of the shaft of the motor, which will guide the choice of data acquisition equipment.
Once confirmed, the experiments can be conducted, during which the required data will be
gathered for subsequent fault analysis. Finally, analysis of this data can be completed in order
to provide conclusions on the techniques applied throughout the thesis. A visual flowchart of
the overall methodology can be found in Figure 1.1 below.
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Figure 1.1: Visual flowchart of the methodology used to
conduct this thesis.

1.6 SCOPE AND LIMITATIONS

This dissertation focuses on the behaviour of squirrel-cage induction machines operating in
motor mode. This study examined two of the most common faults in such machines: winding
faults and broken rotor bar faults. For a baseline comparison, the motors were initially
connected to the grid; however, the primary investigation focused on an inverter-fed system
utilising a space vector pulse-width modulation (SVPWM) switching scheme. This scheme
was further compared against various control methods, including V/Hz open-loop, V/Hz
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closed-loop, and field-oriented control (FOC). The FOC algorithm is also strictly indirect FOC,
where there is no direct torque input into the algorithm.

The machines were connected to a servo mechanism to apply loads according to specific test
requirements. The quality of the laboratory power supply was evaluated for balance and total
harmonic distortion (THD) and deemed suitable for the experiments. To meet the objectives
of this study, the key parameters measured included the DC current and voltage, AC current
and voltage, shaft speed, and torque.

1.7 PLAN OF DEVELOPMENT

The remainder of this thesis is structured as follows:

Chapter 2 presents a comprehensive literature review on induction machines and their
common faults. It also provides an overview of electric vehicles (EVs) and highlights the
importance of maintenance and monitoring in the industry. In addition, this chapter elaborates
on the various monitoring techniques currently employed and their applicability to both
induction motors and EVs.

Chapter 3 outlines the theoretical foundation for spectral analysis, which is a widely used
signal-processing tool in condition-monitoring applications. It details the concepts behind
Motor Current Signature Analysis (MCSA), Park’s Vector approach, Extended Park’s Vector
approach, and spectral signatures associated with various faults. Furthermore, the theory
underlying the DC fault harmonic analysis is introduced, including the spectral signatures
expected in the presence of a fault.

Chapter 4 provides a detailed overview of the experimental test setup and the equipment
used throughout the study, as well as all necessary design steps to ensure the test bench was
suited to conduct this experiment.

Chapter 5 describes the design of control algorithms as well as the methodology that will be
followed to conduct the experiment.

Chapter 6 presents an extensive account of the experimental results.

Chapter 7 summarises the findings of the study and offers a thorough analysis of the results
presented in Chapter 6. It also provides a conclusive discussion on how the research
questions are addressed. Recommendations are made regarding the application and
enhancement of the explored techniques, along with suggested directions for future research.
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2 LITERATURE REVIEW

2.1 INTRODUCTION

Induction motors are widely used in various industries, including the Electric Vehicle (EVs)
sector and are used in car models such as the Tesla Model S and the Mercedes EQC. It offers
a simple and robust solution that can easily be implemented in EV applications [24]. Compared
to alternatives such as permanent magnet synchronous machines (PMSMs) and switched
reluctance machines, the induction motor stands out as one of the most cost-effective and
low-maintenance options [23].

2.2 INDUCTION MACHINES

2.2.1 Construction and Features

The induction machine is one of the most rugged and widely used machines in the industry.
Its primary components include a stator and a rotor, which are separated by an air gap [25].
Functionally, the induction machine operates similarly to a transformer, as it transfers electrical
energy into mechanical energy. This similarity is evident in the equivalent circuits of both
devices.

The stator typically consists of a three-phase winding embedded within laminations of sheet
steel. These windings are placed in slots distributed around the air gap of the stator and can
be wound in either a short-pitch or full-pitch configuration, depending on the specific motor's
application requirements.

The rotor can be of two types: the wound rotor or the squirrel cage rotor. In the squirrel cage
construction, bars made of aluminium or copper are embedded in rotor slots and short-
circuited on either side by end rings [26]. The bars are often skewed to reduce humming,
improve torque uniformity as the rotor position changes, and mitigate the rotor's locking
tendency [27]. The wound rotor, on the other hand, features windings like those of the stator,
embedded within laminations surrounding the rotor. The three-phase windings are connected
to slip rings on one end of the rotor, allowing contact with carbon brushes for connection to
external circuits [25]. These external circuits, often resistive, can be used for basic speed
control of the machine.

