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Abstract

The field of electromagnetic energy conversion has been dominated by induction motors,
where more than 80% are three-phase squirrel-cage induction motors (SCIM) [1], [2]. Despite
their flexibility, robustness, and high efficiency, they are susceptible to various types of failures
due to external or internal factors. Several studies have shown that 30%-40% [3], [4] and 5-
10% [5], [6] of the total failures of induction motor are due to the stator winding breakdown
and rotor failures, respectively. Most induction motors have a long service life regardless of
types and ratings and warrant minimum maintenance to ensure they work properly. Regular
maintenance is recommended to check for signs of insulation damage or other parts that may
derate the motor. This reduces motor repair costs, minimizes unscheduled downtime, and

enhances industrial processes’ reliability [7].

Stator winding faults include inter-turn fault, phase to phase fault, coil to coil fault, and phase
to ground fault. The stator winding insulation usually begins with inter-turn faults comprising
of a small number of winding turns which makes it more probable than other faults.
Manufacturing defects and excessive start-stop cycles or frequent speed changes are mainly
the causes of broken rotor bar and end-ring among different rotor fault types [8], but our focus
in this study will be on broken rotor bar. Hence, early detection of these faults, both during the

manufacturing and operation stages, is essential.

Different techniques have been used for assessing the operating conditions of a rotating
machine. One of the more popular techniques is motor current signature analysis (MCSA) [9]-
[10], which analyses the spectral content of the stator current in determining the state of health.
A popular technique for assessing the stator winding insulation is the DC Hipot test, which
involves applying a dc voltage higher than that of the peak ac voltage [11]. Unfortunately, this

procedure may lead to winding failure and replacement of the affected coil or winding.

The sweep frequency response analysis (SFRA) approach, developed by Dick and Erven [12],
allows for the detection of small changes in the windings due to the effect of short-circuits by
analysing the winding impedance over its bandwidth. This technique is mostly used for
transformers and very sensitive to inductance and capacitance between winding turns;

therefore, any change in the winding geometrical structure can affect frequency response.



Therefore, this project aims to model two devices (inductor to understand better the impedance
behaviour of a coil and stator winding) analytically using the impedance transfer function
approach. SFRA and locked-rotor test are carried out experimentally on the device under test
(DUT) using the impedance transfer function measurement to detect the inter-turn and broken
rotor bar fault, respectively. The SFRA technique relies on comparing two measurement results
under normal and faults conditions over a wide frequency bandwidth while locked-rotor test
relies on a higher excitation current for stator winding impedance extraction as a function of

rotor angle to diagnose the SCIM rotor state properly.

The results of this study show that SFRA and locked-rotor test are reliable techniques that
enables the detection of damages to SCIM’s winding and rotor at their incipient stage before a
catastrophic failure occurs. It is observed that inter-turn fault mostly affects the inductive and
capacitive region of the impedance response plot which in turns reduces the impedance peak
and increases the resonant frequency. The appearance of the sinusoidal profile for the
substituted impedance from the locked-rotor test indicates that SCIM rotor bar is faulty.
Therefore, applying these two techniques for this study to diagnose SCIM will minimise
unplanned outages, thereby reducing repair costs and improving the productivity of the system

that uses it.
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Chapter 1
Introduction

1.1 Background

Induction machines are electromechanical energy conversion devices that convert electrical
energy into mechanical energy in motors and mechanical energy to electrical energy in
generators. These machines are reversible in that they can switch easily from the generating to
the motoring mode of operation. Induction motors are the most extensively used prime mover
in industries and are considered workhorses due to their reliability, low cost, ruggedness,
minimal maintenance, and operation. They are applied to most electrical systems used in our
daily life, such as air and ground transportations, various cooling systems in electrical devices,
home energy conversion systems, and cell phone vibration systems.

About 46% of the world’s total electrical energy was estimated to be consumed by electric
motor-driven systems (EMDS) [13] and converted into mechanical energy, which is eventually
used in the final application or process, such as pumps, compressors, conveyors, high voltage
AC systems, etc. More than 80% of the integral horsepower motors are three-phase squirrel-
cage induction motors [1], [2]. Despite their flexibility, robustness, and high efficiency, they
are susceptible to several types of failures due to environmental or internal factors. Induction
motor faults may bring about high energy consumption, drop in efficiency, and unsatisfactory
performance if not detected. Therefore, diagnosis of induction motor health is necessary, and

this can reduce maintenance costs [14].

Faults in an induction motor can be either mechanical or electrical. These faults can broadly be
grouped according to the machine’s main components: bearing fault, stator winding fault, rotor
fault, and other faults. A survey conducted on 1141 motors under the Motor Reliability
Working Group of the IEEE Industry Applications Society (IEEE-1AS) [5], [15], [16] and 6312
motors under the Electric Power Research Institute (EPRI) project [6] respectively, indicates
the percentage failure of these components as shown in Fig. 1.1 [5]. The study discovered that

stator winding faults are one of the significant causes of induction motor failures.
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Fig. 1.1: Percentage failure by component in an induction machine

Stator winding failures can be broadly divided into five groups: line to line, line to ground,
inter-turn, inter-coil, and winding open faults [17]. These are established categories of electrical
faults in an induction motor. Some of the related rotor failures in an induction motor are broken
rotor bar fault, rotor mass unbalance fault, bowed rotor fault, etc [18]. Amongst these faults,
stator inter-turn and broken rotor bar faults are the most common and will be considered in this
study. The inter-turn short-circuit progresses to other winding faults while the broken rotor bar
may spread to other bars, leading to fracture of multiple bars of the rotor, resulting in the
motor’s breakdown if both are not attended to at an early stage. These faults can cause industry

production cessation.

This dissertation details the research work done by focusing on impedance measurements for
stator winding inter-turn and broken rotor bar faults detection in an induction motor. An initial
investigation is first carried out on a silicon steel laminated core inductor to provide the basis
for understanding the healthy and faulty condition of a coil. Relevant conditional parameters
are also investigated. These involve both analytical and experimental approaches. For fault
identification, various existing approaches were reviewed. Some of the limitations are
highlighted and discussed. The method and procedures applied are useful for efficient offline
stator winding inter-turn and broken rotor bar fault detection of an induction motor to prevent

either permanent winding damage or rotor failure.



1.2 Motivation for Research

Induction motors demand protective diagnostic techniques to ensure their continuous operating
condition. Once the stator winding on an induction motor has been damaged, the machine’s
ability to resist further damage is diminished. A squirrel-cage induction motor (SCIM) with a
broken rotor bar loses connectivity in the affected bar, which prevents current flow resulting in
a magnetic disturbance [19]. An induced current is produced in the stator winding due to the
magnetic disturbance linking the stator coil [20]. This induced current distorts the internal
symmetry, and consequently, magnetic asymmetry arises [19]. It has been noticed that in
SCIM, rotor asymmetry occurs mainly due to manufacturing defects such as during the brazing
process and centrifugal forces, which may cause extra stresses on the rotor bars due to heavy
end rings of the rotor [18]. There is a need to effectively identify both damages highlighted at
its incipient stage and schedule preventative maintenance to avoid a complete interruption of
energy delivery. Therefore, determining efficient and reliable fault diagnostic methods is
highly important.

Studies relating to the detection of the stator winding and broken rotor bar faults of induction
motors have typically been oriented towards the measurement and analysis of vibrations [21],
[22], axial leakage flux [23], [24], [25] and stray flux [26]. While these techniques have
demonstrated success in identifying induction motor’s incipient failures, they demand the use
of expensive sensors and are sometimes unsuitable when operating the motor in an unsafe
environment. The use of artificial neural networks (ANNSs) [27], [28], [29] has been
demonstrated for both inter-turn and broken rotor bar fault detection. However, training is
essential for their operation using priori fault data which impedes the practical application of
such methods, as it is unusual to have comprehensive fault data. An elliptical shape that
coincides with the motor current Park’s Vector representation was proposed in [30] to detect
stator winding inter-turn faults. This method does not give a sharp signature; hence, the

distinction between the healthy and faulty induction motor becomes difficult.

There are several occasions where there is a need to verify a machine’s integrity or sensitivity,
which does not require a complete teardown, such as quality check during maintenance, after
transport, or relocation. Literature [31], [32], [33] has shown that frequency response analysis
can be used for this purpose without disassembling the motor. Also, most of the work reveals
the state of the machine’s winding at higher frequencies using the peak magnitude at resonance

frequency as indicators. In this study, getting the induction motor stator winding information



under healthy and faulty conditions at low frequencies was considered using impedance
transfer function measurement. This will, in turn, reduces the time taken to extract data during
the experiment for diagnostic purposes. It is straightforward to carry out with available
sinusoidal signal generators and precise measurement equipment. Also, the transfer functions
of complicated functions can be determined experimentally which could be extended to non-
linear systems. To a limited extent, impedance transfer function measurements have been used
as diagnostic tools in electrical machines to detect electrical and mechanical failures. The
asymmetry produced due to the broken rotor bar leads to a change in rotor resistance and
inductance as a function of rotor position angles. Hence, the impedance parameter of SCIM
with a broken rotor bar could be obtained by measuring from the stator side using a locked-
rotor test and a pulsating magnetic field. Therefore, in this study, the two fault detection
schemes, SFRA and locked-rotor test, will be applied to SCIM with inter-turn and broken rotor

bar fault using their impedance transfer function measurements as a diagnostic indicator.

1.3 Objectives of this Study

The main objectives of this research work are:

e Investigate a silicon steel laminated core inductor winding to understand the impedance
behaviour of a coil fully.

e Adopt Dowell’s equation for the inductor model to include skin and proximity effects.

e Extract the parameters of a laminated core inductor as a function of frequency
analytically.

e Experimentally verify the validity of the derived equation for silicon steel laminated
core inductor equivalent impedance.

e Conduct a detailed literature review on induction motor diagnostic approaches.

e Induction motor impedance estimation and signal processing will be reviewed.

e Model the stator winding of an induction motor analytically for parameter extraction
and impedance behaviour at different frequencies.

e Diagnose a squirrel-cage induction motor with the stator winding inter-turn fault using
impedance transfer function method of sweep frequency response analysis (SFRA).

e Compare the impedance response of an induction motor with and without squirrel-cage

rotor to investigate the rotor’s effect on the stator winding impedance response.



e Investigate the effect of broken rotor bars on the stator winding impedance response at
different rotor angles using the impedance transfer function method of SFRA.

e Obtain and compare the substitute impedance of the squirrel-cage induction motor
under healthy and broken rotor bar conditions using a locked-rotor test.

e Investigate the effect of current excitation and frequency on change in substitute

impedance at different rotor angles using a locked-rotor test.

1.4 Scope and Limitation

This research study focuses on two fault detection schemes for stator winding inter-turn and
broken rotor bar fault detection of a squirrel-cage induction motor: sweep frequency response
analysis (SFRA) and locked-rotor test at different rotor angle, respectively. A silicon steel
laminated core inductor is initially investigated for a detailed understanding of a coil’s
frequency response. The input current and voltage across the device under test (DUT), such as
inductor and stator windings of the induction motor, were the primary measurands to achieve
the study’s objectives. The effect of broken rotor bars on the stator winding is also investigated

using SFRA at different rotor angles.

1.5 Plan of Development
The research presented in this dissertation is divided into the following chapters:

Chapter 2 provides an overview of induction motors with a focus on the stator winding. The
inter-turn fault among stator winding faults is reviewed to provide a general understanding of
the causes and their impact when not detected for an extended period. The existing diagnostic

techniques are also identified with a focus on frequency response analysis.

Chapter 3 includes frequency response analysis focusing on sweep frequency response
analysis, and Fast Fourier Transform (FFT) as the major signal processing tool.

Chapter 4 includes a silicon steel laminated core inductor model and parameter extraction from
its geometrical structure for impedance behavioural study. The impedance response simulated
results and their components (real and imaginary part) are discussed and presented.

Chapter 5 discusses the principles of internal models for rotating machines models. An
equivalent circuit consisting of resistance and inductance connected in series and a shunt

capacitance for impedance analysis was adopted. An analytical representation for each



parameter was discussed while accounting for skin effect in the stator winding. The results for
the simulated series resistance, reactance and equivalent impedance response were also
presented. Since the stator winding number of turns is inversely proportional to the percentage
number of inter-turn short-circuit faults, the impedance response under these conditions was

simulated and presented.

Chapter 6 discusses the experimental setup and testing methodology for impedance response
parameter extraction using sweep frequency response analysis and locked-rotor test for inter-

turn and broken rotor bar fault detection of each of the devices under test (DUT), respectively.

Chapter 7 discussed and presented the impedance response results for laminated core inductor,
SCIM1, and SCIM2 with and without rotor under different winding conditions. The simulated
results for SCIM2 impedance response under a healthy and inter-turn fault condition is
validated with the experimental result. The imaginary part of the impedance response results
and Nyquist plot for each DUT were also presented and discussed.

Chapter 8 discusses the implementation of SFRA on SCIM3 for broken rotor bar (BRB) fault
detection. The application of the locked-rotor test for broken rotor bar fault detection at
different rotor angles using substitute impedance as an indicator is presented. The effect of
current and frequency on the change in substitute impedance for broken rotor bar fault detection

at different rotor angles was also investigated and presented.

1.6 Research Outputs
Conference Publications:

1. C. Boniface, P. Barendse, “Impedance Behavioural Study of Silicon Steel laminated

Core Inductor”, IEEE SAUPEC/RobMech/PRASA, Cape Town, South Africa, 2020
Papers in preparation:

2. C. Boniface, P. Barendse, “Inter-Turn and Broken Rotor Bar Fault Detection for
Squirrel-Cage Induction Motor using the Impedance Transfer Function Measurement”,
intended for publication in IEEE Energy Conversion Congress and Exposition,

Vancouver Canada, 2021.



Chapter 2

Literature Review of Induction Motor Testing
and Diagnostic Techniques for Inter-Turn and

Broken Rotor Bar Faults

2.1 Introduction

This chapter presents a literature review on induction machines and associated faults, with
testing and diagnostic techniques for stator winding inter-turn and broken rotor bar faults. The
general overview of an induction machine and the causes that put them out of service was

investigated and discussed.

2.2 Induction Machine

The induction machine is the most widely used in the industry. It can operate both as a motor
or generator. It is also called an “asynchronous” machine because its operating speed is slightly
less than synchronous motor mode speed and slightly higher than synchronous speed in
generator mode, which is rarely used. The induction machine’s performance as a generator is
not satisfactory for most applications but has been recently found to be well suited for wind-
power applications [34]. Induction machine is used in many applications, and in various sizes,
e.g., small single-phase induction motor, large three-phase induction motor [35] . The three-

phase induction motors are the most common and will be our focus in this study.

2.3 Construction

An induction motor is simply an electric transformer that consists of two relatively movable
sections (stator and rotor), one carrying the primary winding (stator) and the other carrying the
secondary winding (rotor) separated by an air gap. Electric power is transformed between the
stator and rotor with a change of frequency by an electromagnetic field. The active parts (cores,
conductors or coils, and air gaps) confine the field as they directly contribute to the energy

conversion. The structural parts are essential to the motor’s proper operation but do not



contribute to energy conversion. These parts perform the functions highlighted in [36]. The

stator of the induction machine consists of [18].

e The motor’s outer cylindrical frame is made either of welded shield steel, cast iron, or

aluminium alloy, as shown in Fig. 2.1.

Fig. 2.1: Stator frame of induction motor [37]

e The magnetic path, called the core, comprises slotted laminations made of a magnetic
substance such as silicon steel pressed into the cylindrical space inside the outer frame,
as shown in Fig. 2.2. The core is laminated to reduce losses and heat due to eddy

currents.

Fig. 2.2: Stator frame with stator core [37]

e A group of insulated electrical windings placed inside the slot of the motor’s laminated

core.

2.3.1 Types of Stator Winding Construction

The stator winding consists of a one-, two-, or three-phase distributed winding embedded in
slots. The motor’s winding is termed as distributed because they are not wound as a simple coil
but rather wound in a spatially distributed way. A single-phase winding is a system of a group

of coils connected in series or parallel. When a coil has one turn only, it is called a single turn

8



coil. When it consists of more than one turn per coil, then it is called a multiturn coil. Fig. 2.3

shows a coil wound with round wire and a coil group.

(a)
Fig. 2.3: (a) Coil; (b) Coil group wound with round wire [38]

There are three fundamental kinds of constructing stator winding applied to machines ranging

from 1 kW to 2 GW [11]:

¢ Random-wound stators: This winding consists of round insulated copper conductors
that are wound continuously (by hand or by winding machine) through slots in the stator
core to form a coil. They usually operate at voltages greater than or equal to 1000V.

Fig. 2.4 shows a portion of a random-wound stator of the induction motor.

Fig. 2.4: A portion of random-wound stator [38]

e Form-wound stators using multi-turn coils: This winding is made from insulated
coils pre-formed before inserting in the stator core slot and is intended for motors
operating at 1000V above.

e Form-wound stator using Roebel bars: Most large generators today are not made
from multi-turn coils but rather from “half-turn” coils, often referred to as Roebel bars.
The Roebel bars are used to prevent mechanical damage to the coil during the insertion

9



process. With this type of construction, only one half of a turn is inserted into the slot,
which is relatively easier than inserting two sides of a coil in two slots simultaneously.

Roebel bars are employed in machines with large power output.

Fig. 2.5 shows the circuit diagram of a typical three-phase induction motor stator winding
where each phase has one or more parallel paths for current flow. Multiple parallel paths are
often necessary as a copper cross-section large enough to carry the entire phase current may
result in an uneconomic stator slot size. Each parallel path consists of a few turns of copper

conductors formed into a loop.

A¢

Parallel 2 Bo

>

Parallel 1

Neutral
point

Stator
core

100 turns
in series

Fig. 2.5: Schematic diagram for a three-phase Y-connected stator winding, with two parallel
part per phase [11].

2.3.1.1 Stator Insulation

When conductors are wound into stator slots to form stator windings, electrical insulation is
required wherever there is a potential difference between two conductors to prevent a short-
circuit. This includes short-circuits of one turn of a coil with adjacent turns, coils with adjacent
coils, stator winding with the ground (i.e., stator core), and one phase winding with adjacent
phase windings [39]. In an induction motor, the stator insulation system plays a passive role,
unlike copper conductors and magnetic steel, which play an active role in magnetic field
generation for torque production. It does not help produce magnetic fields or guide its path but
has the primary purpose of preventing short-circuits between the conductors or the ground.
However, without the insulation, copper conductors would contact one another or the grounded
stator core, causing the current to flow in undesired paths and preventing the proper operation
of the motor [11].

10



2.3.2 Types of Rotor Winding Construction
As the name implies, the rotor is the rotating part of an electrical motor in which current is
induced by transformer action from a rotating magnetic field. The rotor of the induction motor

is of two types: squirrel-cage and wound rotor.

2.3.2.1 Squirrel-Cage Rotor

Induction motors that make use of this type of rotor are known as squirrel-cage induction
motors. They consist of aluminium or copper bars embedded in the rotor slots and shorted at
both ends by aluminium or copper end rings [35]. It is relatively inexpensive and highly
reliable, which is a factor contributing to its immense demand and widespread application. Fig.

2.6 represents a squirrel-cage winding.

Rotor end rings Fan blade

Shaft

N \ /
Ng Rotor core
Rotor end rings Rotor bar
(a) (b)

Fig. 2.6: Caged Rotor: (a) cage; (b) complete cage rotor [38]

The complete parts of a squirrel-cage induction motor are shown in Fig. 2.7.

Fan cover Fan Nameplate Castiron Stator core
frame

Stator winding

Cage Bearing
rotor

End plate

Castiron mounting ~ Rotor bar ~
Terminal lead Terminal box

Fig. 2.7: Squirrel-cage induction motor [38]
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2.3.2.2 Wound Rotor

Motors that make use of this type of rotor are known as ‘phase-wound’ motors, ‘wound’ rotors,
or as ‘slip-ring” motors. This rotor type has the same form as the stator winding, but its
terminals are connected to three slip rings on the motor shaft. At a time when there are no
suitable static power converters capable of converting the electrical energy of line-frequency
voltages and currents into the energy of variable frequency voltages and currents, an induction
motor with wound rotor type was used to alter the rotor speed of line-frequency-supplied
induction motors [40]. Fig. 2.8 represents a wound rotor winding.