To provide cooling, a fan is typically mounted on the non-drive end of the rotor, ensuring
effective heat dissipation for both the stator and rotor (illustrated in Figure 1). The rotor itself
is supported by two bearings, which may be either anti-friction or babbitt-type, depending on
the motor's size and operational requirements [28]. The entire assembly is enclosed within a
cast or fabricated body, chosen based on the motor's size and application needs.

This simple, robust, and cost-effective design has been employed in a variety of applications,
ranging from small city vehicles to high-performance cars [29].
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Figure 2.1: Exploded view of a typical construction of an Induction Motor [28].

2.2.2 Methods of Control

There are various methods of control for induction machines, depending on the desired level
of control and the specific operation of the machine. These methods vary in complexity and
hardware requirements. The simplest way to use an AC motor is to supply the machine with
a three-phase voltage from the grid. However, since this method does not allow control over
the frequency or voltage of the supply, it is rarely used in practical applications.

The most efficient method of controlling an induction machine is by connecting it to an inverter
[26]. This configuration can be achieved either by rectifying a three-phase supply, which is
commonly done in industrial settings, or by connecting it to a battery pack, as is the case in
electric vehicles. Configurations of both types are illustrated in Figures 2.2 and 2.3.
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Two main classifications of control methods are used to control the induction machine: scalar
control and vector control [26].

2.2.2.1 Scalar Control

Scalar control refers to a control method where only the magnitude of the control variable is
adjusted and regulated. This approach is simple and easy to implement; however, it often
results in inferior performance due to its simplistic nature [30]. The most common mode of
control within this category is open-loop V/Hz control. This method assumes that the desired
speed is dependent on the frequency of the supply, with the voltage (V) needing to be
proportional to the frequency (w) to maintain a constant stator flux (®y).

(2.1)

A block diagram of the algorithm can be shown below in Figure 2.4.
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Figure 2.4: Simplified block diagram of V\/Hz control of an induction machine [31].

This method calculates the appropriate voltage based on the desired frequency for the stator
and provides this information to a controller, using V, and V; to act as the space vector for the
switching scheme, which in turn adjusts the inverter’s switching accordingly. The details of this
switching process will be explained later in the chapter.

However, this control scheme has limitations, as it does not measure the speed of the rotor.
Therefore, any errors that occur cannot be corrected, and the speed may become inaccurate
since slip is not accounted for [30]. Despite this, for constant-speed applications such as fans,
this control method is advantageous due to its simplicity and cost-effective implementation
[32].

The performance of this control scheme can be improved by implementing it in a closed-loop
configuration. While this increases complexity and cost, it allows for the correction of any
speed errors using a Pl controller. A general block diagram of this setup is shown below in

Figure 2.5.
A
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Figure 2.5: Generalised block diagram of V\/Hz closed-loop control of Induction motor [33].
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Figure 2.5 above provides a visual representation of various V/Hz closed-loop control scheme
variables, where wj. is the desired angular frequency of the motor, w,. is the actual angular
frequency of the motor, wy; is the calculated slip angular frequency of the motor, all in rad/s.
This information all gets supplied to a controller that controls the VSI, or the voltage source
inverter, that in turn controls the induction motor. This configuration enables the desired speed
to be achieved by measuring the actual speed of the motor and allowing the PI controller to
correct any discrepancies between the actual and desired speeds. While this improves the
performance of the control scheme, it still only controls one variable. Nevertheless, it provides
significant benefits for applications where precise speed control is essential, particularly for
speed-dependent loads.

2.2.2.2 Vector Control

Vector control is the most efficient method for controlling induction motors. Several types of
vector control exist, including the Computed Charges Acceleration Method, Direct Torque
Control, and Field-Oriented Control (FOC) [26]. This section will focus solely on Field-Oriented
Control (FOC), as it offers a more convenient and effective way of directly controlling torque
and current compared to other speed control methods [34]. Additionally, FOC is particularly
suitable for the powertrain of an electric vehicle, which is a primary focus of this research.

FOC relies on the control of stator currents, which are represented in vector form. This method
transforms the three-phase, time-dependent system into a two-coordinate system that is
independent of time [35]. This transformation is accomplished using the Clarke (equation 2.2)
and Park (equation 2.3) transformations, which are represented by the following formulas:

r 1 0 1
ia 1 3 ig
igl= 2 2 1 ib] (2.2)
Iy 1 V3 1flic
2 2 2
iq [ cos(8 sin(8) ][l
[iq] - |- sirE(H)) COS((B))_ [iﬁ] (2:3)

In the case of this study, these transformations were made with reference to a rotating frame.
The currents iy, i, ,i., represent the three-phase currents of the machine. A graphical
representation of how this transform occurs from the stator current vector to the two coordinate
systems is shown below in Figure 2.6:
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This is because the torque component of the stator space vector lies on the g-axis, while the
flux component is aligned with the d-axis. This relationship can be expressed using the
simplified formulas below, where T, is the electromagnetic torque produced by the machine,
p is the pole pairs, L,, is the mutual inductance, L, is the rotor inductance, A, is the rotor flux
linkage and i, is the g-axis current of the machine.

3 Ly ..
Te = E Elrlq (24)
And
L
Ap = ——i 2.5
T +—srr)ld (25)
Where T, is the rotor time constant, and . is the rotor resistance, finally:
LT
=— 2.
= (2.6)

This allows for the two main factors of the induction motor to be controlled in this algorithm,
whose standard block diagram can be seen below in Figure 2.7:
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Figure 2.7: Practical implementation of FOC on an induction motor [36].

This control loop introduces some complexities, as it must account for the slip of the motor to
accurately determine the rotor angle 6 or, as is shown in the above diagram, 6,. + y. However,
this approach enables precise control of the motor's speed. With PI controllers in both the
speed and current loops of the algorithm, minimal errors are achieved, especially when torque
is required at the motor's output. For electric vehicles (EVs), this control scheme is particularly
beneficial due to the constant variation in speed and torque demands. Vector control is more
suited to this dynamic behaviour, whereas scalar control methods, as discussed earlier, are
better suited for steady-state conditions [34]. The scalar control methods are included in this
research to analyse the effect of control complexity on the fault analysis techniques, although
not applicable to EVs, it provides a base to compare the techniques to.

2.2.3 Overview of Induction Machine Faults

Although induction motors are known for their ruggedness and simplicity, faults can still occur,
whether mechanical or electrical. These faults can arise due to numerous factors, including
design flaws, manufacturing defects, loading conditions, insufficient maintenance, or adverse
environmental conditions. Electrical faults may include voltage imbalance, stator inter-turn
faults, overvoltage, undervoltage, overcurrent, and undercurrent, among others. Mechanical
faults can involve bearing failure, airgap eccentricity, broken rotor bars, and end ring faults, to
name a few [37]. These are some examples and are by no means an exhaustive list. The most
common faults in an induction machine are summarised in the table below, which was adapted
from a study conducted by the Electric Power Research Institute (EPRI) [21].

Table 2-1: Failure percentages related to each component type within the induction machine [21].

Major component Percentage Failures

Bearing related 41%
Stator related 36%
Rotor related 9%

Other 14%
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Table 2.1 demonstrates that while mechanical faults, such as bearing failures, account for
most faults, electrical issues in the stator and rotor still contribute significantly to faults
observed in the industry. Since the focus of this study is on electrical faults and the harmonics
they may cause, the focus will be on two specific types of electrical faults: stator faults and
broken rotor bar faults.

2.2.4 Types of Faults
2.2.4.1 Stator faults

Stator faults are typically associated with the failure of the insulation material on the stator
windings. Over time, the degradation and ageing of the insulation can result in a turn-to-turn
fault [38]. A turn-to-turn fault occurs when the windings within a coil of a motor phase short
together, leading to an increase in current draw compared to normal operating conditions. This
higher current causes the coil's temperature to rise, potentially leading to further insulation
damage or even damage to the coil wire itself if the issue persists. Approximately 80% of all
electrical faults within the stator are attributed to turn-to-turn insulation problems, which, if left
unaddressed, can escalate into more severe faults [38]. A diagram illustrating a turn-to-turn
(or inter-turn) fault is shown below in Figure 2.8.

coil to coil turn to turn
T «—
Y Y\ TYYY\L— R

open circuit

N 1YY Y\ l Y Y Y —Y

l«——phase to phase

Y YY) YYY\+— B

phase to ground —»

Figure 2.8: Diagram showing the different types of stator electrical
faults.
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Figure 2.9: stator inter-turn short fault (left) and phase short circuit (right).