Fig. 2.8: Construction of rotor [38]

2.4 Principles of Rotating Magnetic Field Generation

In a three-phase winding of an induction motor, each phase winding is displaced 120 electrical
degrees in space from each other, about stator inner circumference. AC supplied to the stator
winding (primary winding) from the electric power supply essentially produces a rotating
magnetic field in the air gap whose amplitude and direction depend on the instantaneous value
of the current flowing through the winding. When slip (which signifies the difference between
the synchronous speed determined by the line frequency and the rotor speed) is present, an
electromotive force develops, and an opposing current is induced in the secondary (rotor)
winding when it is short-circuited or closed through an external impedance.

The Lorentz force, i.e., the force between the current and the revolving magnetic field,
generates the motor’s torque. When the electrical torque is greater than the torque of the load

braking the rotor, the motor starts to rotate. However, an induction motor can never reach
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synchronous speed; if this occurs, the rotor will appear to be stationary with respect to the
rotating stator field since the rotation speed would be the same. No currents would be induced

within the rotor, therefore no magnetic field and torque production.

Let the rotor speed be n,, then the rotor speed deviates from the synchronous speed, n, by
(ng —n,.). This speed deviation is referred to as the slip speed, which is why an induction
motor is called an asynchronous motor [41]. The slip, s of an induction motor is usually defined

as a fraction of ny:

ng — Ny (2.1)

Thus, the rotor speed is obtained as:

ny =ns(1—s) (2.2)
The relative motion between the stator and the rotor fields induce voltages in the rotor at a
frequency called slip frequency related to the relative speed of the two fields resulting in two

intriguing phenomena [34]:

e The rotor fields travel relative to the rotor at the slip speed sn,
e The rotor itself is mechanically travelling at the speed (1 — s)n; relative to a stationary

observer
So that the net effect is that the rotor field travels at synchronous speed, i.e.,

sng + (1 —s)ng = ng (2.3)
What differentiates the induction motor from other electric motors is that the secondary
currents are produced solely by induction, as in a transformer, instead of being excited by a DC

or other external power source, as in synchronous or DC motor [42].

2.5 Induction Motor Faults

The induction motor may experience several types of faults during operation. Faults could be
catastrophic if they are not detected at inception, as they might halt production processes.
Understanding the faults associated with the induction motor and its causes can be a great step
to preventing their occurrence. The following explains the various type of faults experienced

by an induction motor.
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2.5.1 Stator Winding Faults

The stator winding insulation system in induction motors is considered one of the most critical
components and one of the main sources of stator winding faults. This is because of the
combination of various stresses that act on the motor during operation, thereby causing gradual
deterioration of the stator winding insulation system and leading to its breakdown at the end of

the process [43]. The causes of insulation breakdown that lead to stator winding faults are:

2.5.1.1 Thermal Stresses

Thermal stress occurs due to thermal aging and thermal overloading. As a rule of thumb, for
every 10 °C increase in temperature, the insulation life gets halved due to thermal aging [44].
The typical effect of thermal aging is to render the insulation system vulnerable to other factors
that cause failure. Once the insulation system has lost its physical integrity, it will no longer

resist the standard dielectric, environmental and mechanical stresses.

Thermal overloading may occur due to variation in the applied voltage, unbalanced phase
voltage, obstructed ventilation, cycling, higher ambient temperature, and overloading. As a
thumb rule, for every 3.5% voltage unbalance per phase, the winding temperature increases by
25% in the phase with the highest current [44].

2.5.1.2 Electrical Stresses

The electrical stresses that lead to stator insulation failure, which in turn causes stator winding
faults, can be classified into the dielectric, tracking, corona, and transient voltage conditions.
Dielectric stresses in the insulation winding are divided into three groups, which leads to the
significant classification of faults developed in the stator winding of an induction motor: turn-

to-turn, turn-to-ground, and phase-to-phase.

The stator winding insulation deterioration process is caused by various stresses acting on the
stator where inter-turn or turn-to-turn fault starts an insulation failure between two windings in

the stator winding phase.

It is widely believed that stator inter-turn or turn-to-turn faults represent the incipient stage of
most winding failures, and its detection has drawn much attention since the early 1980’s [45].
This fault produces high currents in the shorted turns, in the order of twice the locked-rotor
current and causes severe localized hot-spots. This fault propagates to larger sections if not
detected, resulting in severe coil-to-coil faults, phase-to-phase faults, phase-to-ground faults,
or open circuit faults, as shown in Fig. 2.9. Failure of insulation between winding and ground

can cause a large ground current, resulting in irreversible damage to the induction motor’s core.

14



B Coil-to-Coil

7 Turn-to-turn
/ Open Circuit

/

Phase-to-phase

Coil-to-ground

/

Fig. 2.9: Schematic representation of stator possible failure mode [46]

2.5.1.3 Mechanical Stresses

These stresses could be produced from coil movement or rotor striking the stator. The force on
the coils due to the stator winding current is maximum during the starting cycle, causing coils
to vibrate twice the line frequency with movement both in the radial and tangential directions.
This coil movement could cause damage to the coil insulation, loosen the top sticks, and result
in inter-turn or turn-to-turn faults. The rotor could strike the stator winding due to bearing

failure, shaft deflection, and rotor-to-stator misalignment.

2.5.1.4 Environmental Stresses

Contamination is the penetration of water, oil, or dust (coal, brush gear sediment) into the stator
winding insulation. It degrades the insulation in two ways. First, it causes a reduction in the
mechanical or electrical strength of the insulation. Some types of winding insulation are more
susceptible than others. For example, insulation made from organic compounds suffers more
from water ingress than insulation made from inorganic compounds. Secondly, contamination
provides a medium for surface tracking, primarily in the end winding. Surface contamination
creates a path for small capacitive currents driven by potential differences within a phase or
between phases. These currents lead to surface discharge in the air adjacent to the surface and
carbon tracking formation. The low impedance paths formed by these tracks can lead to a fault
[47].

2.5.2 Bearing Faults
Most of the induction motors use ball rolling element bearings, consisting of two rings: one
inner and the other outer. Under normal conditions with balanced load and good alignment,

fatigue may set in. These may lead to increased vibration and noise levels. Other than the usual
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internal operating stresses caused by vibration, the bearing can be spoiled by many other

external causes such as [48]:

e Improper installation of bearing: by forcing the bearing onto the shaft or in the housing
improperly, indentations are formed in the railways (brinelling).

e Improper lubrication, which includes both over and under lubrication causing heating
and abrasion.

e Contamination and corrosion are caused by the pitting and sanding action of hard and

abrasive minute particles or corrosive water or acid.

2.5.3 Rotor Faults
Rotor faults such as broken rotor bar/end-ring account for about 7-10% of the total faults in
induction motors [5], [15], [16]. There are several reasons for which faults in the rotor may

occur; these include:

e Thermal stress is produced by thermal overloading and overheating of the rotor, thus
causing the cage’s thermal expansion.

e Magnetic stresses due to electromagnetic forces and pull due to magnetic imbalance
and mechanical stresses are caused by loose laminations.

e Dynamic stresses because of torques in the shaft.

e Environmental stresses because of contamination of the rotor material.

2.5.3.1 Broken Rotor Bar

A broken bar fault produces a relatively significant localized disturbance of the air gap’s
magnetic flux [49]. They rarely cause immediate failures but reduce the motor’s starting and
running torque, increasing the motor’s run-up time, which increases the rotor and stator
temperature, leading to winding insulation damage. If there are enough broken rotor bars, the

motor may not start as it may not develop enough accelerating torque.

Broken rotor bars in squirrel cage induction motors (SCIM) could produce axial vibrations on
the motor frame at specific frequencies. When this fault occurs, two scenarios exist. Firstly,
based on the assumption that no current will flow in the rotor bar, the bar approaches open-
circuit conditions, and a magnetic disturbance exists around the bar [8]. This disturbance travels
with the rotor and occurs in the localized portion of the air gap. The magnetic disturbance
produced by the broken rotor bar links with the stator coils, resulting in an induced current in
the stator winding [20]. Secondly, based on the assumption that the current still flows in the
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bar through inter-bar currents. The currents enter the bars at the healthy end and flow through

the bar’s length, leave the bar from the core, and flows to the adjacent healthy bars [20]. This

situation often results in the lamination burning due to high contact resistance or localized heat

at the bar’s contact point and the lamination. This condition could result in a loose bar which

could lift and damage the stator core and windings.

Causes of broken rotor bars

The following are some of the conditions that lead to the occurrence of broken rotor bars in

induction motors [44]:

Bars in the region between the core and end-ring are exposed to significant acceleration
and deceleration of forces. These forces stress the bar and lead to the occurrence of
fracture.

Skin effect occurs when the motor is started due to migration of currents to the bar’s
top. This effect creates a temperature gradient over the bar’s depth because the top heats
faster than the bar’s bottom. This uneven expansion stresses the bar and joints, causing
failure.

The unbalanced voltage supply system and harmonics can cause the rotor’s excessive

heating due to the negative phase sequence and high-frequency currents.

Effects of broken rotor bars

Induction motors with broken rotor bar faults could lead to the following if not detected [50].

254

It can cause sparking, which is a critical concern in a hazardous area.

The healthy rotor bars are caused to carry additional current, leading to rotor core
damage.

It causes torque and speed oscillations in the rotor causing premature wear and tear of
bearings and other driven components.

Broken rotor bars could lift out of the slot due to centrifugal force and strike against the
stator winding when rotating at high speed. The sizeable striking force could course the
stator lamination to puncture the coil insulation, and a catastrophic winding fault may
occur, leading to costly repair and production revenue loss due to unplanned downtime.

Air gap Eccentricity Faults

The non-uniform distance between the rotor and stator in the air gap results in an air gap

eccentricity fault. This fault may be generated by bearing defects or manufacturing failure. This
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condition creates an unbalanced magnetic flux within the air gap and leads to fault harmonics

in the line current, primarily identified in the current spectrum.

Fig. 2.10 shows the summary of the prime sources of induction motor faults due to internal,
external, and environmental factors. The internal failures can be distinguished with respect to

their sources, i.e., mechanical, and electrical.

Prime Sources of
Induction Motor

Faults

v

Fig. 2.10: Prime sources of induction motor failures [51]
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2.6 Inter-Turn Stator Winding Fault Diagnostic Techniques

It is apparent from the previous sections that insulation failure starts with inter-turn short-
circuits within a coil. This fault induces hugely high current flow due to high voltage potential
differences between adjacent coils. The high current flowing in the short-circuit produces
additional heat and destroys the adjacent coil or windings’ insulation. It was reported that this
process takes about 20-60sec for small low-voltage motors [52]. In medium voltage motors,
this may become faster due to the high voltages between adjacent turns. One of the significant
objectives of early diagnosis of stator winding faults is to prevent insulation failure between
the winding and ground, which would result in ground currents leading to irreversible damage
to the stator core. Hence, detecting the stator winding inter-turn fault at their incipient stage
increases the practicability of repairing the motor by rewinding it or, in large motors, displacing
short-circuited coils. There are different techniques used for detecting or diagnosing stator
winding of induction motor proposed and developed by past researchers. These are now
reviewed in detail, with a view of stator inter-turn fault detection as part of this research’s

focus.

2.6.1 Axial Leakage flux

Axial leakage flux is presented by existing asymmetries in the induction motor, which includes
inter-turn faults. Monitoring the frequency components of the flux can be used for detecting
inter-turn faults. In this type of approach, the axial leakage flux is sampled by a series of search
coils placed axisymmetric to the motor drive shaft and monitored by a spectrum analyser [53],
[54]. The harmonics of the axial leakage flux are used as a signature for stator winding inter-
turn short-circuit fault detection of induction motor. The assembly of searching coils could be

challenging in this technique.

2.6.2 Negative Sequence Components

Fundamentally, symmetrical motors supplied with symmetrical three-phase voltage sources
will produce a positive sequence current. When a turn fault occurs, there will be a disturbance
in the symmetry, and a negative sequence current will be generated. Experimental and
analytical results presented in [55] show the effect of inter-turn short-circuits in the negative
sequence current. However, inherent motor asymmetries, mismatched gains, and unbalanced
supply voltages may produce a similar effect. Hence, a negative sequence current is not a good
indicator for stator winding inter-turn fault detection. A solution to the above challenge was

proposed in [56] using apparent negative-sequence impedance as an inter-turn fault indicator.
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The negative component impedance behaviour between the current negative component and
the positive voltage component was exploited in [57]. Both methods’ fault signature is a
function of slip, which requires a lookup table with large data memory and complex
interpolation for compensation [58].

2.6.3 Motor Current Signature Analysis (MCSA)

This technique has been used by many researchers for condition assessment of induction
machines based on voltage or current signal measurements using potential transformers (PT)
and current transformers (CT) respectively. These signals are characterized under different load
and abnormal conditions like supply voltage imbalance [59], stator faults (opening or shorting
of one coil or more of a stator phase winding), broken rotor bar/cracked rotor end, bearing, and
gear failure [9], [17], [60]. In MCSA, spectral analysis is performed on the stator current of the
motor to extract more information from the measured signals for locating characteristics fault
frequencies. The detection of a stator winding fault using MCSA is to detect the frequency
components since the axial flux induces corresponding frequencies spectrums in the stator
winding [61]. Fast Fourier Transform (FFT) [62], Discrete Wavelet Transform (DWT) [63],
Continuous Wavelet Transform (CWT) [64], [65], Cross Wavelet Transform (CWT) [66],
Short Time Fourier Transform (STFT) [67], [68], MUSIC Transform [67] and Parks’s Vector
[66] approach are some of the signal processing techniques found in the literature for fault
identification by examining the spectral content. Since MCSA utilizes results from the
advanced signal processing of the induction motor’s stator current to detect its operating

condition, it requires accurate spectrum analysis.

2.6.4 Vibration Analysis

The link between the electrical behaviour and mechanical vibration of induction motors makes
detecting internal fault current possible by vibration measurement. Vibration signals are
acquired using piezoelectric accelerometers. They are the most widely used instrument for
vibration analysis. Piezoelectric accelerometers are installed on the motor casing, which is
considered the output of the system. This device converts the vibration signal (electromagnetic
vibration of the motor sensed radially) of the induction motor, considered the system’s input,
into an electrical signal. Further signal processing is carried out on the output signal to detect
different motor faults. The major downside is that they are AC coupled and cannot measure the
gravity vector or sustained accelerations. The motor condition indicator in this analysis is the
vibration amplitude change. The amplitude is formed as a vector sum of individual

components, and its change can describe the mechanical or electrical state of the motor [69].
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Although results show that some faults are detected, the approach seems less sensitive than
those based on the electrical magnitude and complex signal processing that requires high

computation [21].

2.6.5 Temperature Monitoring

This approach is based on measuring the induction motor’s local temperature and has been
used to detect the inter-turn fault in induction motors. In the case of stator winding shorted
turns, the stator current will be extremely high, thus generate excessive heat. For motors with
a variable speed drive control, there may be additional temperature stress due to the higher
harmonic content of the supply, leading to higher losses. This technique gives a meaningful

sign of overheating the motor, but this approach has limited fault analysis potential.

2.6.6 Noise/Acoustic Noise

Rapid changes in the air pressure generate noise emanating from induction motors. The
spectrum of noise in induction motors is predominant by electromagnetic, acoustic, and
ventilation due to air pressure. The electromagnetic noise is generated due to the influence of
Maxwell’s stresses acting on surfaces of the iron of the motor parts in the existence of the
magnetic field [51]. The magnetic force produces vibrations in the structure of the stator, which
leads to radiated noise. In [70] and [71], acoustic signals were used to detect the mechanical
and electrical faults of commutator motors and three-phase induction motor. The challenge
with this mode of diagnosis is the use of a set of microphones. Moreover, acoustic signals are
mixed by other signals (reflected waves). The literature review shows that the noise technique
for fault diagnosis is less effective than other approaches.

2.6.7 Partial Discharge

Partial discharge occurs either in the slot portion of the coil or at the coil ends close to an
induction motor’s stator core where the electrical stresses to the ground are high. This condition
is due to delimitations within the insulation of the ground wall, resulting from excessive
heating. If air-pockets exist in the ground wall due to poor manufacturing, the high electric
stress may cause the air’s electrical breakdown, resulting in a spark. The electrons and ions in
the spark will degrade the insulation and, if not corrected, repeated discharges may eventually
erode a hole through the ground wall [11]. The presence of partial discharge activities leads to
the stator motor insulating system’s degradation phenomena and possible failure in short times
[72]. Partial discharge influences the motor, which is a cause of long-term degradation and

failure of stator motor insulation. Partial discharge signal amplitude and the number of
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pulses/seconds are used to evaluate the induction motor’s stator winding’s health condition and

require complex pattern analysis.

2.6.8 DC Hipot Test

Hipot is a short form for high potential. The DC Hipot test is an over-potential test that is
applied to the stator windings of induction motors. In this test, a DC voltage that is substantially
higher than that of the peak AC voltage that occurs in regular operation is applied to the
winding. The basic idea is, if the winding does not fail because of the high voltage, the winding
is not likely to fail soon due to insulation aging when it is placed or returned to service. This
testing approach’s main problem is that it may cause failure that would not occur for a long

time in service, resulting in rewinding or significant repairs before they are needed [11].

2.6.9 Frequency Response Analysis

Frequency response analysis (FRA) is a comparison-based method for electrical apparatus
condition assessment, which was first investigated for transformers in depth by Dick and Erven
at Ontario Hydro in Canada in the 1970’s [12]. It is currently known as one of the most reliable
fault detection techniques, and organizations such as IEC, IEEE, and CIGRE standardized it as
a routine test for transformers [73], [74]. Since electrical machines are similar to transformers
in structure, frequency response analysis has been recently used as a fault detection method for

electrical machines.

In [75], it was shown that FRA could be used as a quality control method in the manufacturing
industry. Diagnosing the state of the stator windings in electrical motors and transformer
windings using the conventional methods has very low sensitivity in detecting winding
deformation. Due to short-circuit forces, there could be winding movement and changes to the
winding inductance or capacitance in the transformer or induction motor stator winding. Such

changes cannot be detected through conventional condition monitoring technigues.

Moreover, the analysis provides information about where winding resonance frequencies are
located. The location of these frequencies is linked to the windings’ geometrical, which aids in
determining internal mechanical changes in the winding. FRA is the primary technique applied
in this research for winding diagnosis. Specifically, a voltage is applied to the stator winding
of an induction motor, and the corresponding response is measured to determine the impedance

spectrum for inter-turn fault detection.
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2.7 Broken Rotor Bar Fault Diagnostic Techniques

Various methods of induction motor broken rotor bar fault diagnosis methods have been
proposed [76], [77]. The most used techniques are motor current signature analysis (MCSA)
[78], [79], vibration analysis [22], leakage flux [25] or artificial intelligence [29]. When the
motor operates at a very low slip, MCSA is likely to fail if the rotor fault induced current
spectral components are close to the fundamental [77]. Hence, the equivalent circuit of the

induction motor will be considered to ascertain rotor condition.

Induction motor (IM) equivalent circuit constitutes a primary, yet sufficiently general
mathematical description derived from a corresponding transformer equivalent circuit. The
rotor side quantities, which include rotor current, leakage reactance, and resistance, are referred
to as the stator. An IM is usually supplied with symmetrical three-phase voltages that contain
only the first harmonic. Such measurement only gives precise machine parameters only for
symmetric machines [80]. Asymmetry occurs in induction motor due to fault occurrence such
as stator winding fault, broken rotor bar fault, e.tc. The effect of broken rotor bars on the stator

winding parameters will be considered in this review.

2.7.1 Induction Motor with Broken Rotor Bar Parameter Identification

An induction motor with a broken rotor bar loses connectivity in the affected bar, preventing
current flow; hence a magnetic disturbance exists around the bar. This condition distorts the
internal symmetry, and consequently, magnetic asymmetry arises, i.e., the rotor MMF
distributed along the air gap significantly differs from the ideal sinusoidal function of the first
harmonic [19]. This asymmetry leads to a change in rotor resistance and inductance as a
function of rotor position. The standard locked-rotor test is designed for a symmetrical rotor.
However, this does not consider rotor saliency and must be replaced with an experimental
procedure capable of establishing the proper relationship between rotor angle and parameters.
Therefore, the only way to extract the asymmetrical motor parameters is with a locked-rotor
and a pulsating (non-rotational) magnetic field [81]. The induction motor stator winding is
supplied with single-phase voltage while short-circuiting two phases to determine the rotor bar
effect on the stator winding, as shown in Fig. 2.11. By changing the rotor’s alignment with
respect to the stator magnetic axis, a dependence of the motor substitute parameters on rotor
angle can be obtained.
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Fig. 2.11: Single-phase measurement of SCIM parameters with broken rotor bar [82]

When the rotor is locked (in short-circuit state), the slip equals one, and most of the current
flows through the rotor branch, thus replacing stator and rotor leakage inductances as shown in
Fig. 2.12. Hence, the substitute inductance is represented as (2.4):

L =oLg + oL, (2.4)

And the substitute resistance as (2.5):

R=R,+R, (2.5)

Therefore, the substitute impedance magnitude is represented as:

|Z| = \JR? + (wL)? (2.6)

R OsLm ; : OrLom Rr/s i

Fig. 2.12: Single-phase equivalent circuit of induction motor [83]

2.8 Conclusions

This chapter presented a theoretical background to induction machine stator components,
common failure modes and causes, and some techniques used to determine stator inter-turn and
broken rotor bar faults in the induction motor. Little has been done in applying the frequency
response analysis (FRA) technique and a locked-rotor test for inter-turn and broken rotor bar
fault detection in induction motors using the impedance information measured from the stator
side. Hence, both techniques will be used in this study as a diagnostic tool for determining the

state of the stator winding and rotor bars in an induction motor.
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Chapter 3

FRA and Signal Processing Technique of SCIM

due to Mechanical Winding Deformation

3.1 Introduction

The reliability of an induction motor’s operation highly depends on the stator winding’s
electrical and mechanical integrity. These are essential aspects that should be evaluated when
examining the motor’s overall condition. A motor with minor winding damage could remain
in operation; however, it may cause a catastrophic outcome when it later leads to a total failure

resulting in forced outages of the unit and a revenue loss.