As shown in Figure 2.9, several additional issues can arise from an inter-turn fault. As the heat
increases and the insulation degrades, coil-to-coil shorts, phase open circuits, phase-to-phase
shorts, and coil-to-ground faults may develop, leading to significant operational problems, as
discussed earlier in this chapter. However, inter-turn faults are difficult to detect, and if left
unaddressed, they can cause severe damage, as previously mentioned. Therefore, early
detection of this fault is crucial to reduce the operational and maintenance costs of the
machine [38].

These types of faults create a voltage imbalance within the machine, which is a key point of
interest in this study. Specifically, this study will explore how such imbalances can propagate
through a powertrain topology.

2.2.4.2 Broken rotor bar

Broken rotor bars are exactly as the name of the fault suggests, one or more of the rotor bars
within the squirrel cage rotor are broken. This can be illustrated in Figure 2.10 below.

b) Broken rotor bar

a) Half-broken rotor bar

Figure 2.10: lllustration of what a broken and half-broken rotor bar means
in an induction motor [39].
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Rotor cages are typically manufactured in two ways: cast and fabricated. Cast rotor cages are
used in motors up to 3000 kW, while fabricated rotor cages are used for motors exceeding
this power rating. Cast rotors are more durable and rugged compared to their fabricated
counterparts, but once damaged, they are impossible to repair [40].Since 90% of induction
motors are squirrel-cage induction motors [41], the detection of broken rotor bars is highly
relevant across various industries. A broken rotor bar can cause the adjacent bars to carry up
to 50% more than the rated current, which can lead to further complications in the motor [41].

The primary causes of rotor cage failure include manufacturing defects, thermal stress on the
bars, mechanical stress on the rotor, magnetic stress caused by unbalanced magnetic
vibrations and pull, and dynamic stresses due to pulsating torques and mechanical loads.

Induction machines are highly symmetrical electric systems due to the rotating magnetic field.
As such, any fault that occurs within the machine will disrupt this symmetry, which can affect
the overall performance [41].

2.2.5 Condition monitoring methods for induction motors

Condition monitoring of induction machines has garnered substantial research interest in
recent years, due to its significant impact on ensuring the continuous operation of these
machines in industry [42]. Early and accurate fault detection can lead to prompt maintenance,
reducing the need for regular inspections and minimising downtime by allowing maintenance
to be focused directly on the identified issues.

There are various condition monitoring techniques, with ongoing research exploring new
methods, particularly with the rise of Al, which may prove to be a valuable tool in this field.
This section will focus on three prominent methods of condition monitoring for induction
motors: Motor Current Signature Analysis (MCSA), Park’s Vector Approach, and the Extended
Park’s Vector Approach.

2.2.5.1 MCSA

Motor Current Signature Analysis (MCSA) is a diagnostic technique that involves measuring
and analysing the stator currents of an induction motor to detect faults. The process typically
requires transducers, such as precise current transformers, to monitor the stator current and
identify any variations caused by faults within the motor [12]. When a fault occurs, harmonics
appear in the measured currents due to the interaction between the motor's flux in the airgap
and the resulting backwards-rotating field [43].

MCSA offers several advantages, particularly because it does not require direct access to the
motor's internal components. Instead, it relies on measuring currents at the connecting
terminals supplying the motor. This is especially beneficial in the context of electric vehicles
(EVs), where phase current measurements are already necessary for control algorithms, such
as Field-Oriented Control (FOC) [44].