It was reported in [84] that most rotating machine stator winding failures occur due to loss of
mechanical integrity of either overhang conductors or core looseness. Loose coils can occur
within the stator slot because of conductor insulation shrinkage or poor construction. Due to
this condition, the resistance value is increased, and the damaged area is possibly heated up to
critical temperatures [85]. Hence, magnetic forces at twice the line frequency cause the winding

to vibrate, which can cause the insulation to wear or separate from the stator core.

At the end winding, excessive vibration may occur due to inadequate bracing. Transient voltage
due to opening and closing of a breaker or out of synchronisation produces high transient torque
that may cause bracing loosening. A high electromagnetic force (EMF) from a large current
that travels into the winding due to the above events could also lead to mechanical damage in
the induction motor’s stator winding. These conditions produce very large EMFs quickly that

can create instability in the stator winding geometrical structure.

3.2 Mechanical Winding Deformation

Induction motor mechanical winding deformation occurs due to the mechanical movement of
the physical geometry and constructional parts (coils, winding, core, leads) with respect to each
other or the ground in such a manner as to change the internal inductances and capacitances

[31]. This movement may be caused by seismic or shipping forces or by in-service conditions
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such as load currents, mechanical breakdown of components, or a lightning strike to the power

system that causes a short-rise time, high-voltage “spike”.

The previous section highlighted that electromagnetic forces could potentially cause damage
to the stator winding. When a current-carrying conductor is located within a magnetic field, a

force is created and applied to the conductor. The magnitude of this force is given in (3.1).

F=LIXB (3.1)

where,
B, is the flux density vector in Tesla (T)
I, is the current intensity vector in ampere (A)
L, is the conductor length in meters (m).

The equation shows that the winding’s electromagnetic forces are proportional to the winding

current and the flux density. However, B itself is directly proportional to the current (B = %)

Thus, the electromagnetic force is proportional to the square of the winding current. This shows
that during short-circuit, the magnitude of the electromagnetic fields on the winding is
significantly higher than those at the nominal current, and such forces may cause damage to
the winding [86].

3.3 Frequency Response Analysis

The method of system characterization by analysing its frequency behaviour is called
frequency response analysis (FRA). This describes how the amplitude and phase shift of the
output relative to the input changes with frequency. It is an accurate, fast, economical, and non-
destructive method in detecting winding defects [87].

FRA is a non-intrusive comparison-based monitoring technique for the on-site diagnosis of
power transformer winding faults that cannot be easily identified with other traditional
techniques, such as partial discharge measurements, MCSA, etc. It gives comprehensive
information on the winding mechanical structure and the core and clamping structure [88]. The
transformer’s and three-phase squirrel-cage induction motor’s (SCIM) basic topology and
electrical equivalent circuit are nearly identical. Hence, frequency response analysis may be

implemented on the induction motor.
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3.3.1 FRA Operating Principle

The frequency response characteristics of a system can be found analytically from its transfer
function. Therefore, the FRA technique is based on evaluating the equivalent impedance of the
windings in the frequency domain. Any phase of the stator winding of an induction motor can
be represented as an equivalent circuit, composed of the following parameters: resistance (R),
inductance (L), and capacitance (C), in series or parallel connection [89]. Hence, the physical
geometry and construction of the induction motor (IM) are integral to its equivalent RLC
network. Each stator winding has a unique signature of its transfer function, sensitive to change
in this network. Any geometrical (mechanical) change within the IM due to internal faults can
cause a change in the capacitive or inductive behaviour of the stator winding, thereby altering
the transfer function of the stator winding, causing a variation of its frequency response [90].

The technique is based on applying an input low voltage signal of variable frequency to any
terminal of the winding, and the output voltage signal is measured from the other end of the
terminal. The voltage measured at the input terminal is called the reference signal, while the
voltage measured at the other (output) terminal is called the response signal. FRA’s amplitude
is determined by the scalar ratio of the response signal to the reference signal as a function of

frequency. Fig. 3.1 shows the flowchart of frequency response of impedance ratio.

S1gnal Measurement:
Reference signal (V),
Eesponse Signal (T)

Conversion of Measured Signals
from Time Domain to Frequency
Domain using FFT

Computation and Graphical
Fepresentation of Impedance
Response

Comparison of Impedance Response
Plot & Extraction of Impedance Peak
{Zpear) at Resonant Frequency

Diagnostic Measured 7.,
< DUT is Healthy
Baseline Measured £,

DUT is Faulty

Fig. 3.1: Flowchart of measurement principle of the frequency response of impedance ratio.
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The frequency response can be calculated using (3.2) and (3.3):

Uout (f) (3.2)
Uin (f)

Because H (jw) is a complex number, frequency response characteristics cannot be graphically

H(jw) =

displayed as a single curve plotted with respect to frequency. Instead, the magnitude and angle

of H(jw) can be separately plotted as functions of frequency [91] called Bode plots.

It is often advantageous to represent the frequency response curves in other scales other than
linearly scaled Cartesian coordinates. Bode plots use a logarithmic scale for frequency and a
decibel measure for magnitude. Bode plot has the advantage of clearly identifying system
features even if they occur over wide ranges of frequency. In Nyquist plots, H(jw) is displayed
in Argand (polar) diagram form on the complex number plane, Re[H(jw)] is on the horizontal
axis, and Im[H(jw)] on the vertical axis where the frequency is a parameter of such curves

[91]. The Bode diagram plots the magnitude and phase as follows:
Hgp = 201log,o [HGwW)] (3-3)
® = Qo (Uout(f)) — 0o (Uin(f)) (3.4)

where,
Uin(f), is the excitation voltage to the stator winding
Uoue (f), 1s the response voltage of the stator winding
0o (Uin(f)), is the phase angle of the excitation signal
©o(Uout (f)), is the phase angle of the response signal
@,, IS the phase-frequency characteristic signature
f, is the signal frequency

H g, is the magnitude characteristics signature in decibel.

3.3.2 Methods of FRA Measurements
According to the input signal, there are two methods associated with frequency response
measurements: sweep frequency response analysis (SFRA) and impulse frequency response

analysis (IFRA). Both are described in detail below.
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3.3.2.1 Sweep Frequency Response Analysis (SFRA) Method

SFRA is a non-intrusive electrical graphical technique that indicates failure in the stator
winding and the induction motor’s core. The measurement principle is that a low sinusoidal
voltage signal feeds the winding terminal via coaxial cable at different frequencies. The other
terminal is used to measure the output voltage signal (response signal), also connected via a
shielded coaxial cable. The response measurement is done with an impedance of 50 Q. It is
good practice to have each coaxial cable connected between the device’s terminal under test
(stator winding) and apparatus for adequate impedance measurement. This will result in
accurate ratio measurement since the technical parameters of the reference channel and

response channel of the measuring instrument are identical to the test leads [92].

The characteristic impedance of the coaxial cable is selected to match the measuring channel’s
input impedance and minimize signal reflection. This reduces the coaxial cable’s effect to the

point that it has a little or practically no effect on the defined frequency range measurements.

This FRA method is efficient, simple and indicates failure or changes in the induction motor’s

winding and core. SFRA has the following advantages [93]:

e Its signal-to-noise ratio is very high.

e An extensive bandwidth can be scanned.

e A more satisfactory frequency resolution at low frequencies could be used.
Alternatively, the frequency resolution can be adapted to the frequency band being
measured.

e Only one piece of measuring equipment is required.
Sweep frequency response analysis has the following disadvantages [93]:

e Simultaneous determination of more than one transfer function is not possible. This
implies that only one measurement can be performed at a time.

e The time taken for each measurement is typically several minutes.

This method is performed by injecting a swept sinusoidal waveform within a predetermined

frequency band, as represented in (3.5).

{v(t) = Vsin(2n fsweept) (3.5)
fmin < fsweep < fmax
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where,
V, is the signal voltage amplitude
fsweep, 1S the variable frequency [Hz].

3.3.2.2 Impulse Frequency Response Analysis (IFRA) Method

The IFRA method uses a single non-periodic signal as excitation or input, injected into the
stator winding terminals. The maximum value of input impulse may be in hundreds of volts
which causes induced voltages in the remaining end of the stator winding. In comparison with
SFRA, IFRA uses less time during the test and can measure several transfer functions
simultaneously. Impulse frequency response analysis advantages and disadvantages are also
highlighted in [93].

The test configurations used for making FRA measurements, methods to assess the measured
traces of either SFRA or IFRA, and the two categories for applying FRA measurements are

explained in Appendix A.

3.3.3 Transfer Function
The transfer function is the mathematical representation of a system which is defined as the

ratio of output to the input of a linear time-invariant system with zero initial conditions. The
transfer function also depicts the rudimental characteristics of a network and is a valuable tool
in modelling such a system. A system block diagram of a transfer function is shown in Fig.
3.2, where U(s) is the input signal, Y(s) is the output signal, and H(s) is the transfer function of

the system.

U(s) —» H(s) — Y(s)

Fig. 3.2: System representation of a transfer function [94].

A linear input/output system is described by the differential equation in (3.6) [95]:

dmy d" 1y d" lu (3.6)
W + an_lw + -t agy = b,th + -+ bou

Two polynomials completely describe the differential equation:
UGS) =s"+a,_1s" 1+ +as +a, (3.7)

Y(s) = bps™ + by_1s" 1+ -+ bys + b, (3.8)
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The frequency response can be expressed by a transfer function of the form (3.9):

Y(s)  bps™+bp_5"' + -+ by (3.9

H(s) = =
() U(s) as™+au,1s"1+--+a

The transfer function is represented in the frequency domain by s = jw and denoted by the
Fourier variable H(jw), where (jw) denotes the presence of a frequency dependent function,

and w = 2xf. The Fourier relationship for the input and output transfer function is given by:

Y(jw) (3.10)
U(jw)

When a transfer function is reduced to its simplest form, it generates a ratio of two polynomials.

H(jw) =

The transfer function’s physical interpretation depends on the system parameters regardless of
the input and output signal. The main characteristics, such as half-power and resonance, occur
at the roots of the polynomials. The numerator roots are referred to as ‘zeros’ which produces
an increase in gain, while the denominator’s roots are ‘poles’, which causes attenuation.
Transfer functions also represent the variation of both the magnitude and phase angle with
respect to the frequency [96]. Conventionally, there are two types of transfer functions used in
applying FRA analysis for fault detection or assessing the integrity of an induction motor’s
stator winding. These are [93], [97], [98]:

e Voltage ratio transfer function, which is represented as (3.11):

Vout (](‘)) (3-11)
Vin (1(‘))

e Impedance and admittance transfer function, which is represented as (3.12) and (3.13):

H(jw) =

i = o) 62
Hiw) - Vlo(]ag) (313)

The sensitivity of each transfer function to detect changes in the induction motor assemblies is
very different. Therefore, the most sensitive method must be applied to diagnose stator winding
faults in the induction motor properly. In this study, the impedance transfer function method is
adopted to enable experimental and stator winding model impedance validation. The physical
geometry of induction motor stator winding could be represented as an equivalent circuit

composed of resistance, inductance, and capacitance.
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3.3.4 Application of FRA Measurement

There are two distinct categories for the application of FRA measurements: baseline
measurement and diagnostic measurement. The procedure and precautions to produce a good
measurement are both the same. However, there is a difference in the motivation for the tests

in each category [73] which is explained (in Appendix A).

3.3.5 Statistical Analysis for Comparing Frequency Responses
The comparison of FRA results is usually made by plotting a graph of the magnitude against
frequency for both sets of measurement where an experienced observer then examines the

curves for any significant differences [99]. Three methods may analyse the results. They are:

e Monitoring changes of the curves.
e Creation of new resonant frequencies or the elimination of existing resonant
frequencies.

e Monitoring significant shifts in the existing resonant frequencies.

The main challenge with this comparison method is that the expert’s opinion may lack
objectivity and transparency. One way to address both problems is to note down all the resonant
frequencies. This gives objective and transparent information on the number of resonances that

have been created or eliminated and how far any resonance may have been shifted.

An alternative way is to calculate statistical indicators of the agreement between the two sets
of measurements. This amounts to a more objective and transparent way of performing a
comparison between two measurements as it extracts information from the results across the
whole of the repeatable range [99]. This approach measures the difference between two
frequency responses rather than only comparing visually from the plot. This method provides

a single value on the extent of variation between them.

FRA traces are expressed as a magnitude and phase vector with discrete elements where each
element corresponds to one frequency sample. These indicators are calculated directly from the
FRA traces, which may be in original form or dB scale without additional computations,
making it easier to implement [100].

Some of the statistical indicators used for FRA are correlation coefficient (CC), standard
deviation (SD), the absolute average difference (DABS), and the absolute sum of logarithmic
error (ASLE). They are defined as follows [100], [101]:
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o XY (3.14)
J2?=1[X(i>]22?=1[v<i>]2

3.15
op— |EL® - X®)" (3.15)
B N-1
paps = 2 XD Z YO (3.16)
B N
ASLE = 112010910 Y (i) — 20 log,o X(D)| (3.17)
N

where,
Y and X, are the magnitude vectors of the new and the fingerprint traces respectively
Y(i) and X(i), are the i elements of these vectors
N, is the number of samples in a vector.

The most employed among these statistical indicators is the correlation coefficient (CC), also
known as the cross-correlation factor or coefficient in some literature. If CC is unity, both
traces are the same; otherwise, one is deviated from healthy.

3.3.6 The Fourier Transform and FFT Algorithm

Fourier analysis forms the basis for much of digital signal processing. The Fourier transform
has long been applied for linear systems characterization and identification of the different
frequency sinusoids (and their respective amplitudes) or components combined to form a
continuous waveform [102]. The Fourier transform allows a signal in the time domain to be
converted into its equivalent representation in the frequency domain. Conversely, the inverse
Fourier transform enables the corresponding time domain signal to be determined if the
frequency response of a signal is known. Mathematically, the Fourier transform pair for

continuous signals can be written as (3.18):

X(f) = Joox(t)e‘ﬂ"ftdt (3.18)

The inverse transform is represented as (3.19):

x(t) = Joox(f)eﬂnftdf (3.19)

— 00
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where,
X(t), is the waveform to be decomposed into a sum of sinusoids
X(f), is the Fourier transform of x(t) for —co < f < o and j = v—1.

Many applications involving the continuous Fourier transform rely on a digital computer for
implementation, which leads to the use of the discrete Fourier transform (DFT) and can be

defined for a finite duration discrete signal X[n] as [103]:

N-1 | (3.20)
X[n] = x[k]e=J2mnk/N

k=0
n=01 ... ,N-—-1

The discrete inverse Fourier transform is given by (3.21):

(3.21)

Z| -

N-1
x[k] = Z X[n]ej?mnk/N
n=0

k=01 ... ,N-—-1
A published work on the Fast Fourier Transform (FFT) algorithm to calculate DFT in [104]
was a turning point in digital signal processing and some areas of numerical analysis. They
presented that the DFT, which was previously thought to be N2 arithmetic operations, could
be determined by the new FFT algorithm using only NlogN operations [103] where N is the
problem size. For instance, an 8192 points DFT, which takes about 30 minutes of computer
time when conventional integration programming is used, can be computed less than 5 seconds
with the algorithm [105]. Hence, FFT is a fast algorithm, i.e., of low complexity, for the

computation of the discrete Fourier transform (DFT).

3.4 Conclusion

This chapter presented a detailed study of the frequency response analysis technique. The
various measurement methods required for valid impedance measurement were presented. The
advantages and disadvantages of those methods were also noted. Specifically, SFRA was
discussed in detail as it forms the basis for this research. Besides visual comparison for FRA
results, the use of statistical indicators to enhance result assessment was presented. Finally,

FFT as the major tool for signal processing in this research was presented.
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Chapter 4

Frequency Response Model of a Silicon Steel

Laminated Core Inductor

4.1 Introduction

Silicon steel magnetic properties are the key factors in the design and performance optimization
of electrical apparatus [106]. This is employed in alternators that generate electric power and
transformers, which step up or down voltage during electric power transmission. The winding
of a rotating machine is made up of several coils connected in series or parallel. An inductor
(coil) is formed when a conductor is wound around a laminated core. Studying this device’s
behaviour (inductor) will aid the modelling of the stator winding of the squirrel-cage induction
motor and interpret the experimental results for fault detection. A laminated core is mostly used
in electrical devices due to the following reasons: low hysteresis loss, high saturation, high
permeability, high electrical resistivity, virtually eliminating ageing, and moderate loss at audio

frequency.

An induction motor’s stator frame consists of laminations of silicon steel magnetic material,
usually with a thickness of about 0.5mm. The purpose of this magnetic core is to reduce the
reluctance, increase inductance as well as the magnetic flux, obtain a well-defined path length
(MPL), link the energy stored in the air gap to the winding by a low reluctance flux path,
contain the magnetic flux in the core, reduce leakage inductance and electromagnetic

interference (EMI) level.

Knowing the geometry and material used in the construction of a laminated core inductor can
enable us to determine its behaviour and parameters of its equivalent circuit [107]. This
motivated the behavioural study of an inductor with a round conductor winding around a silicon
steel laminated core considered at different frequencies [108]. Dowell’s equation for round

conductor winding will be adopted in this study.
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4.2 Inductor Model

Inductors are devices that allow direct current (DC) signals to pass through without minimal
impediments but, will block the passage of high-frequency signals. It has very low resistance
for low-frequency signals while displaying very high resistance for high-frequency signals. An
ideal inductor has the following properties:

e The impedance is purely reactive and proportional to the inductance only.
e The phase of the signal across an ideal inductor would always be +90° out of phase

with the applied voltage.

A non-ideal inductor exhibits both resonance and non-linear characteristics. A silicon steel
laminated core inductor will exhibit these characteristics since it is a non-ideal inductor. The
requisite for accurate physical modelling is identifying the relevant parasitic parameters of the
device and their effects. An inductor’s main objective is to store magnetic energy, but the
inevitable resistance of the wire and its self-capacitance due to skin effect at high frequencies

alters its behaviour and is considered parasitics [109].

The parasitic resistance dissipates energy through ohmic losses, while the parasitic
capacitances store unwanted electric energy. Eddy currents cause the alternating current energy
dissipated through ohmic losses. Eddy currents distort the main current movement through the
inductor and consists of two effects: the skin and proximity effect. Hence, an inductor could be
modelled using a lumped parameter circuit consisting of passive elements such as resistance,

inductance, and capacitance connected in parallel.

Fig. 4.1 (a), shows a detailed inductor equivalent circuit that comprises of passive elements
such as, resistance, inductance, and capacitance; its equivalent series circuit comprises of an

equivalent series resistance and reactance.

\ Ls j, ,&__,L/\/\/‘\/_H.u_:l_u-.g

| Req Xeq

| {
|
Cp

(a) (b)

Fig. 4.1: Inductor: (a) lumped equivalent parameter circuit, (b) equivalent series circuit.
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To simulate an inductor’s impedance behaviour, a silicon steel EI laminated core inductor was
built in the laboratory composed of 350 turns of 0.686mm copper wire. The inductor’s
geometrical parameters (winding and EI lamination core) were extracted from the datasheet
and presented in Table 4.1, to model its impedance response using the equivalent circuit
accurately. The circuit parameters in Fig. 4.1 were determined using the geometrical
parameters and plotted as a function of frequency to better analyse and understand the

laminated core inductor’s impedance behaviour.

Table 4.1: Silicon steel laminated core inductor parameters

Symbol Quantity value
d; Bare wire diameter (mm) 0.644
d, Outer wire diameter (mm) 0.686
N, Number of layers 3

Number of turns 350
A Core cross sectional area (mm?) 765
lc Length of the laminated core (mm) 76.2
ly Length of the air gap (mm) 0.6
Ryac DC winding resistance ((2) 3.8612
Cp Total parasitic capacitance (pF) 19.338
S Lamination thickness (mm) 0.35
Hrc Relative permeability of the FeSi 400
I7 Mean length per turn (mm) 208.44
€ Relative permittivity of the insulating coating 6.2

4.3 Eddy Current Effect - Skin and Proximity Effect

According to Faraday’s law, if a conductor is subjected to a time-varying magnetic field, a
voltage is induced in a conductor loop. This voltage forces eddy currents to circulate in the
conductor in a closed path. An isolated round and straight conductor carrying a time-varying
current generate a time-varying circular magnetic field inside and outside the conductor. This
depends on the instantaneous current, the time rate of change of the current, and the radial
distance from the conductor’s centre. The field inside the conductor induces opposing eddy
currents within the conductor, which flows in the opposite direction to the applied current in
the centre of the wire and in the same direction near the surface. The net instantaneous current
in the conductor is unchanged by the eddy currents; instead, it is the radial distribution of the

current over the conductor’s cross-section that changes [110].
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As a result, there is a cancellation of current flow at the conductor’s centre, and most of the
current flow is concentrated near the surface or outer skin of the conductor. The most
significant current density is at the conductor’s surface and decays with distance towards the

interior. Thus, the current distribution in the conductor becomes non-uniform.

The intensity of the induced eddy currents is directly proportional to the rate of change of the
main current; therefore, the current’s non-uniform distribution is more pronounced for higher
frequency excitations [110]. This change in conductor current density is referred to as the skin
effect, and its depth is called the skin depth. Due to this effect, the conductor’s AC resistance
increases and becomes higher than the DC resistance. It is important to note that the
redistribution of the current due to skin effect depends solely on the magnetic field induced by
the alternating current in the conductor itself, as shown in Fig. 4.2. At very high frequencies,
the current flows in a thin skin surface, and the inner region of the conductor plays no role in

the current conduction.

Eddy currents setup Magnetic wire
by internal field flux, ¢ cross -section

The main current is being
distorted at the centre by
the eddy current.

Main current direction

Fig. 4.2: Eddy current in a conductor carrying current [111]

Another type of frequency-dependent eddy current phenomenon occurs in any conductor
placed in a region of space containing an externally generated time-varying magnetic field with
a normal component to conductor’s axis. Whenever this occurs, there are eddy currents induced
in the conductor, which oppose the external magnetic field penetration. Since this external field
can be caused by alternating current in some other nearby conductor, this eddy current

phenomenon is often referred to as the proximity effect [110].

The two eddy current effects discussed, skin and proximity effects, occur simultaneously in a
conductor that carries alternating current and is positioned in an external alternating field. This
situation exists for the conductors in a laminated core inductor or induction motor’s stator
winding. The essence of the combination of these effects is that the current in each conductor

produces a skin effect and a proximity effect in other conductors that are close to it. The
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circulating eddy currents due to these effects increase the power dissipation in the laminated
core inductor or stator winding with increasing frequency. The skin depth is easily calculated

from (4.1) and plotted as shown in Fig. 4.3:

5 = Pw (4.1)
Yo ot f

Uo = 4m X 1077 H /m, is the permeability of free space

where,

Urw 1S the conductor relative magnetic permeability, which is 1 for copper wire
pw = 17.24 x 1077Qm, is the resistivity for a copper wire at a temperature 20°C

f, is the frequency in Hertz.

& 3 B

Skin depth, & (mm)

]
=

10° 10! 102 103 104 10° 106
Frequency (Hz)

Fig. 4.3: Conductor skin depth as a function of frequency

4.4 Winding Series Resistance

The winding series resistance depends on the operating frequency (high or low), which

comprises the winding AC resistance, R, and core resistance, R.. The winding series

resistance can mathematically be represented as in (4.2) [112]:

RS = Rw(ac) + RC (42)

4.4.1 Winding DC Resistance
The winding direct current resistance specification of an inductor is the amount of resistance it
has to signals with frequencies of or near OHz. The direct current resistance of an inductor is

measured using a direct current (DC) source. The direct current is fed into the inductor, and the
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resistance is calculated using ohm’s law (4.3) by measuring the voltage (V) across the inductor

and current (1) flowing through the inductor.

|4 4.3
Rw(dc) = 7 ( )

Since, for low-frequency operation, the conductor winding resistance of an inductor is
approximately equivalent to the DC winding resistance, Ry, (4c), this can also be calculated

using the geometry of the inductor and conductor properties. The DC winding resistance of an
inductor with mean length per turn, -, number of turns, and winding resistance per unit length,

17, can be calculated as in (4.4):

Rw(dc) =1,Nly (4.4)

The winding resistance per unit length is determined using (4.5):

r, = 4p,,/md? (4.5)

where,
pw = 17.24 X 1077Qm, is the resistivity for a copper wire at a temperature 20°C

d, is the copper diameter of a round wire.

4.4.2 Winding AC Resistance

Skin effect increases the series resistance at high frequencies by restricting the wire’s
conducting area to a thin skin on its surface. As a result, the total current carrying area is less
than the entire wire area; therefore, AC resistance is higher than the DC resistance. As the
frequency increases, the skin depth decreases, which leads to non-uniformity of the current
density in the conductor. At high frequencies, the AC resistance becomes higher than the DC
resistance. There are many methods being proposed and utilized for the resistance calculation
[113], [114], [115], [116]. Among these, Dowell’s approach is one of the most referenced. The
expression for the winding AC resistance, R,, 4. Of a round cross-sectional area conductor

wound around a laminated core inductor, is given in [117] as (4.6):

Rw(ac) = FRRW(dc) (4.6)

Fy is the ac-to-dc winding resistance ratio which can be expressed as (4.7):

NZ -1 4.7
— Frp

FR= A FRS+2
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where,
N;, is the number of layers in the winding
Frs and Fgp represent the winding AC resistance due to skin and proximity, which are

expressed as (4.8) and (4.9) respectively:

. e?4 —e724 1 25in(24) (4.8)
RS ™ e24 4 e=24 _ 2C0s(24)
ed —e 4 —2Sin(4A) (4.9)

Frp =
RP™ oA 4 e=4 4 2C0s(A)
Therefore, equation (4.6) becomes (4.10):

l
Rw(ac) = FRRw(dc) = Rw(dc)A Fps +2 TFRP

NZ -1 l (4.10)
Substituting (4.8) and (4.9) into (4.10), we have (4.11):

R R4 e?4 — e724 + 2S5in(24) N N —1 et —e4—-2Sin(4)] (4.11)
wac) = Twld™ 024 | o-24 _2(0s(24) 3  ed+e4+2Cos(A)

where,

A, is a dimensionless quantity which depends on the conductor winding geometry and
for round wire the quantity A is expressed in [118] as (4.12):

/4 :
A=) Em “

d,, is the copper outer diameter of a round wire
n = d,/t, is the porosity factor for a round wire
t, is the distance between the centres of two adjacent conductors or the winding pitch

Oy, 1S the skin depth of the conductor.

4.4.3 Magnetic Core Resistance

The core resistance of a laminated core inductor depends on the core inductance at DC or low
frequencies, the skin depth at high frequencies, and the lamination sheet’s thickness. A thin
laminated sheet is considered in this study because of the advantages of not affecting the

inductor’s magnetic performance at low frequencies and reduced eddy current losses. The
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expression for the core equivalent series resistance, related to the power loss due to eddy

currents flowing in the core, is derived in [112] as (4.13):

Sinh (i> —Sin (i) (4.13)
60 66 60
R¢ = a)Lm(dc) S_ S S
Cosh (5-) + Cos (57)

The core skin depth, &, is given as (4.14):

5 _ 0, (4.14)
© [ mhef
and the DC (low frequency) inductance is expressed as (4.15):
HeN2A, (4.15)
Lm(dc) = l—
c
The equivalent magnetic permeability, u, is expressed in (4.16) as:
le (4.16)

He = Hrc m
where,
s, is the thickness of the laminated silicon steel
pe, 1S the resistivity of the laminated silicon steel core
N, is the number of turns
A., is the effective cross-sectional area of the central limb
I, is the axial length of the laminated silicon sheet
Urc, 1S the relative permeability of the laminated silicon steel

L4, is the length of the air gap.

Fig. 4.4 shows the plot of winding series, core, and winding resistance. The eddy current effect

on the windings increases the resistance values at different frequencies.
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Fig. 4.4: Winding series resistance, core, and winding resistance as a function of frequency

4.5 Winding Series Inductance

The winding series inductance of an inductor depends on the winding, bobbin, core geometry
(for instance, silicon steel laminated core), the permeability of the core material, and the
operating frequency. The inductance is frequency-dependent because the permeability of the
magnetic core depends on frequency. Conductor inductance reduces due to skin effect at high
frequencies because the non-uniform current density alters the internal magnetic flux linkage.
The winding series inductance of a silicon steel laminated core inductor is the sum of the

winding leakage inductance, L;.,; and the core inductance, L. as (4.17):

L = Ligar + L, (4.17)

45.1 Winding Leakage Inductance

The winding leakage inductance, L;.,; due to the magnetic field, also depends on frequency;
decreasing as frequency increases due to skin and proximity effects caused by the eddy currents
in the laminated core. Thinner laminations of about 0.35mm and SiFe (silicon steel, 2.5% of
Si) of 45 x 10~°Qm with resistivity, were used to reduce the effect of core eddy currents. The

winding leakage inductance was derived in [117] and simplified in (4.18) as:

Liear = FLRW(dc) (4.18)

In (4.18), F; is the ratio of the winding AC inductance to the winding DC resistance expressed
in (4.19) as:

NZ — 1 (4.19)
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In (4.19), the winding AC inductance to winding DC resistance ratio comprises of two

components. They are:

e Inductance ratio due to skin effect, F;s.

¢ Inductance ratio due to proximity effect, Fp.

These two components are expressed in (4.20) and (4.21) respectively as:

_ [e* —e7? = 25in(24) (4.20)
Ls e?4 + e=24 — 2Co0s(24)
ro- ed — e + 25in(A) (4.21)
LP ™ leA 4 e=4 4+ 2Cos(4)
Substituting (4.20) and (4.21) into (4.19), we have (4.22);
A (4.22)

F, ==
L w

e?4 — =24 - 25in(24) N N —1[e4 — e ™ + 2Sin(A)
e?4 + e=24 — 2Cos(24) 3 ed + e 4+ 2Cos(A)

Substituting (4.22) into (4.18), the leakage inductance of the laminated core inductor becomes
(4.23).

Ry (ao)A (4.23)

w

Ligar =

e?4 — e 24 - 285in(24) NZ —1[e4 — e ™ + 2Sin(A)
e?4 + e=24 — 2Co0s(24) 3 ed+ e 44 2Cos(A4)

where,
w = 27f, is the angular frequency
f, is the frequency in Hertz.

From the plot in Fig. 4.5, at A > 3, the inductance ratio due to skin and proximity effect
reduces approximately 1, i.e., F;s = 1 and F;p ~ 1. Hence, the winding ac resistance in (4.10)

can be expressed as (4.24) and (4.25), respectively:

N? — NZ—1 (4.29)
RW = FR Rw(dc) = RW(dC)A 1+2 A = RW(dC)A 2—
m\3/4 d NZ -1 (4.25)
RW =~ Rw(dc) (Z) a r[[ 3 l
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Fig. 4.5: F;5 and F;p as a function of A

4.5.2 Magnetic Core Inductance

The magnetic core inductance, L. related to the power loss due to magnetic field paths in an
inductor core, was derived in [112] and is given as (4.26):

Sinh <i> + Sin (i) (4.26)
60 66 60
L. = Lm(dc) S_ S S
Cosh<3:>4-Cos(3:>

The plot of winding series inductance, core inductance, and winding leakage inductance as a
function of frequency is shown in Fig. 4.6. It is observed that the inductance of the laminated

core inductor decreases at higher frequencies, mainly due to skin and proximity effects which
reduces the magnetic field inside the core.
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Fig. 4.6: Core inductance, winding series, and leakage inductance as a function of frequency

4.6 Winding Parasitic Capacitance

The parasitic capacitance represents the stored electric energy within the inductor which is

divided into core and space electric energy. The inductor’s electric energy is dominated by the
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electric energy stored in the space [119]. Space electric energy is caused by the turns of
insulated wire or conductor layered on top of each other and around the core, where they act as
conductive plates. The insulated conductors of turns form turn-to-turn capacitances, C;; where
an electric field exists between the turns with different potentials and stores energy, as
represented in Fig. 4.7.

CH

Ch

Fig. 4.7: Turn-to-turn capacitance of an inductor.

At high frequencies, the displacement current flows through the capacitors and bypasses the
inductive reactance and resistive conductors. Hence, current leaks through the self-capacitance
of an inductor at high frequencies. The total capacitance of inductors consists of the following

components [120]:

e The turn-to-turn capacitances between turns of the same layer.
e The turn-to-turn capacitances between turns of adjacent layers.

e The turn-to-core and turn-to-shield capacitances.

Magnetic cores are made up of conducting materials, therefore, the turn-to-core capacitance
depends on the core resistivity, p. and the insulating material’s relative permeability. Each
turn’s combined effect can be represented as a single capacitance known as the parasitic

capacitance, which significantly affects an inductor’s behaviour [121].

In [120]-[122], the inductor’s parasitic capacitance was modelled and derived by considering
the above components of the inductor. The turn-to-turn capacitance of multiple layer inductor

with hexagonal winding pattern in [121] will be adopted and is expressed as (4.27):

(4.27)

2me €,Dr

2€, + lnd—‘? lnd
d;

Cir =
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where,
Dy, is the diameter of the turn (m)
d;, 1s the bare wire diameter (mm)
d,, is the outer conductor diameter (mm)

€., IS the relative permittivity of the insulating coating.

The parasitic capacitance, C, for a three-layer inductor with the conductive core is expressed

in [120] as (4.28):

C, = 0.5733Cy, for N = 10

4.7 Equivalent Inductor Impedance

(4.28)

As shown in Fig. 4.1(b), the lumped parameter inductor model is represented by its equivalent

series components, consisting of the total equivalent resistance, R, and the total equivalent

reactance, X.,. An inductor’s impedance is simply the effective resistance to current flow,

including the ac and dc components. Both components can be expressed as (4.29) and (4.30)

respectively:

Ry
Req = Y 2 2
(1 — w?LsCp)? + (wRsCp)

RC
wLg (1 - w?LC, — < SL p))
S

(1 — w?LsCy)? + (wRsCy)?

KXeg =

Therefore, the impedance of the equivalent circuit of Fig. 4.1(c) is given as (4.31):

Z =Req +jXeq

Substituting (4.29) and (4.30) in (4.31), we have (4.32):

RC
R, + jwLg <1 — w?LsC, — < SL p))
S

(1 — w?LsCp)? + (wRCy)?

7 =

(4.29)

(4.30)

(4.31)

(4.32)

The impedance magnitude of the laminated core inductor model is represented in (4.33) as:

|Z] = Req2 +Xeq2

(4.33)
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Moreover, the phase angle can be expressed in (4.34) as:

¢ = arctan <ﬁ> (4.34)

R,
The extracted results from (4.2) - (4.28) were used with the circuit model to produce the results
shown in Fig. 4.8 and Fig. 4.9. These show the equivalent resistance, equivalent reactance,
impedance, and phase angle of laminated core inductor as a function of frequency. The results
suggest that at a frequency where the phase angle equals zero, reactance is also zero because
the inductive and capacitance reactance of the winding are equal; hence, the impedance
magnitude is maximum at this frequency called resonant frequency. At frequencies beyond the

resonant frequency, the impedance response becomes capacitive.
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Fig. 4.8: Equivalent resistance and leakage reactance of laminated core inductor
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Fig. 4.9: Impedance magnitude and phase angle of laminated core inductor

For frequencies much lower than the first self-resonance frequency, the equivalent series

reactance, X., has an inductive character and can be expressed as (4.35):

Xeqg = WLeg (4.35)
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Therefore, the inductor equivalent inductance (L,,) at different frequencies can be determined

as in (4.36):

_ | Xeql _ | Xeq (4.36)
) 2nf

Leg

The inductor quality factor at a given frequency is given as (4.37):
R2C (4.37)
— w? — (=P
_|Xeq|_st<1 w*LsCy < L. >>

Q
Req R

A self-resonant frequency, f,.s of an inductor is defined as a frequency at which the winding
inductance is equal to the winding capacitance. This condition makes the winding reactance
zero. Hence, the capacitance at this condition could be determined by (4.38):

1 (4.38)

R fre)
Ls(fres)

Cfres =
(wﬁ'QS)ZLS(fres) +

where,
fres, 1S the resonant frequency

Ly, Is the series inductance at the resonant frequency

Rs(£,..): IS the series resistance at resonant frequency.

4.8 Conclusion

In this chapter, the use of an electrical equivalent circuit for modelling impedance data has
been discussed. A silicon steel laminated core inductor has been examined, and analytical
expressions have been presented to describe its lumped parameters’ behaviour as a frequency
function. Dowell’s equation is adopted to determine the expression for the ratio of the winding
AC to DC resistance and inductance in calculating the AC winding resistance and AC
inductance values at high frequencies due to eddy current. The impedance expressions are
presented using the equivalent circuit model. Finally, the simulated equivalent resistance and
leakage reactance, impedance magnitude, and phase results of the laminated core inductor used

for the case study are presented.
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Chapter 5

Impedance Frequency Response Model and

Parameter Extraction for SCIM Stator Winding

5.1 Introduction

An electromagnetic device’s behaviour may be analysed using various techniques, including a
numeric technique to solve the partial differential equations of the electromagnetic fields
developed within the components using the finite element method (FEM), and an analytical
technique. The analytical model of the device for electromagnetic analysis must represent the
effects of electromagnetic fields and losses. Electromagnetic field effects are represented using
a circuit approach whereby magnetic field effects are represented using inductors and the
coupling between them. Capacitors represent electric field effects. Losses can be caused in
windings, cores, or insulation of material and represented by resistors [123]. Hence, a rotating
machine’s quality and behaviour depend on parameters such as resistance, inductance, and
capacitance. Among these parameters, the leakage inductance calculation constitutes an
important stage in an electrical machine’s design process. The RLC equivalent circuit
representation of the stator winding would enable us to model the stator winding impedance
behaviour under healthy and inter-turn fault conditions at different frequencies, which will be

validated experimentally.

5.2 Induction Machine Stator Winding Model

This model aims to reduce the distributed parameters such as parasitic resistances, inductances,
and capacitances inside the induction motor’s stator winding for impedance response analysis.
The experiments’ findings explain the corresponding schematics of the lumped parameter

model used in this research study.

5.2.1 Principle of Internal Models for Rotating Machines
When investigating high-frequency steady-state phenomena, all the conductors such as a
transmission line, a machine winding, and a measuring wire show a distributed-parameter

nature. A well-known lumped-parameter circuit approximates a distributed-parameter circuit.
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The stator winding of a motor consists of a chain of series-connected coils that are distributed
around the stator. Also, the reluctance of the flux paths changes as the flux penetrates the core.
Due to the limited extent of flux penetration into the core, the flux linkage from one coil to a

coil in a neighbouring slot is minimal, so the mutual coupling between coils is minimal.

The basic unit in the equivalent circuit for the winding is a coil. A stator coil occupies two
distinct regions in the machine: the slot region in which the active coil sides are placed inside
the slots in the magnetic core structure and the overhang region in which the end turns are
positioned in the air. A scheme of a wound coil and its subdivision is shown in Fig. 5.1.

Air region

Iron region Air region

slot

Overhang Overhang

Incident surce
S

-—

Reflected surge

-—

P

To next coil

Fig. 5.1: Scheme of a form wound coil and its subdivision.

The following assumptions can be made when deriving the equivalent circuit of a machine
winding [124]:

e The core iron’s behaviour is like that of a ground sheath, and the slot iron boundary
may be replaced by a grounded sheath, which is impenetrable to high-frequency waves.

e The series resistance and inductance of the coils are also frequency dependent due to
the skin effect in the conductor and the eddy currents in the core.

e The two opposite overhang parts of the stator core are considered uncoupled because
eddy-currents in the core provide effective shielding at high frequencies. Overhang and
slot parts are also uncoupled because of the eddy currents in the core. The coil’s two
parts at the coil entry are uncoupled since they are nearly perpendicular to each other
over most of their length and are further shielded from each other by eddy currents in
adjacent coils. Insulation between the lamination permits magnetic coupling to the coils

inside adjacent slots.
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e The capacitive couplings between coils of one phase winding and between coils of
different phase windings are very small and usually neglected. The capacitance between

turns in a coil and between the coil and the core are important and should be considered.