The stator current measured during Motor Current Signature Analysis (MCSA) can be
transformed into the frequency domain using the Fast Fourier Transform (FFT) algorithm. This
allows users to examine the current in its frequency spectrum, where specific components can
be linked to mechanical or electrical faults [45]. Further elaboration on this technique will be
provided later in the thesis.
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However, MCSA is most effective under steady-state conditions, and its accuracy can be
compromised by the averaging of spectral amplitudes over the sampling time, leading to
potential errors [46]. As such, this method has certain limitations, particularly in the context of
electric vehicles (EVs), where the operating conditions are frequently dynamic and not always
steady-state.

While MCSA provides a solid foundation for fault detection, the following methods aim to
extend its capabilities and improve its accuracy.

2.2.5.2 Park’s vector approach

When the two quantities, iz and i, are plotted together such that f(i;) = i, a circular plot is
generated. This plot has its centre at the origin and a diameter equal to the stator current,
representing the healthy state of the motor [13]. This method is beneficial because, in the
presence of a fault, the curve may alter in shape and thickness, deviating from the healthy
baseline. This provides a clear visual indication of a fault in the motor.

As shown in [14], this method has been effective in detecting various faults, such as shorted
turn faults, and, in [22], the change in the circular shape is distinctly observed when an inter-
turn short was introduced in the motor. This study also demonstrates the method's utility in
detecting faults in both asynchronous (induction motors) and synchronous machines (e.g.,
PMSMs), making it a versatile tool applicable to a broad range of motor types. Furthermore,
Abitha et al. [47] highlight the robustness of this approach, illustrating its effectiveness in
simultaneously detecting multiple faults, which, although rare, provides a comprehensive view
for making accurate repairs.

2.2.5.3 Extended Park’s Vector Approach

The Extended Park’s Vector approach, as the name suggests, is an extension of the basic
Park’s Vector method. This enhanced approach improves the utility of the original method by
combining its simplicity with the added insights provided by spectral analysis [15].

The standard Park’s Vector transformation assumes that the three-phase currents in the
system are balanced, i.e.

ig+ip+i.=0 (2.7)

In this scenario, it can be said that there is no negative sequence component, as the system’s
phases are balanced. However, an asymmetrical system generates a negative sequence
component [48]. Positive, negative, and zero sequence components have been widely used
to assess the level of voltage imbalance within systems, as described in [49], and these
components can also be applied to the current of the machine. The presence of a negative
sequence component typically signals that the system is not operating under ideal conditions.
If the magnitude of this negative component increases significantly, it can indicate a serious
fault within the machine. The presence of the negative sequence component can lead to
increased heating in the machine [50], and it also generates a rotating magnetic field in the air
gap that moves in the opposite direction [51]. This can reduce the motor's torque and introduce
additional resistance, further stressing the system. The Extended Park’s Vector approach is
built around this concept, as, in the ideal scenario, the alpha-beta components of a stationary
rotating reference frame of the machine can be represented by:
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Which is like what was mentioned earlier in the chapter. This can then be simplified to

(2.9)

V6
g = - i, sin(wt) (2.10)
V6 m
lﬁ = 7l+ sin (a)t — E) (211)

This can be done as the transformation from phase components to positive, negative and zero
sequence components can be shown in the matrix below.

io 1 1 17[la
[i+] = [1 a? a] [ib] (2.12)
i 1 a a?llic
j2m e
Where 0, +, and — mean zero, positive and negative, respectively, and a = e s or e/12%" . This
is done in the phasor notation so i,, i, and i. represent the phasor notation of the respective

currents. To detect a fault, the magnitude of these currents is taken and can be represented
by the following equation.

1| = /ig +ig = Jii +i2 + 2i,i_ cos(2wt) (2.13)

Equation 2.13 indicates the additional presence of a harmonic at twice the fundamental
frequency, which, in the Extended Park’s Vector approach, is measured and can serve as an
indicator of a fault. Under ideal conditions, where no faults are present, there would be no
negative sequence component, and the magnitude of the current vector would align with the
positive sequence component, as expected. The spectrum of this data is then analysed, and
the variations in the harmonic content are used to assist in fault detection within the induction
machine.

2.3 INVERTER OPERATION AND HARMONICS

An inverter is an electrical device that converts a DC voltage or current source into an AC
source. These inverters are commonly used in AC motor drives, where they provide a
sinusoidal output, with both magnitude and frequency con