Fig. 5.2 shows a cross-section of an induction motor winding. The induction motor’s complete
model consists of the winding phases’ models, which can be either delta or star connected.
Small induction motors, which have many turns or coils in the same stator slot, have high
capacitances between turns and coils as well as high mutual inductances. Larger induction
motors, which have fewer and longer turns per slot, have smaller capacitances between turns

and smaller mutual inductances.

Winding

Fig. 5.2: Cross-section of machine winding

A distributed parameter winding model, as shown in Fig. 5.3 may be very time-consuming,
and for many practical cases, the detailed representation of every winding turn is not required
[124]. A much simpler network can be obtained by successive lumping of elements, and where
there is geometric uniformity within a portion of a winding, accuracy does not suffer
significantly because of this process. In Fig. 5.3, R and L are the series resistance and effective
inductance respectively, while M is the mutual inductance between turns; C; and G, are turn-
to-turn capacitance and conductance for all adjacent turns, whereas, C, and G, are turn-to-
ground capacitance and conductance for all turns except the first and the last in the coil, for
which additional capacitance and conductance, C; and G5 are added to account for end
conditions at both coil sides.
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Fig. 5.3: Distributed-parameter circuit of rotating machine winding [125]

The distributed parameters in Fig. 5.3 are reduced to a simple model to determine the
impedance behaviour of induction motor from low to high frequencies. The proposed circuit is
shown in Fig. 5.4 where, R, is the series resistance of the stator winding depends on the
operating frequency; L, is the series inductance which comprises the main inductance and

leakage inductance, and C,, is the total winding capacitance of the stator winding.

, R, Ls
1 tin 2 I 3

|
<f> Vin=Vp sin (wt) 'Li!

0

Fig. 5.4: Equivalent circuit for impedance analysis of stator winding

5.2.2 Analytical calculation of circuit parameters for impedance extraction

The procedure for calculating the stator phase winding parameters for the proposed model, is
explained in this subsection. The analytical simulation was carried out using the geometrical
stator winding parameters of a three-phase, 7.5 kW, silicon steel laminated stator core squirrel-
cage induction motor (SCIM) in the lab, which is identified as SCIM2 in this dissertation. It is
configured to simulate different percentages of inter-turn short-circuit faults (0%, 2%, 4%, 6%

and 8%). The impedance frequency response of the SCIM2 stator winding at different winding
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conditions is simulated, using the proposed equivalent circuit model considered in this study;

its parameters presented in Table 5.1 were utilized.

Table 5.1: Table of SCIM2 stator winding and core parameters

Symbol Value Unit
lstack 120.9 mm
N 240 -

b, 4.4 mm
h. 25.4 mm
D, 0.686 mm
D, 0.644 mm
b, 3.34 mm
hy 0.55 mm
b, 5.5 mm
hy 25.4 mm

& 3.5 -
p 2 -

48 -
m 3 -

5.2.2.1 Calculation of Resistance

The series resistance of the stator winding impedance model can be determined by first
calculating the conductors’ DC resistance in the stator slot. This resistance depends on the
average length [,,. of the slot winding coil turn, the cross-sectional area of the conductor,

A. = b.:h. inthe slot, and the conductor material’s conductivity o, [126].

— Nlave (5'1)
O-CAC

Rdc

where,
b, is the conductor width in the slot
h., is the conductor height in the slot.

The specific conductivity of pure copper at room temperature (+20°C) is, 6, = 58 x 10°S/m

and the conductivity of commercial copper wire is, . = 57 x 10°S/m. The average length,
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l,, of a slot winding coil turn with enamelled wires for a low and high voltage machine are

approximately (5.2) and (5.3) respectively [126].

low = 2lgeqcr + 2.4W +0.1m (5.2)
low = 2lgeqck +2.8W 4+ 0.1m (5.3)

where,
Lscack» 1S the length of the stator stack of the motor in metres
W, is the average coil span in metres.

The skin effect occurs in the slot area and to a lesser extent in the end windings. To determine
the resistance of a rotating machine’s stator winding, the influence of skin effect due to eddy
current is considered. Eddy currents are produced by flux crossing the slot transversely from
tooth to tooth through the body of the conductor and tend to flow on the surface of the conductor
through the length of the stator core and return along the edge nearer the slot-root. The eddy
currents will produce magnetic flux, which will react to the whole system of currents, and the
net result in the conductor will be a current varying in density and phase at different depths
[127]. This effect can be estimated by the ratio of the AC resistance and DC resistance of the

conductor, referred to as resistance coefficient or resistance factor, K.

Considering the numerous parallel conductors in the slot, connected in series having the same
current flowing through them, the average relative increase of the conductor’s resistance with

alternating current over the slot is given by [126]:

v R _ 2 _q (5.4)
R =g = 0+ Y@
_ . sinh(2§) + sin(2§) (5.5)
»(&) = fcosh(Zf) — cos(28)
W(E) = 26 sinh(&) — sin(§) (5.6)

cosh(&) + cos(§)

Considering the stator slot with multiple conductors as shown in Fig. 5.5, the parameter, ¢ is
a dimensionless quantity called reduced conductor height, which can be determined using the

dimension of the conductors in the slot by (5.7) and graphically represented in Fig. 5.6:

nb nb f (5.7)

1
f =qh = h\/EO)MOO'b—S: h\/ﬂ"uob—S;
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where,

h, is the conductor’s height in metres (or the number of parallel strands on top of each
other; N,, x strand height)

a, the inverse of it is called the depth of penetration with unit m~1

p, is the conductor’s resistivity (for copper at operating temperature p =

0.02 x 107%Qm)
Uo, is the vacuum magnetic permeability (1, = 47107 H /m)
n, is the number of conductors in each layer

b, is the slot’s width in metres, and b is the conductor’s width in metres.

1Lr-
n

1000/ % o«
1000 h
0000| & 1
1000

Fig. 5.5: Determination of the reduced conductor height with multiple conductors [128]

L
L
=]

=1
&

5]
LA
(=]

Pl
(=]
=]

150

100

&

Reduced conductor height, €

(=]

100 10° 10° 10° 10¢ 10° 10°
Frequency [Hz]

Fig. 5.6: Reduced conductor height as a function of frequency

The resistance factor value in (5.4) is only valid for rectangular conductors. The eddy current
losses of round conductors are 0.59 times the losses of rectangular wires [129]. Hence, the
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resistance factor for round conductors, Ky, is approximately (5.8) and is represented
graphically in Fig. 5.7:
N2 —-0.2 (5.8)

Kpp =1+ o.scanTg4
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Frequency [Hz]

Fig. 5.7: Resistance factor as a function of frequency

The skin effect is observed, not only in the slot but, also in the couplings between them. Since
the conductors in the overhang region are relatively far from those in the slot region, their
influence is small and can be neglected. Therefore, we assume that the slot region’s skin effect
is the same as in the overhang region. Hence, the average increase of the conductors’ resistance
for one phase of the winding is smaller than the resistance factor calculated for the conductors’
active part. The main average increase of the resistance, K of the stator conductor is
determined by [130]:

, Kp +2 (5.9)
R™ 142

Therefore, the total series resistance, Rg of the equivalent circuit can be calculated as (5.10):
Rs = Rp.Kp (5.10)

where,

A= i—s is the ratio of the winding’s end length and the slot’s length

K, is the increase of the resistance for all conductors in the slot.

5.2.2.2 Calculation of Inductance
In rotating electrical machines, the total flux consists of the main flux, @,, and leakage flux,

@, components. The main flux (air gap flux) of the machines enables electromechanical energy
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conversion, but a fraction of the total flux called the leakage flux does not participate in the
energy conversion. The main flux crosses the air gap of the rotating machine, creates an air gap
flux linkage in the winding, and consequently links both the stator and rotor windings. Flux
leakage occurs in both stator and rotor winding and does not generally cross the air gap. They
contribute to the total flux linkage of the winding by producing a leakage flux linkage y,. The

corresponding leakage flux linkages are the stator flux leakage 1y, and the rotor flux leakage
Pro [126].

The air gap or main or magnetizing flux linkage, v,,, corresponds to the magnetizing or main
inductance, L,,,, and the leakage flux linkage, 1, corresponds to a leakage inductance, L. The
stator inductance of an induction machine is the sum of the magnetizing inductance, L,,, and
the stator leakage inductance, L, [126], which relate their respective flux linkage components

to the current flowing through the stator windings.

Ly =Ly + Ley (5.11)
The procedures on how to determine the values of these two components will be explained in
detail.

Magnetizing inductance

The magnetizing inductance refers to the magnetizing current’s magnetic field that crosses the
air gap and links both the stator and the rotor windings. The magnetizing current is much
smaller than the rated current in most induction motors. Magnetizing current corresponds to
the transformer’s no-load current, which is the current that circulates in the primary winding
when the secondary winding does not have any current. When an induction motor is not
coupled to a mechanical load, the rotor rotates with no external resistance, and the load torque
is equal to zero. The magnetizing inductance, L,, of a single-phase winding in [126] will be

adopted and is represented as (5.12);

214r1,

Lo=2 AT e Ny = T e N
m 7T2p7T69f (o] willls 7T2P5ef (0] wili¥s

(5.12)

where,
Tp, is the pole pitch
Ny, is the number of stator turns in series

Dg, is stator bore diameter
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k.1 N, is the effective turns of the winding

l', is the length of the machine

p, is the number of pole pairs

8., Is the effective air gap met by the current linkage of the stator winding
k.1, is the winding factor.

The pole pitch, 7, is the peripheral distance between identical points on two adjacent poles,

which is always equal to 180° regardless of the number of poles in the motor and can be
calculated by (5.13):

TL'DiS (513)
2p

Tp =

The winding factor, K,,; depends on winding distribution factor, kg, chording factor or pitch

factor, k.., and skewing factor, ky; and can be represented as:

kyw, = kqlkclksl (5-14)
sin (/6) (5.15)
j=————<1
" qsin(n/6q)
T C (5.16)
= sin—— <
k., = sin 27 = 1
_sin(sm/2ty) (5.17)

LT sm/2ty,
k¢, = 1 when the stator slots are straight.
where,
s, is the skew length
c/t,, is the chorded coil span taking as 5/6
T, = Q/2p, is the pole pitch span in slot pitches
Q = 2pmg, is the number of slots, m is the number of the phase winding

D;s, is the stator core diameter, and p is the number of pole pairs.

The effective air gap can be determined using Carter’s principle, which observed that the air

gap seems to be longer than its physical measure; hence, the air gap length increases with the

59



Carter factor, k., [126]. The Carter factor can be determined based on the dimension in Fig.

5.8. It shows the air gap flux density behaviour along a slot pitch revolving at an angle a around
the periphery of the motor.
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Fig. 5.8: The behaviour of the air gap flux densityBs(a) along a slot pitch, 7,, [126]

The shaded area S; and S; are equal to S,. The equivalent slot opening b,, in which the slot
density is zero, is (5.18):

b, = kb, (5.18)
where,

by, is the slot opening width

k, can be approximately calculated as (5.19):

o~ b, /8 (5.19)
T 54b,/6
8, is the air gap. The carter factor can now be determined using (5.20):
__ W T (5.20)
Kes = 7y — b, T, — kb,

Therefore, the equivalent or effective air gap in the stator of the induction motor is
approximately (5.21):

8ef = K6 (5.21)
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The motor’s flux density remains constant over a core distance and decreases gradually to zero
along the motor’s shaft because of the edge field. This edge field is included in the main flux,
thereby contributing to torque production. Hence, the equivalent core length is approximated
as (5.22):

U'~1+268 (5.22)

where,
I, is the actual stator core length
&, Is the air gap.

Stator Leakage Inductance

The stator and rotor’s leakage flux generates the winding’s total flux linkage by producing a
leakage flux linkage, ¥, component [126]. The corresponding leakage flux linkages are the
flux leakage, Y, of the stator and the rotor’s flux leakage, ¥,,. Flux leakage may cause some
extra losses in the frame of the motor. The slot leakage flux increases the conductors’ skin
effect in the slots, causing more copper losses in the stator. The spatial distribution of the

windings causes an air gap (or harmonic) flux leakage. Hence, leakage flux comprises of:

e All the flux components that do not cross the air gap; and
e All flux components crossing the air gap that do not participate in the formation of
the primary flux linkage.

Fluxes crossing the air gap are included in the air gap flux, and air gap fluxes do not completely
link the motor’s windings to each other. Due to short pitching, skewing, and the winding’s
spatial distribution (which causes air gap or harmonic flux leakage), the link between the stator
and rotor windings is weakened and not regarded as leakage with pitch winding factor k,, and

the skewing factor, k.

The flux components that do not cross the air gap belong to the leakage flux. They are slot
leakage flux (u), tooth-tip leakage flux (d), end winding leakage flux (w), and pole leakage flux

(p), as shown in Fig. 5.9.
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Fig. 5.9: Slots and end winding leakage flux of a coil winding [126].

Hence, the stator leakage inductance, Ly, is divided into the following partial leakage
inductances: air gap leakage inductance, Lg, slot leakage inductance, L,, tooth-tip leakage
inductance, L4, end winding leakage inductance, L,,, skew leakage inductance, Lg, and can be

calculated as the sum of these leakage inductances (5.23):

Leg = Lg+ Ly +Lg + Ly, + Lgg (5.23)

The harmonic leakage inductance created in the air gap region is directly proportional to
magnetizing inductance and the weight of magnetomotive force (MMF) harmonics. The
amount of this inductance is more dominant in tooth-wound machines rather than integer slot
configurations. This is also significant only in machines with a small air gap and is especially
the case with asynchronous (induction) machines. In asynchronous machines with a caged

rotor, the cage damps harmonics, and the air gap inductance becomes less significant.

The tooth-tip leakage inductance is determined by the magnitude of leakage flux in the air gap
outside the flux opening. A potential difference results between the teeth on opposite sides of
the slot opening due to the slot’s current flux linkage, and some of it is used to produce the
leakage flux in the tooth-tip. The tooth-tip leakage inductance is reduced with reduced air gap
height and widened slot opening. Since the tooth tip leakage inductance depends significantly
on the air gap, its influence becomes insignificance in an asynchronous machine (induction

machine) and can be neglected.

The stator and rotor of a rotating machine, especially in squirrel-cage induction motors, are
often assembled in a skew position to reduce the influence of permeance harmonics caused by

slots. When a winding is assembled and skewed with respect to each other, the magnetic
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connection between them is weakened. The flux produced by the stator winding passes through
the air gap but does not penetrate a skewed rotor. This leakage flux can be defined by the skew
inductance, which depends on the leakage factor, o5, caused by skewing and is represented as
(5.24):

Lsq = OsqLm (5.24)

This factor is always minimal, and therefore, the skew leakage inductance can be neglected.

Slot leakage occurs due to flux which crosses a conductor circumferentially from tooth to tooth,
closing its path around the iron beneath the slot and never crossing the air gap, and this
corresponds to the leakage inductance. The slot leakage inductance without skin effect can be
calculated by (5.25):

b= ol N2, 529

where,

m, is the number of the phase winding

Q, is the number of slots in the stator

l', is the slot length

N, is the number of series-connected turns in a phase winding

Ay = A1 + Ay, is the permeance factor of the slot

Ay = hy/3b,, is the permeance factor of the wound part of the slot

A1 = hy /by, is the permeance factor of the slot opening

h,, is the slot conductor height and b, is the slot width

h4, is the slot tooth height and b, is the slot opening distance.

The leakage flux in the conductor area crowds towards the slot opening, leading to a reduced
leakage flux linkage, thus reducing slot leakage inductance. This occurs due to the skin effect,
which tends to resist the conductor’s flux penetration [126]. The slot leakage inductance
accounting for the skin effect can be calculated by first determining the slot leakage inductance
factor, K;. This is the ratio of the AC leakage inductance to DC leakage inductance and is

represented as:
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Lee 1 N2 -1 (5.26)

K, = L.~ N_,%(pl(f) TNz P&
ey 3 Sinh(2§) — sin(2§) (5.27)
0'(§) = 28 cosh(2§) — cos(28)
, oy Lsinh(§) + sin(§) (5.28)
Vi) = & cosh(&) + cos(§)

1 b nb f (5.29)
§ =ah,=h, 2 WHoT - = hs Tho =

Lg4., is the DC slot leakage inductance which is represented as [131]:

where,

L. — .uons? Lstack s (5.30)
dc 3b5

N,,, is the number of layers

ng, is the number of conductors in the slot
lstack, 1S the stack length in meters

hg, is the slot height in meters

by, is the slot’s width in meters.

The permeance factor of the slot under skin effect is A, = A; + kjA, and represented in Fig.
5.10.
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Fig. 5.10: Slot permeance factor under skin effect

Therefore, the slot leakage inductance considering the skin effect can be determined by (5.31)

and represented in Fig. 5.11:
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Fig. 5.11: Slot leakage inductance due to skin effect

The end winding produces a distinctly different leakage flux component whose magnetic
circuit is almost entirely in the air. This flux results from all the currents flowing through the
end windings because each coil side which forms the functional working portion of the coil
must exit from the core body and be bent in a circumferential path in order to be directed back
into a different slot for the return path [132]. The accurate determination of an end winding
inductance is challenging due to the variable length of the flux path in both the motor’s iron
and air regions, which would require a three-dimensional numerical solution. Another reason
is the flux part in the air region is longer than that in the iron region, and since the end winding
is relatively far from the slot parts, as shown in Fig. 5.12, the end winding inductances are not
very high [126].

Wew™. &

A
Y

Fig. 5.12: Leakage flux and dimension of an end winding [129]

The end winding flux is due to the influence of all the coil turns belonging to a coil group. For

practical purposes, the skin effect occurs only in that part of the conductor, which lies in the
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slot part and is absent in the winding’s end connections. Therefore, the equation for end

winding leakage inductance can be written as:

4m
Q

The average length of the end winding and the product [, A,, can be written in the form (5.33)

(5.32)

LW = qstuolwAw

and (5.34) respectively:

Ly =2l + Wy, (5.33)
lwAw = 2l Aiew + Wew iy (5-34)

where,
l,,, is the axial length of the end winding measured from the end of the stack
Wew = Tp — Ty, Is the coil span (width of the end winding)

T, and 7y, is the pole pitch and slot pitch at the average air gap diameter, which is the

sum of the air gap diameter and the total length of the slot

Aiew and A, are the corresponding permeance factors shown in Table 5.2 where the

one highlighted in red colour is used in this model.

Table 5.2: End winding leakage permeance factors of SCIM for various stator and rotor
combinations [133].

Type of stator winding | Type of rotor winding | A4, | 4,
3-phase, 3-plane 3-phase, 3-plane 0.40 | 0.30
Cylindrical 3-phase
3-phase, 3-plane diamond winding 0.34 | 0.34
3-phase, 3-plane Cage winding 0.34 |0.24
3-phase, 2-plane 3-phase, 2-plane 0.55 | 0.35
Cylindrical 3-phase
3-phase, 2-plane diamond winding 0.55 | 0.25
3-phase, 2-plane Cage winding 0.50 | 0.20
Cyllndrlcal ?-pl.'lase C'yllndrlcal ?-pl"\ase 026 | 0.36
diamond winding diamond winding
Cylindrical 3-phase -
. 2
diamond winding Cage winding 0.50 | 0.20
1-phase Cage winding 0.23 | 0.13

The total leakage inductance, (L, ) and stator inductance, (Lg) considering the skin effect is

simulated and represented in Fig. 5.13 and Fig. 5.14, respectively. It is apparent that both
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inductances depend on the frequency and decrease at higher frequencies. The decrease in both

inductances can be attributed mainly to eddy currents, which reduce the core magnetic field.
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Fig. 5.13: Total leakage inductance under skin effect
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Fig. 5.14: Stator inductance under skin effect

5.2.2.3 Calculation of Capacitance

A charge is transferred to and stored in two conductors (equal magnitude on both conductors,
but opposite polarity) if a DC voltage is applied across them, as shown in Fig. 5.15. This charge
induces an electric field intensity, E between the two conductors directed from the conductor
containing a positive charge to the one with a negative charge. Therefore, the structure’s
capacitance is the charge’s ratio stored on the two conductors and the potential difference

between them.

(5.35)

<|Q
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The capacitance of a structure is its ability to store charge. Hence, the capacitance of a structure
depends only on its dimensions, shape, and properties of the medium surrounding the

conductors (e.g., free space, Teflon) [134].

+0
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Fig. 5.15: Capacitance between two conductors

The basic types of parasitic capacitances present in an induction motor’s stator windings are
turn-to-turn and turn-to-core capacitance. The extension of these basic types is coil-to-coil,
coil-to-ground, phase-to-phase, and phase-to-ground [135]. There are currently three methods
in the literature for the calculation of capacitance between conductors of circular cross-section.
The capacitance value is influenced by the insulation material and air space between the turns
but differs in defining the path that the electric field lines form between the turns [136], [137].

A random wound stator of the induction motor consists of a multiturn coil. The hexagonal
arrangement of conductors in a multiturn coil is represented in Fig. 5.16. This was studied in
[122] by considering the two components of turn-to-turn capacitance to determine the total

turn-to-turn and turn-to-core capacitance of a multiturn coil.

Fig. 5.16: Hexagonal arrangement of conductors in a multi-layer winding [122]
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The following assumptions were made in determining the turn-to-turn capacitance of a
multiturn coil and are adopted in calculating the parasitic capacitance for extracting the

impedance of the stator winding of an induction motor:

e Aturn can be divided into an elementary surface that faces an adjacent turn.

e The angle between two elementary cylindrical surfaces of adjacent turns covers /3.

e The air gap path between two elementary cylindrical surfaces of adjacent turns is the
length of a line of the electric field connecting the two opposite elementary cylindrical
surfaces as given in Fig. 5.17.

e The insulation coating thickness, s is much lower than the conductor’s outer diameter,

including insulation, D,.

Fig. 5.17: The assumed path of an electric field line between two adjacent turns [122]

The total turn-to-turn capacitance of a multi-turn coil is represented by (5.36):

B &-D,0" (9) ] (5.36)
Cet = eOL[ o + cot > 3.732
where, angle 6* is expressed as:
2t
6* = cos~?! (1 - ) (5.37)
&Dq

L, is the turn length same as the circumference of the conductor

g = 8.86 x 10712 F /m, is the permittivity of free space

D, = (D, + D.)/2, is the average diameter of the insulating coating shell
Dy, is the outer diameter of a conductor, including insulation

D., is the diameter of the conductor excluding insulation

t, is the thickness of the coating and &, is the relative permittivity of the material.
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5.2.2.4 Simulated Stator Winding Impedance Response

The SCIM2 stator winding parameters presented in section 5.32, were used to simulate, and
extract the proposed stator winding equivalent circuit parameters. The impedance of the circuit
was calculated, and its magnitude was extracted and plotted at different frequencies. In this
section, SCIM2 stator winding impedance response magnitude under healthy (baseline) and

faulty conditions are simulated and compared to evaluate motor winding.
Simulated Baseline Results

The values obtained under this condition are plotted as a function of frequency and represented
in Fig’s 5.18 — 5.20. The effect of eddy currents on the series equivalent resistance of the stator
winding could be observed in Fig. 5.18. This value increases as the operating frequency
increases as expected because the conductor’s AC resistance increases and becomes higher
than the DC resistance due to the magnetic field induced by the alternating current in the
conductor. At the resonant frequency where the inductive and capacitive reactance is equal but
opposite, the equivalent resistance starts reducing as expected, which is due to the shunt

capacitance in the equivalent circuit model.

—— Simulated
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Fig. 5.18: Series equivalent resistance response of the stator winding

Fig. 5.19 reveals the series equivalent reactance’s behaviour for the stator winding of a SCIM2.
The effects due to the eddy currents in laminated stator core and turn-to-turn become significant
at higher frequencies. At the frequency of about 30 kHz, the stator winding equivalent
reactance starts reducing due to skin and proximity effect because of the non-uniform current

density due to eddy current alters the internal magnetic flux linkage in a motor.
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Fig. 5.19: Series equivalent reactance as a function of frequency

Fig. 5.20 shows the behaviour of the impedance response of the stator winding of an induction
motor. Three essential impedance regions are observed from the plot: the resistive, inductive,
and capacitive region. The impedance is close to zero at low frequencies (frequencies less than
1 kHz), which is more resistive. At frequencies between 1 kHz and about 45 kHz (which is the
resonant frequency), the impedance starts increasing, representing the inductive region. The
resonance is caused by the interaction of the stator windings’ shunt capacitance with the
magnetizing inductance. The capacitance becomes dominant at frequencies beyond the
resonant frequency, affecting the impedance plot by reducing its magnitude.

|| = Simulated

Impedance [k(1]
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Fig. 5.20: Simulated impedance response of the SCIM2 stator winding
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Simulated Inter-turn Fault Results

Faults such as inter-turn short-circuits fault must cause either the inductance or the capacitance
of the winding’s located part to change by a significant amount and, hence, the frequency
response. Since the number of short-circuited turns reduces the conductor’s length, the
percentage number of severities is simulated by reducing the number of turns in the stator
winding to emulate inter-turn fault. Therefore, about two, four, six, and eight percent of the
total number of turns of SCIM2 stator phase winding will emulate different levels of severities
of inter-turn short-circuit fault and could be validated experimentally. Fig. 5.21 shows the
simulated SCIM2 impedance response for different stator winding conditions at different
frequencies. It was observed that the impedance magnitude peak at different stator winding
conditions reduces as the level of severities increases. Also, the resonant frequency at each
emulated fault condition is relatively close to each other while deviating from the healthy one
(causing the plot to shift to the right), as shown in Table 5.3. These values are plotted and
presented in Fig. 5.22. Therefore, to assess the condition of squirrel-cage induction motors
stator winding using impedance frequency response, the impedance peak magnitude and the

frequency at a resonant point are selected as key indicators.
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Fig. 5.21: Simulated SCIM2 impedance response for different stator winding conditions

The impedance magnitude peak and a resonant frequency of the simulated stator winding
impedance response at different percentages of fault levels are shown in Table 5.3. It is
observed that at different percentage levels of severity, the resonant frequencies are relatively

close to each other. These frequencies are about 3300 Hz more than the SCIM2 resonant
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frequency under healthy conditions. Winding inductances and capacitances are a function of
material properties, geometry and any short-circuit in the stator winding will result in
substantial changes in impedance magnitude at resonance. The results suggest that the
impedance differences are caused by the winding inductance and capacitance which can be
seen as the impedance peak at different fault conditions decreases substantially when compared
with the healthy one. The difference in impedance with respect to the healthy one is 806.91 Q,
888.19Q, 943.18Q, 11759 Q for 2%, 4%, 6% and 8% inter-turn short-circuit fault,
respectively. This shows that the deviation increases with respect to the percentage number of

turns shorted.

We can deduce that data could be trended over time to observe any changes in its resonant
impedance. Also, under inter-turn fault condition, the resonant frequency increases while the
impedance peak magnitude decreases. Hence, these two indicators are very significant in
diagnosing the state of the SCIM stator winding.

Table 5.3: Table of simulated SCIM2 resonant frequency and impedance magnitude peak
under different stator winding conditions

SCIM2 Resonant Impedance
Conditions  Frequency (Hz) Peak (Q)

56,100 6398.25
59,410 5591.34
59,411 5510.06
59,412 5455.07
59,495 5222.35
6500 { 6398250 B Simulated SCIM2
g 6250
& E000
o
o 5750 5591.340
@ w0 5510.06Q cycc 070
c
5222.350
g 5250
@

0% 2% 4% 6% 8%
Percentage of shorted turns

Fig. 5.22: Simulated impedance response peak of SCIM2 at different stator winding conditions
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5.3 Conclusion

This chapter presented a lumped parameter model consisting of series resistance, series
inductance, and parallel capacitance for SCIM stator winding. The equivalent circuit
parameters such as series resistance and inductance considering the skin effect as a function of
frequency were elaborated and extracted. The proposed model was implemented to simulate
SCIM2 stator winding impedance response using the extracted parameters as a function of
frequency. The inter-turn fault for SCIM2 was simulated by reducing the number of turns in
the stator winding. The winding equivalent series resistance and reactance results and
equivalent winding impedance response for SCIM2 considered in this study at different fault
conditions were presented. Finally, the impedance magnitude peak value and resonance

frequency are considered key indicators for assessing SCIM stator winding.
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Chapter 6
Experimental Setup and Testing Methodology

6.1 Introduction

This chapter details the test equipment and methodology used to execute the experiments to
test the study’s proposed technique. A silicon steel laminated core inductor and two 3-phase
squirrel-cage induction motors were considered, all capable of healthy and inter-turn fault
conditions. The first motor is smaller in size than the second motor; however, the second motor
can implement more severe inter-turn fault conditions. Another SCIM is also considered with
the capability of changing out the rotor to implement a motor with a broken rotor bar. The
details of the laminated core inductor, induction motors, data acquisition devices, experimental
setup, and testing procedure for both inter-turn and broken rotor bar fault detection will be

provided in this chapter.

6.2 Laminated Core Inductor for Emulating the Inter-Turn Fault

A silicon steel laminated core inductor (LACOIN) was built to investigate winding
impedance’s behaviour as a function of frequency under healthy and faulty conditions. It has
about 60 EI laminations, and 350 turns with a copper wire diameter of 0.686mm. An inter-turn
fault is implemented with the following percentage number of shorted turns (1%, 3%, and 6%)

brought out from the winding, as shown in Fig. 6.1.

[—

L
" -
Y

1% Short-circuit 4
terminal -
3% Short-circuit wa

terminal

6% Short-circuit
terminal

Fig. 6.1: LACOIN for implementing inter-turn faults
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6.2.1 DC Resistance of Laminated Core Inductor

This measurement was carried out to confirm the percentage levels of severity since inter-turn
short-circuit reduces the number of turns in the winding, reducing its resistance. The DC
resistance is determined by supplying a DC voltage to the laminated core inductor up to the
nominal current. The current and voltage values for the LACOIN are measured at different
percentages of fault severity using the setup in Fig. 6.2. The resistances at different percentages
of short-circuit fault conditions (1%, 3%, and 6% short-circuited turns) emulated in the

LACOIN winding are calculated using (6.1). These values are shown in Table 6.1.

v (6.1)

I nominal

R =

Digital Multimeter
£

DC Supply

Fig. 6.2: DC measurement of LACOIN at different fault conditions

Table 6.1 shows the DC resistance of the LACOIN measured using the setup in Fig. 6.2 at

different percentages of shorted turns conditions.

Table 6.1: DC resistance values for LACOIN in healthy and faulty conditions

State of Percentage of DC Resistance
LACOIN Shorted Turns Values (Q)

6% 3.64
Faulty
o 3% 3.75
Conditions
1% 3.81

Healthy
o 0% 3.87
Condition
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6.3 SCIM for Emulating the Inter-Turn Stator Winding Fault

The SFRA fault detection technique has been experimentally evaluated with two squirrel-cage
induction motors where inter-turn faults may be implemented at different levels of severity.
This is possible due to tappings brought out from the windings, allowing for the implementation

of shorted conditions. The specifications of the induction motor are presented in Table 6.2.

Table 6.2: Characteristics of SCIM used for inter-turn fault detection

SCim1 SCim2

Description

Nominal Values  Nominal Values

190V 380V
1.85A 15.1A
m 248.6W 7.5kW
2850rpm 1455rpm
50 Hz 50 Hz
S

SCIML1 is shown in Fig. 6.3. The stator winding of phase A has been tapped across the top and

middle terminal to enable five percent of the total number of turns to be shorted. The tapping
across the middle terminal and bottom terminal enables seven percent of the total number of
turns in phase A to be shorted. Hence, 5% and 7% inter-turn faults are emulated in phase A of
SCIML1, respectively.

Top terminal

Middle terminal

Bottom terminal

Fig. 6.3: Squirrel-cage induction motor for implementing inter-turn faults.
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The SCIM2 winding layout terminals used for inter-turn fault emulation are shown in Fig. 6.4.
S and F represent the start and finish of the stator winding per phase. The values of the number

of turns for each tapping are described as follows:

e 8% = 19.2turns ~ 19turns: Tapping on the 11th turn of the 2nd to the last coil.
e 6% = 14.4turns ~ 15turns: Tapping at the beginning of the last coil.

e 4% = 9.6turns ~ 10turns: Tapping on the 5th turn of the last coil.

e 2% = 4.8turns ~ 5turns: Tapping on the 10th turn of the last coil.

Considering phase Y of the stator winding, a connection to terminal YF and YS emulates the
healthy condition while YF to Y1, Y2, Y3, or Y4 emulates different percentages of inter-turn

short-circuit fault conditions with values 8%, 6%, 4%, and 2% respectively.

RI® Y1 BI®
R2® Y278 B2%

Fig. 6.4: External tappings of SCIM2 stator winding per phase.

6.3.1 DC Resistance of SCIM1

The measured DC resistance values are obtained using phase A and B stator winding terminals
of SCIM1 since the windings are star-connected and do not have access to the neutral terminal.
These were carried out using the setup in Fig. 6.5 in both healthy and faulty conditions to
ascertain the level of severities’ values, as shown in Table 6.3. From the measured value, it is
observed that the stator winding resistance decreases as the level of severity increases. This
decrease is expected because resistance is directly proportional to the conductor’s length in the
stator winding. Hence, different severity levels reduce the number of turns in the stator

winding, affecting the winding resistance.
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Fig. 6.5: Stator winding DC measurement for SCIM1

Table 6.3: Phase AB winding DC resistance for SCIM1 in healthy and faulty conditions

State of Percentage of DC Resistance
SCiM1 Shorted Turns Values (Q)

Faulty 7% 7.72
Conditions 5% 7.92
Health

o 0% 8.34
Condition

6.3.2 DC Resistance of SCIM2
The resistance values of SCIM2 stator winding using the setup in Fig. 6.6 are shown in Table

6.4. It is apparent from the measured values that the tappings ultimately represent the shorted

turns’ emulated percentage. The DC resistance decreases as the percentages of shorted turns

increase. As expected, all these values are lower than the DC value resistance of SCIM2 in

healthy state conditions.

Digital Multimeter
/ S———— 1

Fig. 6.6: Stator winding DC measurement for SCIM2
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Table 6.4: Phase Y stator winding DC resistance for SCIM2 in healthy and faulty conditions

State of Percentage of DC Resistance
SCiM2 Shorted Turns Values ()

Faulty
Conditions

Healthy
Condition

6.4 Induction Motor for Emulating Broken Rotor Bar

As explained in section 2.7.1, the occurrence of broken rotor bar fault in a SCIM modifies rotor
parameters such that the substitute resistance and inductance changes as a function of rotor
position, which forms a sinusoidal shape [83]. Hence, measured from the stator side, these
parameters will vary with the rotor angle. The specification of the SCIM3 used in this
experiment is same as SCIM1, except that the rotor could be interchanged with one with three

broken bars.

6.5 Data Acquisition Hardware Device and Interfacing Software

Data acquisition (DAQ) is the process of converting a real-life physical occurrence or
phenomenon into computer-understandable data. National Instruments (NI) breaks down this
process into the following segments: physical phenomenon, signal processing, DAQ board,
drivers, and application software [138]. The NI USB-6366 is an 8-channel X Series
multifunction signal acquisition device with a 16-bit resolution, as shown in Fig. 6.7. The
analog input ranges are +1V, +2V, 5V and £10V which can capture signals up to 2.0 MS/s.
Two out of the eight channels were used to acquire the voltage signal from the function
generator and the voltage drop across the stator winding or silicon steel laminated core inductor
using the BNC connectors. The signals were sampled at 20 times the input signal frequency to
acquire the signals completely. This implies that this device’s maximum sampling frequency
could completely capture signals up to 100 kHz.

National instrument data acquisition (NI DAQ) devices use NI-DAQmx driver engine or DAQ

Assistance to communicate with LabVIEW — an application software (Appendix B). In this
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study, the DAQ Assistant in LabVIEW was used to communicate with the data acquisition

device, an express virtual instrument (V1) that communicates with NI-DAQmx [139].

Fig. 6.7: NI USB-6366 multifunction signal acquisition device

6.6 Experimental Setup for Fault Diagnosis

The experimental setup for extracting the impedance characteristics for each of the DUT both

in healthy and faulty conditions (inter-turn and broken rotor bar fault) is shown below.

6.6.1 Inter-Turn Fault Detection

SFRA is the primary technique applied in this study for winding inter-turn fault detection by
extracting impedance response for each of the DUT. The setup for LACOIN, SCIML1, and
SCIM2 with and without rotor are shown in fig’s 6.8 — 6.11. Each setup consists of the function
generator for sinusoidal signal generation, oscilloscope for signal monitoring, and DAQ device
for data acquisition and signal processing for impedance extraction. The signal acquired is
processed from the personal computer (PC) using LabVIEW software to extract or calculate
the current response through the winding and convert the time domain data into the frequency

domain.
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Fig. 6.10: Experimental setup for evaluating impedance response of SCIM2 with rotor
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Fig. 6.11: Experimental setup for evaluating impedance response of SCIM2 without rotor

6.6.2 Broken Rotor Bar Fault Detection

Data measured from the test are the input voltage, voltage across the stator winding and
acquired using a NI DAQ device through a BNC cable. The current was calculated in
LabVIEW using the resistor with value 4.98€ connected in series with the stator winding as
shown in the experimental setup in Fig. 6.12. A digital multimeter was used to monitor the
input current from the programmable power supply to the stator winding, where about 100%,
50%, and 25% of the rated current were applied to determine the effect of current on the

substitute impedance for broken rotor bar detection.

Multimeter

Resistor

SCaMy

iy ,thfmtial ‘
Probes;" NI

—

= Seeaa

Fig. 6.12: Experimental setup for broken rotor bar fault detection using locked-rotor test
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6.7 Testing Methodology

The following testing methodologies were adopted in this study to properly diagnose the state

of a squirrel-cage induction motor under inter-turn and broken rotor bar fault conditions, by

extracting the impedance magnitude as the significant indicator.

6.7.1

Stator Winding Inter-Turn Fault Diagnosis

The following methodology was applied in this study to determine the device’s impedance

response under test (LACOIN, SCIM1, and SCIM2) using sweep frequency response analysis
(SFRA).

1.

where,

A 10V peak-to-peak amplitude sinusoidal signal was generated using a function
generator.

A resistance of 47 Q) connected in series with the device’s winding under test allows the
calculation of current flow through the winding. The signal from the function generator
was connected across the terminals of the series-connected resistor and winding
combination.

The input voltage signal and the voltage across the DUT are measured and acquired
through a BNC cable using the NI DAQ device.

The current response signal of the DUT is determined with the use of LabVIEW
software (see Appendix B) and confirmed with Python programming software (see
Appendix C) using (6.2).

Vin = Vour (6.2)

Ipyr =
Rref

DFT was applied to the acquired data using the FFT algorithm in LabVIEW, which
converts the data from the time domain to the frequency domain.

The impedance response was calculated by dividing the DUT winding’s voltage by its
current in the frequency domain as in (6.3):

;. _FFTVour] (6.3)
PUT T FFT[Ipyr]

Vin, 1s the measured input voltage signal from the function generator

Vpur, is the measured voltage response signal across the DUT
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Ipyr, 1S the calculated current response signal of the DUT

R, is the reference resistor whose value is 47 Q.

6.7.2 Broken Rotor Bar Fault Diagnosis

The test was carried out on squirrel-cage induction motor 3 (SCIM3) with a healthy and broken
rotor bar to investigate the broken rotor bar’s effect on the equivalent parameters shown in
section 2.7.1, represented with substitute parameters of resistance and inductance. Since the
rotor with a broken rotor bar exhibits electrical asymmetry, the substitute parameters were
obtained using a stationary sinusoidal pulsating magnetic field at different rotor angle using

the following procedures:

e Two phases of the induction motor stator winding were short-circuited and connected
with the other phase to a single-phase supply.

e A single-phase supply using a programmable power supply of California instrument
enables the induction motor excitation at frequencies below the nominal frequency,
where 16.01Hz is the minimum frequency.

e The rotor was locked with a clamp, and the locked-rotor test repeated at different rotor
angles.

e The input voltage and voltage across the stator winding are measured and acquired
through a BNC cable using the NI DAQ device.

e The impedance parameter is calculated using the LabVIEW software from the acquired
data.

6.8 Conclusion

This chapter discussed the experimental setup and testing methodology for performing SFRA
and locked-rotor test measurements for inter-turn and broken rotor bar fault detection,
respectively. The device under test (DUT) DC resistance was measured and presented to
ascertain the level of severities in each of the DUT windings. The signal measuring
instrumentation, data acquisition hardware, and LabVIEW software configurations were
developed to measure and capture the signal input voltage and the voltage across the DUT at

different frequencies.

The next chapter presents and discusses the impedance response for each of the DUT for inter-

turn fault detection.
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Chapter 7

Inter-Turn Fault Detection using the Sweep

Frequency Response Analysis (SFRA)

7.1 Introduction

This chapter presents the results of the application of sweep frequency response analysis
(SFRA) using the methodology in section 6.7 for baseline impedance response and inter-turn
fault detection associated with each device under test (DUT), that is, the laminated core
inductor, squirrel-cage induction motor 1 and 2. The impedance response plot of the emulated
fault conditions in each of the DUT are compared against their baseline for fault diagnosis. The
simulated stator winding impedance response of SCIM2 at different fault conditions is also
compared with the experimental results to validate the proposed equivalent circuit model.

7.2 Baseline Impedance Response

The baseline impedance response for each of the DUT was performed using the methodology
discussed in section 6.7.1 to provide a standard for assessing its condition in future diagnostics.
The impedance response analytical results presented in section 4.7 have demonstrated that the
resonant frequency is less than 100 kHz, and the impedance magnitude is at its maximum below
this frequency, which is a good fault indicator using the SFRA. Therefore, the study’s
frequency range for fault diagnosis using the testing mentioned above procedures is 0.5 Hz —
100 kHz.

7.2.1 Laminated Core Inductor (LACOIN) Impedance Response Baseline

Sweep frequency response analysis (SFRA) is applied to the silicon steel laminated core
inductor (LACOIN) considered in this study to extract its impedance response at different
frequencies. The input voltage signal, voltage signal across the LACOIN winding, its current
response, and their respective values in the frequency domain at 1Hz are acquired and plotted

as shown in Fig. 7.1.

The plot of the LACOIN’s impedance response, its real and imaginary parts and phase angle

were calculated and are presented in Fig. 7.2, Fig. 7.3, and Fig. 7.4, respectively. From the
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impedance response plot, its resonance frequency is observed to be 30120 Hz, which is close

to the analytical result of value 31257 Hz with an error of about 3.77%. Moreover, the

impedance magnitude at this resonant frequency is 23.3 k€ which is also close to the analytical

result of 23.5 kQ with an error of 0.85% as illustrated in Fig. 7.5. The results demonstrate that

the equivalent circuit model proposed in this study is in good agreement with the experimental

results for the considered impedance frequency regions.
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Fig. 7.1: Time and frequency domain of the acquired data for LACOIN at 1Hz
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Fig. 7.2: LACOIN impedance response baseline
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Fig. 7.3: LACOIN impedance response real and imaginary part
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Fig. 7.4: LACOIN phase response baseline
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Fig. 7.5: Comparison between simulated model and experimental result for LACOIN

Fig. 7.6 illustrates the current response of the LACOIN at different frequencies when excited

with a 10V peak to peak sinusoidal signal. As expected, the current decreases as the frequency
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increase due to the skin and proximity effect in the winding, and it is at its maximum when the
coil is purely resistive. In this experiment, the maximum current value of the LACOIN is about
100 mA (70 mA in rms) at 0.5 Hz.

100
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Fig. 7.6: Current response baseline for LACOIN

7.2.2 Squirrel-Cage Induction Motor 1 (SCIM1) Impedance Response Baseline

SFRA was carried out on the SCIM1 stator winding under the healthy condition to determine
its impedance response baseline. The voltage signal generated from the function generator was
injected through a resistor which is connected in series with two phases (phase AB) of the stator
winding. Fig. 7.7 shows the acquired signal at 1 Hz frequency in time and frequency domain
where, 1;,, and I, represents the voltage across and current through the stator winding of a

SCIM1, respectively. The impedance response baseline of this motor in a linear scale is shown
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Fig. 7.7: Time and frequency domain of the acquired data
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Fig. 7.8: Linear plot of SCIM1 impedance response baseline

Fig. 7.9 shows the baseline impedance response of the SCIML1 in a logarithmic (log) scale.
This is often used when displaying spectra because it reveals curve’s details that are not as
obvious using a linear scale. As expected, the impedance response behaves differently at the
three frequency regions. At frequencies below 300 Hz, the inductance is small compared to its
resistance, hence, it is dominated by its resistive values. From 300 Hz to the resonant frequency,
the plot of the impedance response magnitude of the stator winding shows that the inductance
is more prominent. At frequencies above the resonant frequency, the capacitive reactance
becomes dominant and reduces the impedance magnitude. The peak value of the stator winding
impedance and the resonant frequency of the SCIML1 is about 5660 Q and 50 kHz, respectively.
These two parameters were used as an indicator to diagnose the health state of the squirrel-

cage induction motor.

10 A
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Fig. 7.9: Baseline impedance response for SCIM1

Fig. 7.10 shows the real and imaginary parts of the impedance response, (which is also referred

to as equivalent reactance) of the stator winding impedance response under different excitation
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frequencies. It is apparent that the real and imaginary parts of the impedance response tend to
zero from 0.5 Hz to about 200 Hz. In this range, the impedance response is dominated by the
winding resistance. Beyond this frequency range, the real part of the impedance response
increases until the peak value which is about 10 kQ at the resonant frequency of 50 kHz. In this
range of frequencies, the stator winding is inductive in nature. The reactive part of the
impedance response has a maximum value of about 4381 Q at the frequencies below the
resonant frequency and it has a minimum value of -6506 Q at frequencies above the resonant

frequency. Any deviation from these values could also signify that the stator winding is faulty.
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Fig. 7.10: Real and imaginary part of the impedance response of SCIM1

Fig. 7.11 shows the current magnitude that flows through the stator winding at different
excitation frequencies. This value is maximum when the winding is purely resistive which is
about 87 mA (61.5 mA in rms) at 0.5 Hz. The current decreases as the frequency increases as
expected due to the skin effect which tends to resist flux penetration in the stator winding there
by increasing the winding resistance. The skin effect is due to leakage flux in the motor’s slot

and the heterogeneous magnetic conductibility of the slots’ surroundings.
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Fig. 7.11: Current response baseline of SCIM1
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Fig. 7.12 shows the impedance phase response as a function of frequency. It is observed that,
at frequencies less than or equal to 20 Hz, the phase angle increases linearly. This value remains
relatively constant from 20 Hz to 20 kHz. However, at frequencies beyond 20 kHz, this value
starts decreasing. This is due to the capacitive nature of the stator winding within this frequency

range.
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Fig. 7.12: SCIM1 phase response baseline

7.2.3 Squirrel-Cage Induction Motor 2 (SCIM2) Impedance Response Baseline
The methodology discussed in section 6.7.1 is applied to SCIM2 for the baseline impedance
response measurement. The voltage input and response signal with their respective frequency

domain representation for SCIM2 at 1 Hz are illustrated in Fig. 7.13.
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Fig. 7.13: SCIM2 time and frequency domain of the acquired data at 1Hz
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Fig. 7.14 show the impedance response of the SCIM2 with an impedance peak of 6414.04 Q
at the resonance frequency of about 60240 Hz. It is observed that the resonant frequency of the
simulated impedance response is 56071 Hz which is close to the experimental result with an
error of about 6.92%. Furthermore, the simulated impedance response with a peak magnitude
of 6398.25 Q is close to the experimental impedance peak magnitude (6414.04 Q) at the
resonant frequency with an error of about 0.25% as shown in Fig. 7.15. These differences
could be because of the coupling at the end-windings or dielectric insulation losses in the
winding insulation, which are not implemented in the model. Hence, the results demonstrate
that the model proposed in this study for stator winding impedance response resembles the

experimental results in the resistive region and frequencies above 30 kHz.
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Fig. 7.14: SCIM2 impedance response baseline in logarithmic scale
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Fig. 7.15: SCIM2 simulated and experimental result
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Fig. 7.16 shows the real and imaginary parts of the SCIM2’s stator winding impedance
response. This impedance response is used as a signature/baseline to determine the induction
motor’s state in this study. The phase response for the SCIM2 at different frequencies is shown
in Fig. 7.17.
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Fig. 7.16: Real and imaginary parts of the impedance response of SCIM2
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Fig. 7.17: Phase response of SCIM2

Fig. 7.18 illustrates the magnitude of the current response of the SCIM’s stator winding at
different excitation frequencies. It was observed that the stator current remains relatively
constant at frequencies below 20 Hz. Whereas above this frequency, it is inversely proportional
to the excitation frequency due to the skin effect on the stator winding. The maximum current
through the stator winding is about 99.92 mA (70.7 mA in rms) at 0.5 Hz when the stator

winding is close to its resistive nature.
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Fig. 7.18: SCIM2 current response

7.2.4 Squirrel-Cage Induction Motor 2 (SCIM2) Impedance Response Baseline without
the Rotor

An experiment was conducted on the SCIM2 with the rotor removed to determine whether the
rotor’s presence has an influence on the behaviour of stator winding impedance response. The
baseline impedance response of the SCIM2 without the rotor is presented in Fig. 7.19. The

resonant frequency and impedance peak are about 60240 Hz and 10546.43 (), respectively.

10{ — SCIM2 without rotor | 10* ¥ — sCIM2 without rotor |
8
103

g o g
= = 2
|\T 4 N 10

2 101

0

107 10! 102 103 10* 10° 107 101 102 103 104 10°
Frequency [Hz] Frequency [Hz]

Fig. 7.19: Impedance response for SCIM2 without rotor

In comparison with SCIM2 (with rotor), the impedance responses were plotted and presented
in Fig. 7.20. It is clearly observed that the plot patterns are different at each impedance
response regions. The impedance response peak of SCIM2 without the rotor is higher than the
one with the rotor in place by 4132.39 Q. Furthermore, the resonant frequency of the SCIM2
without a rotor is the same as that with a rotor as shown in Table 7.1. Therefore, it can be
concluded that the presence of the rotor influences the impedance behaviour of a squirrel-cage

induction motor by only reducing the peak of the impedance at the resonant frequency.
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Fig. 7.20: SCIM2 stator winding impedance response with and without rotor

Table 7.1: Table of SCIM2 stator winding with and without rotor resonant frequency and
impedance peak under healthy winding condition.

Resonant Impedance
Frequency (Hz) Peak ()

SCIM2 Conditions

Without rotor

60,240.96 10,546.43
Healthy
With rotor 60,240.96 6,414.04

The effect of a rotor on the stator winding impedance response could also be observed in its
equivalent reactance as shown in Fig. 7.21. It is observed that the rotor reduces the maximum
(positive peak) value of the reactance from about 5.5 kQ to about 2.6 kQ but increases its

minimum (negative peak) value from about -4.4 kQ to about -3.2 kQ.
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Fig. 7.21: SCIM2 stator winding equivalent reactance with and without rotor
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The phase response of the SCIM2 with and without a rotor is presented in Fig. 7.22. The effect
of the rotor on the stator winding impedance is observed. At lower frequencies below 80 Hz,
the phase values of the SCIM2 with a rotor in place are greater than those without a rotor.
Whereas at frequencies between 100 Hz and 600 kHz, the phase values of the SCIM2 with a
rotor is lower than the one without a rotor. However, at frequencies beyond 600 kHz, the phase
values of both decrease accordingly. The maximum phase value of the SCIM2 with a rotor is
about 71.32° while the phase value of that without a rotor is 86.79°. The change in phase value
to about 18% at frequencies below 60 kHz shows that the rotor has a significant effect on the

stator winding impedance response.
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Fig. 7.22: SCIM2 phase response with and without rotor

7.3 Inter-Turn Fault Detection

As discussed in chapter 6, different percentages of inter-turn short-circuit severities were
implemented in the DUT winding to emulate the inter-turn fault at different severity levels.
Each of these fault conditions has been experimented using the methodology discussed in
section 6.7. The resultant impedance response has been plotted and compared with the baseline
impedance response. Any deviation in the impedance response plot, especially the peak of the

impedance magnitude and the resonance frequency, indicates that the DUT is faulty.

7.3.1 Inter-Turn Fault Detection in a Laminated Core Inductor (LACOIN)

The plot of the measured impedance response and its real part of both the emulated 1% inter-
turn short-circuit fault, and healthy LACOIN winding are shown in Fig. 7.23. The impedance
response under this condition is the same as the healthy state at frequencies below 1 kHz from
the plot. Whereas for frequencies above 1 kHz, some of the basic methods for comparing

frequency response as explained in section 3.3.4 is significant and there is a large change in the
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impedance response, thereby causing a large shift to the right in the existing resonant frequency
to approximately 19880 Hz as shown in Table 7.2. The impedance magnitude also decreases

drastically from 23300 Q to 16360 Q. This behaviour is also observed in the real part of the

impedance response which represents the equivalent resistance in the model discussed in

session 4.4. This result shows that this technique could easily detect small changes in the

geometrical structure of a coil.
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Fig. 7.23: LACOIN impedance response and its real part under 1% short-circuit.

The imaginary part of the impedance response representing the equivalent series reactance of
the LACOIN model in section 4.7 and the Nyquist plot is represented in Fig. 7.24. This also
shows the effect of 1% inter-turn short-circuit in the LACOIN at higher frequencies. The

Nyquist (the relationship between the real and imaginary part of the impedance response) plot

clearly shows the coil’s state as it curves inward or away from the plot under the healthy

condition.
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Fig. 7.24: Imaginary part of LACOIN impedance response and Nyquist plot

The LACOIN’s baseline impedance response plot is compared with the measured impedance

response at different fault levels, as shown in Fig. 7.25. The comparison of both their
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impedance peak and resonant frequency are shown in Table 7.2. When a 3% inter-turn short-
circuit fault was emulated in the winding, the impedance peak reduced by 9280 Q from the
healthy condition’s impedance peak. Its resonant frequency moves further away from the
existing resonant frequency by 45630 Hz due to the impedance response plot’s shift to the right,
which could also be observed from the Nyquist plot. When a 6% inter-turn short-circuit fault
was emulated, the resonant frequency is 75800 Hz which is about 45680 Hz away from the
baseline resonant frequency. The impedance response peak under this condition is 13360 ( and
is about 9670 Q below the baseline impedance peak. These plots clearly show that the higher
the winding fault severity, the further the impedance response deviates from the baseline

measurement by reducing its impedance magnitude and increasing its resonant frequency.

From the previous plot, the LACOIN impedance response behaviour could be grouped into
three frequency regions. The first frequency region is from 0.5 Hz to 0.5 kHz, which represents
the low-frequency operation region. It is observed that at this range of frequencies, the
LACOIN’s impedance response is resistive in nature, and the conductor winding resistance is
almost a DC resistance. The second frequency range is between 0.5 kHz to the resonant
frequency. At this region, the LACOIN’s impedance increases showing its inductive nature.
Above the resonant frequency, the capacitive nature of the LACOIN is observed, and the
impedance response falls from the peak value. In Appendix D, these faults were also detected

using the four statistical indicators discussed in this study.
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Fig. 7.25: LACOIN impedance response at different fault conditions

The resonant and impedance peak parameters at different states of the laminated core inductor

(LACOIN) extracted from the measured impedance response are shown in Table 7.2.
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Table 7.2: Table of LACOIN resonant frequency and impedance peak under different
percentages of inter-turn short-circuit fault conditions.

Inductor Resonant Impedance
Conditions Frequency (Hz) Peak (Q)

Healthy

1% inter-turns
3% inter-turns
6% inter-turns

The imaginary part of the impedance frequency response for all percentages of the inter-turn

short-circuits fault condition are shown in Fig. 7.26. Two impedance peaks are observed in
both the positive and negative reactive axis in the plot. It can be seen that the plots under inter-
turn fault conditions deviate from the baseline measurement. The higher the winding severity,
the higher the deviation or shift of the reactance response to the right. The imaginary part of
the impedance response’s values becomes negative beyond the resonant frequency due to the
skin and proximity effect caused by the eddy currents in both the windings and core of the
LACOIN.
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Fig. 7.26: Imaginary part of LACOIN impedance response at different fault conditions

The Nyquist plots of the LACOIN at different winding conditions are shown in different scales
in Fig. 7.27 and Fig. 7.28, respectively. The plot patterns reduce and moves away from the
healthy state of the LACOIN as the percentage level of the severities in the winding increases.

This makes it easier to diagnose the winding by inspecting the plot patterns.
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Fig. 7.27: Linear and logarithm representation of the LACOIN’s Nyquist plot
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Fig. 7.28: LACOIN Nyquist plot at different winding conditions in Log-log scale

Fig. 7.29 shows the behaviour of current in the LACOIN winding at different frequencies. The
current magnitude decreases as frequency increases due to the skin and proximity effect,
causing an increase in winding resistance. Each effect alters the current density distribution in

the conductor through which the current flows in the winding.
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Fig. 7.29: Current plot as function of frequency of LACOIN
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Fig. 7.30, gives a better view of the impedance peak and resonant frequency indicators for
fault detection at different states of the LACOIN used in this study and gives a better
understanding of a coil’s behaviour using SFRA. From this plot, it is obvious that the higher
the fault severity, the lower the impedance response peak at the resonant frequency.
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Fig. 7.30: LACOIN impedance peak at resonant frequency

7.3.2 Inter-Turn Fault Detection in Squirrel-Cage Induction Motor 1 (SCIM1)

The impedance response plots of all the stator winding conditions for SCIM1 are shown in Fig.
7.31. The plot pattern of SCIM1 when in good condition is different from the one in faulty
conditions. It is important to note two visible indicators to properly diagnose the stator winding:
the impedance magnitude peak and the resonance frequency. As seen from the plots, there are
clear shifts to the right at resonance frequencies under different fault conditions. The
impedance magnitude at healthy, 5% and 7% inter-turn short-circuit faults are about 11330 £,
8250 Q and 7970 Q, respectively. The impedance magnitude peak difference for each of the
fault severity (5% and 7%) from the healthy state is much higher than the impedance response
magnitude peak between them. This is because the number of shorted turns between them is
smaller in comparison to the ones for each of the fault conditions from the healthy state. The
impedance peak value at fault conditions reduces as expected due to the reduction in the
number of turns in the stator winding because of the short-circuit. This effect could also be
observed using the statistical indicator (see Appendix D). The higher the deviation from the
baseline impedance responses, the higher the statistical indicator values (for SD, DABS and
ASLE) but vice versa in the case of CC indicator. The resonant frequency for each of the
conditions are 50000 Hz, 55555 Hz and 55555 Hz, respectively whereby at the fault conditions,
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the resonant frequency remains the same. Both indicators used to diagnose the state of the

SCIM1 support the methods used to carry out the SRFA technique. This fault detection method

also reflects on the equivalent reactance of the stator winding, as shown in Fig. 7.32. The

equivalent reactance of the stator winding extracted from the impedance response, which is

measured using the SFRA, shows a clear distinction in the state of the winding when in healthy

and faulty conditions (5% and 7% inter-turns short-circuit). The frequencies at the reactance

peak values are the resonant frequency and the anti-resonant frequency. These frequencies

increase as the level of severity increases as shown Fig. 7.32. The reactance peak at these

frequencies could also be used as an indicator to determine the winding state. The stator

reactance peak at the positive axis decreases and increases at the negative axis while the plot

pattern shifts to the right when this fault occurs in the stator winding.
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Fig. 7.31: SCIM1 impedance response at different stator winding conditions
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Fig. 7.32: Imaginary part of SCIM1 impedance response at different winding conditions
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The Nyquist plot of all the conditions for the SCIM1 at different scales is shown in Fig. 7.33.
This clearly shows that at the lower frequencies below 100 Hz, the impedance response reflects
the stator winding’s resistive behaviour, which is the same under both the healthy and fault
conditions. At higher frequencies above 100 Hz which are beyond the motor’s operating
condition, there is a clear distinction in the Nyquist plot pattern of the healthy and faulty state.
It is observed that the plot pattern under fault conditions deviates from the one in a healthy

state and curves inward towards the origin.
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Fig. 7.33: SCIML1 linear and logarithm Nyquist plot at different winding conditions

The current response of the stator winding of the SCIM1 under different conditions are shown
in Fig. 7.34. These values strongly depend on the operating frequency of the induction motor.
At higher frequencies, the stator winding resistance increases due to the skin and proximity
effects caused by winding’s eddy current flow. This in turn decreases the current flowing

through the winding and is very evident in the plot.
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Fig. 7.34: SCIM1 current response at different stator winding conditions
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The extracted indicator values (i.e., the resonant frequency and the impedance peak magnitude)
from the stator winding impedance response of the SCIM1 using SFRA are shown in Table

7.3. These parameters are used as the basic indicators for this analysis.

Table 7.3: Table of SCIM1 resonant frequency and impedance peak at different conditions

SCim1 Resonant Impedance
Conditions Frequency (Hz) Peak (Q)

Healthy 50,000

5% inter-turns 55,555

7% inter-turns 55,555 7970

The impedance response peak plot against the resonant frequency at different SCIML1 stator
winding conditions is represented in Fig. 7.35 and Fig. 7.36, respectively.
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Fig. 7.35: SCIM1 impedance response peak at the resonant frequency
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Fig. 7.36: SCIM1 impedance response peak at different stator winding fault conditions
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7.3.3 Inter-Turn Fault Detection in Squirrel-Cage Induction Motor 2 (SCIM2)

The SCIM2 impedance frequency response’s experimental tests were carried out to validate
the proposed methodology for inter-turn fault detection using SFRA. The impedance response
results and the imaginary part representing the stator winding equivalent reactance at different
percentages of inter-turn fault severities in the stator winding are shown in Fig. 7.37. The
SCIM2’s baseline impedance response is compared with the measured impedance response
under 2% inter-turn short-circuit condition in Fig. 7.37. As expected, the stator winding
impedance response magnitude is constant for both conditions at the resistive region. But this
value starts increasing at the inductive region up to the resonant frequency, which could be
observed in the imaginary plot. At the resonant frequency, the impedance response peak
deviates from the baseline value by 759.08 Q with a shift in resonant frequency of about 5.5
kHz to the right from that of the healthy one. It is observed that there are no significant changes
in the capacitive region at both conditions. This result clearly shows that SFRA technique is

sensitive to any little change in the stator winding configuration and useful for inter-turn fault

detection.
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Fig. 7.37: SCIM2 impedance response and it’s imaginary part for 2% inter-turn fault

Fig. 7.38 shows the impedance response for the baseline and four different percentages of
severity levels of inter-turn fault emulated in the stator winding for SCIM2. At 4% inter-turn
short-circuit fault condition, the impedance peak value is 5597.11 €, which is about 816  and
57 Q1 , below the baseline value and the value at 2% inter-turn short-circuit fault emulated in
the stator winding, respectively. Also, at 6% inter-turn short-circuit fault condition, the
impedance peak value is 5587.23 Q, which is about 826 Q below the baseline value. Finally,
considering the 8% inter-turn short-circuit fault condition, the impedance peak value is
5251.69 Q, which is about 1162 Q below the baseline value. It is evident that SFRA technique

can detect these fault severities using the impedance response peak as an indicator. This value
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decreases as the severity level increase due to differences in capacitance. Hence, the percentage
level of severity in the stator winding of the SCIM2 is inversely proportional to the impedance

response peak value while the resonant frequency at each fault level remains constant.

1 (7.1)

where,

L,s, is the percentage level of severity in the stator winding of the SCIM2

ps

Zsw(pk) 1S the impedance response peak of the stator winding of the SCIM2.
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Fig. 7.38: SCIM2 impedance response at different stator winding conditions

Fig. 7.39 shows the imaginary part of impedance responses (i.e., the equivalent reactance of

the stator winding) for the baseline condition and the four inter-turn fault severity levels
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emulated in the stator winding of the SCIM2. It is evident that the reactance of the stator
winding decreases as the fault severity level increases, especially at frequencies above 1 kHz.
The reactance starts decreasing at about 30 kHz and becomes negative at frequencies above the
resonant frequency. This could be used to diagnose the stator winding of the SCIM as the

reactance plot varies at different fault severity.
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Fig. 7.39: SCIM2 impedance response imaginary part at different fault conditions

Fig. 7.40 shows the relationship between the real and imaginary part of the impedance response
at different conditions of the stator winding for the SCIM2. This further shows a clear
distinction of the impedance responses of the SCIM2 stator winding at different stator winding
conditions. It is observed that at different fault conditions, the Nyquist plot deviates from the
baseline curve and moves inward towards the origin as expected. These variations can serve as

indicators for the fault detection process.
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Fig. 7.40: SCIM2 Nyquist plot in linear and logarithmic scale

The extracted impedance response peak and resonant frequency from the magnitude of the
stator winding’s impedance response for the SCIM2 using SFRA at different percentages of
fault severity are shown in Table 7.4. These are used as basic indicators for this analysis. The
resonant frequency is the same at every fault condition of the stator winding, while the

impedance peak varies as expected.

Table 7.4: SCIM2 resonant frequency and impedance peak at different conditions

SCim2 Resonant Impedance

Conditions Frequency (Hz) Peak (Q)

60,240 6414.04
65,789 5654.97
65,789 5597.11
65,789 5587.23
65,789 5251.69

The plot of the impedance response peak against the resonant frequency at different stator

winding conditions of the SCIM2 is presented in Fig. 7.41. This clearly shows the dependency
of the impedance response magnitude peak on the number of turns in the stator winding, which,
as expected, reduces due to inter-turn short-circuit fault. This effect could also be observe using
the statistical indicator (see Appendix D) as explained in section 3.3.5. It was observed that the
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higher the deviation from the baseline impedance responses, the higher the statistical indicator
values (for SD, DABS and ASLE) but vice versa in the case of CC indicator.
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Fig. 7.41: Impedance response peak at the resonant frequency for SCIM2

Comparing the measured impedance response magnitude with the analytical or simulated
results at different fault conditions as shown in Fig. 7.42, the following observations have been
made, where 0% represents the motor’s healthy state. At the healthy state condition, the
simulated impedance magnitude peak is about 16 Q less than its measured value with an error
of about 0.25%. At 2% inter-turn fault condition, the simulated impedance magnitude peak is
about 63 Q less than its measured value with an error of about 1.1%. At 4% inter-turn fault
condition, the analytical impedance magnitude peak is about 87 Q less than its measured value
with an error of about 1.6%. At 6% inter-turn fault condition, the simulated impedance
magnitude peak is about 132 Q less than its measured value with an error of about 2.4%.
Finally, at 8% inter-turn fault condition, the simulated impedance magnitude peak is about 30
Q less than its measured value with an error of about 0.6%. The impedance magnitude peak
values at different stator winding conditions are close with small percentage errors from both
analytical and experimental results. Hence, the analytical model agrees with the experimental
with a little deviation in the impedance magnitude peak value at different stator winding

conditions.
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Fig. 7.42: SCIM2 impedance response peak at different stator winding conditions

7.3.4 Inter-Turn Fault Detection in Squirrel-Cage Induction Motor 2 (SCIM2) Without
Rotor

To investigates the results for the SCIM2 without a rotor in place, the impedance response as
a function of the frequency at different stator winding conditions are presented at different
scales as shown in Fig. 7.43. It was observed that the impedance response was mostly affected
in the inductive and capacitive regions under fault conditions. This value reduces as the fault
severity increases, which reduces the impedance peak as shown in Fig. 7.43. The resistive
region is relatively the same at different fault severities.
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Fig. 7.43: SCIM2 impedance response without rotor for different stator winding conditions

Fig. 7.44 shows the equivalent reactance at different fault conditions. This further shows that
the plot patterns at different fault conditions deviate from the baseline plot at the inductive and

capacitive regions.
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Fig. 7.44: Imaginary part of SCIM2 impedance response without rotor at different fault

conditions

Fig. 7.45 shows the impedance response peak at different stator winding conditions of the
SCIM2 without the rotor where 0% represents the motor’s healthy state. The impedance
magnitude peak decreases as the percentage number of shorted turns increases which further

shows the capability of SFRA for diagnosing the stator winding of the induction motor.
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Fig. 7.45: Impedance response peak at different conditions of SCIM2 without rotor

The extracted impedance magnitude peak and resonant frequency from the impedance response
of the stator winding of the SCIM2 without rotor in comparison to SCIM2 with the rotor using
SFRA are shown in Table 7.5. It is observed that the resonant frequency of the SCIM2 with
and without a rotor in place are the same at any stator winding condition. However, this value
is different under the fault conditions, and it increases in value. Moreover, the impedance
magnitude peak for each of the stator winding conditions for SCIM3 without the rotor are about
2.5 kQ more than the values with a rotor in place.

Table 7.5: Table of SCIM2 resonant frequency and impedance peak with and without rotor
under different stator winding conditions

SCIM2 Conditions Resonant Impedance
Frequency (Hz) Peak ()
Without rotor 60,240 10,546.43
Healthy :
With rotor 60,240 6414.04
Without rotor 65,789 8649.41
2% inter-turn :
With rotor 65,789 5654.97
Without rotor 65,789 8433.52
4% inter-turn -
With rotor 65,789 5597.11
Without rotor 65,789 8409.57
6% inter-turn .
With rotor 65,789 5587.23
Without rotor 65,789 7928.42
8% inter-turn .
With rotor 65,789 5251.69
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Fig. 7.46 shows the Nyquist plot of the impedance response for the stator winding of a SCIM2
without a rotor in place. This further shows that at different conditions, the resistive regions
are almost the same. At the inductive and capacitive region, the Nyquist curves for the faulted

windings deviate from a healthy winding curve and tend to move towards the origin.
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Fig. 7.46: Nyquist plot of SCIM2 without rotor in linear scale

7.4 Conclusion

In this chapter, the experimental diagnosis of inter-turn faults according to the proposed
impedance response procedure has been investigated. The impedance response results for the
LACOIN, SCIM1 and SCIM2 with and without a rotor in place obtained under the healthy and
emulated inter-turn fault conditions have been presented. Any deviation from the baseline
impedance response peak signifies that the device under test (DUT) is faulty. It was observed
that the resonant frequency of the impedance response increases under the fault conditions. For
SCIM1 and SCIM2, the resonant frequency under the fault condition is 9.2% and 11.1% more
than its value under healthy conditions. The difference (1.9%) is due to the impact of the
winding configuration and geometrical stator winding parameters which is different for both
squirrel-cage induction motors. Also, sweep frequency response analysis (SFRA) is very
sensitive to the winding geometrical structure, which causes the impedance magnitude peak to

reduce as the level of severity increases in the winding of the device under test (DUT).

Hence, from the results of the two SCIMs considered in this study, the sweep frequency
response analysis (SFRA) technique using the impedance transfer function measurement has
been observed to be suitable for diagnosing the inter-turn short-circuit faults in the stator
winding of SCIMs.
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Chapter 8

Broken Rotor Bar Fault Detection using the
SFRA and Locked-Rotor Test

8.1 Introduction

In this chapter, the squirrel-cage induction motor 3 (SCIM3) with a broken rotor bar fault
(BRB) is investigated to determine whether its impedance information can serve as an indicator
for broken rotor bar faults since this has not been thoroughly explored before. The experimental
study begins by firstly considering the conventional Sweep Frequency Response Analysis
(SFRA), after which an adapted approach is pursued, one which is better suited to the nature
of the fault but still evident within its impedance. The specification for the SCIM3 has been

discussed in section 6.4.

8.2 Impedance Response of the SCIM3 at Different Rotor Angles using the SFRA

SFRA is applied to SCIM3 stator winding to investigate the broken rotor bar (BRB) effect at
different rotor angles on its impedance response. In this experiment, the different rotor angle
positions of the induction motor under study are achieved by rotating the rotor shaft manually.

The impedance response analysis for the SCIM3 with a healthy rotor bar (HRB) at different
rotor angles was conducted using the methodology explained in section 6.7.2, and the results
are illustrated in Fig. 8.1. The result shows that there is no significant difference in the
impedance response plot pattern for the SCIM3 with a healthy rotor bar at different rotor angles

as expected.

In comparison with the SCIM3 with a BRB, the same procedure is applied considering 20
angular positions of the rotor. The results in Fig. 8.2 shows the impedance response of the
SCIM3 with a BRB as a function of frequency at different rotor angle positions. It was observed
that, there is a clear distinction in the pattern of impedance response plot at different rotor
angles compared with the SCIM3 with a healthy rotor bar (HRB).
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Fig. 8.1: SCIM3 with HRB impedance response at different rotor angle
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Fig. 8.2: SCIM3 with BRB impedance response at different rotor angle

It is expected that SCIM with a BRB should have a significant effect in the impedance
measurement from the stator side since changing the rotor angle position causes differences in
the rotor parameters. From the plots (Fig. 8.1 and Fig. 8.2) shown above, this is not evident
at the resonant frequency. The resonant frequency of the SCIM3 with a HRB and a BRB is 50
kHz and 45 kHz, respectively which is constant at every rotor angle position. Moreover, the
average impedance peak at resonance for the SCIM3 with a HRB and a BRB is about 11108 Q
and 10155 Q. This further shows that there is no clear distinction in the impedance response
behaviour at both conditions at different rotor angles. Hence, the SFRA technique may not be
applicable for broken rotor bar detection since it requires a low input voltage, which produces

a low current and low magnetic field. Since in a SCIM, the researcher only has access to the
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stator winding for parameter extraction and needs further information of the rotor from the
stator side, a higher magnetic field which depends on the excitation current up to the rated
current of the motor, is required to diagnose SCIM with a broken rotor bar accurately. Hence,
impedance extraction under the locked-rotor test is considered in this study for this purpose.

8.3 Impedance Extraction using Locked-Rotor Test

The occurrence of broken rotor bar faults in a SCIM modifies the rotor parameters such that
the substitute resistance and inductance changes as a function of rotor position, which forms a
sinusoidal shape [83]. Since the rotor with a broken rotor bar exhibits electrical asymmetry, the
substitute impedance parameter was obtained using a stationary sinusoidal pulsating magnetic
field at different rotor angles with excitation currents much higher than the one applied using
the SFRA technique. Hence, measured from the stator side, the impedance parameter will vary
with the rotor angle. The squirrel-cage induction motor results under the healthy and broken
rotor bar fault conditions are presented in the next section and discussed in detail.

8.3.1 Healthy Rotor Bar Results

The substitute impedance of the SCIM3 with a healthy rotor bar was investigated to understand
their behaviours at different rotor angle positions. A stationary sinusoidal pulsating magnetic
field is generated in the stator winding with current excitation of about 100% of the rated
current to obtain the substitute impedance from the stator side at different rotor angles and

frequencies, as shown in Fig. 8.3.
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Fig. 8.3: SCIM3 substitute impedance under healthy rotor bar condition

It was observed that, the substitute impedance parameter under this condition is relatively

constant at different rotor angle positions. Furthermore, the substitute impedance increases
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from about 9.7 Q at 16.01Hz to about 16.3 Q at 50Hz. This shows that the substitute impedance

is directly proportional to the supply frequency as expected.

8.3.2 Broken Rotor Bar Results

The results in Fig. 8.4 show the substitute impedance parameter’s behaviour under the broken
rotor bar fault condition as a function of the rotor angle at 16.01 Hz, 25 Hz, 35 Hz, 50 Hz and
75 Hz, respectively. The broken rotor bars’ effect was observed on each of the substitute
impedance yielding a sinusoidal profile or shape as against being constant when the rotor is
healthy at different rotor angle positions. It is observed that the substitute impedance increases
as the frequency increases as expected, and the sinusoidal profile at each of the frequencies is

well conformed.
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Fig. 8.4: SCIM3 substitute impedance under broken rotor bar fault condition

It was also observed that the sinusoidal profile is more evident at frequencies greater than 25
Hz. This is because the change in the substitute impedance increases in frequency, which is
expected due to the eddy current produced by the flux that crosses the slot transversely from
tooth to tooth through the conductor’s body and tends to flow on the surface through the length
of the core. Therefore, the excitation current of about 100% of the rated current (1.8A) at 50

Hz will be considered for further analysis.

Comparing the substitute impedance of the SCIM3 with a HRB and with a BRB, the behaviour
of the substitute impedance of about 100% of the rated current at 50 Hz is shown in Fig. 8.5.
As expected, the substitute impedance changes at different rotor angles due to the broken rotor
bars’ magnetic disturbances. This results in a sinusoidal profile of substitute impedance used

as an indicator for diagnosing SCIM with broken rotor bars. From the plot, the substitute
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impedance of the SCIM3 with a BRB has a maximum and minimum value of about 18.18 Q
and 16.85 Q, respectively. The change in impedance is about 1.33 Q. On the other hand, the
substitute impedance of the SCIM3 with a HRB is relatively constant as expected. The change
in the substitute impedance is about 0.03 Q which is very small when compared with the change
in the substitute impedance of the SCIM3 with a BRB. This could further be observed at 16.01
Hz at about 50%, and 100% of SCIM3 rated current, respectively as shown in Table 8.1. The
slight variation of the change in the substitute impedance under the healthy rotor bar condition

could be because of manufacturing imperfection.
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Fig. 8.5: SCIM3 substitute impedance under HRB and BRB at 50 Hz and about 1.8A

The change in the substitute impedance for the SCIM3 with a HRB and a BRB of about 50%
and 100% of the rated current at 16.001 Hz and 50 Hz, respectively are shown in Table 8.1.

Table 8.1: Changes in the substitute impedance of the SCIM3 at 16.01 Hz and 50 Hz of
different excitation currents.

SCIM3 with HRB ~ SCIM3 with BRB
change in change in
impedance (Q) impedance (Q)

Frequenc Excitation
9 Y current (A)

The results discussed above clearly indicate that a squirrel-cage induction motor with broken

rotor bars could be detected using the sinusoidal profile of the substitute impedance as an

indicator.
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8.3.3 Effect of Current and Frequency on SCIM3 Substitute Impedance

The effect of the frequency and current on the change in the substitute impedance of the SCIM3
is investigated and compared from 16.01 Hz to 200 Hz at about 25% (0.45A), 50% (0.9A), and
100% (1.8A) of SCIM3 nominal current, respectively as shown in Fig. 8.6. It was observed
that the change in substitute impedance value increases as the supply frequency increases as
expected due to the skin effect, which tends to resist the flux penetration in the conductor.
Comparing the results of the change in substituted impedance at a particular frequency across
the excitation currents, variation in the change in substitute impedance is not as evident when

compared at different frequencies.
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Fig. 8.6: SCIM3 change in substitute impedance at different currents and frequencies

8.4 Conclusion

The results of the impedance response and substitute impedance for SCIM3 with a healthy and
broken rotor bar using SFRA and locked-rotor test respectively was presented. It is observed
that it is much easier to observe the difference between the SCIM3 with a healthy and a broken
rotor bar using the locked rotor-test procedure than the conventional SFRA. The substitute
impedance at different supply frequencies and currents were also investigated. The substitute
impedance was observed to be evident at higher frequencies due to skin effects which increases
the change in the substitute impedance. The appearance of the sinusoidal profile for the
substituted parameters indicates that a squirrel-cage induction motor rotor bar is faulty and
concluded to be a viable technique for diagnosing squirrel-cage induction motor with broken
rotor bars.
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Chapter 9
Conclusions and Recommendations

9.1 Conclusions

The squirrel-cage induction motor is reviewed as the power horse mostly used in the industry
for electromechanical energy conversion. Diagnostic techniques for squirrel-cage induction
motor stator winding inter-turn and broken rotor bar faults have been investigated in this study.

The SFRA was reviewed and the impedance transfer function as one of the SFRA methods was
investigated as a desired measurement technique able to provide useful insight towards inter-
turn fault diagnosis in SCIMs. For assessing the stator winding condition using impedance
frequency response transfer function measurement, the impedance peak magnitude and the

frequency at the resonance point were selected as key features.

A silicon steel laminated core inductor was designed and modelled with an equivalent circuit
to fully understand the impedance behaviour of a coil to enable a better representation of the
stator winding model. The model showed acceptable performance when compared with the

experimental result using the proposed methodology of the SFRA.

A distributed parameter model of induction motor stator winding was reduced to a lumped
parameter model consisting of a single resistance, inductance, and capacitance. The simulated
results agree with the experimental results in two out of the three regions of the stator winding’s
impedance behaviour. This model reduces simulation time and could be used as the impedance

response baseline extraction of the SCIM stator winding during production.

The results of the proposed methodology for impedance transfer function measurement using
SFRA applied to the DUT (LACOIN, SCIM1, SCIM2 with a rotor and without rotor) under
different percentage level of severities shows that this technique is very sensitive, accurate and
overcomes most of the downsides of the existing techniques mentioned in section 2.6. The
assembly of the equipment is simple since the major measurand are voltage and current signals.
The signals acquired only requires Fast Fourier Transform (FFT) to extract the frequency
components for the evaluation of the impedance behaviour of the DUT. Unlike MCSA,

vibration analysis and partial discharge which requires advanced signal processing or complex
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pattern analysis to evaluate the IM’s stator winding’s health condition. Therefore, it has the
potential to detect inter-turn short-circuit faults and useful for planning a maintenance schedule,

thereby avoiding the extra cost associated with downtime and repair as against DC Hipot test.

SFRA was also used for investigations on the SCIM with a broken rotor bar fault. The results
show that there is no clear distinction in the impedance response of SCIM under the healthy
and broken rotor bar condition. This could be because of the low excitation current since the
rotor bar’s information is needed from the stator side using the impedance transfer function
measurement. However, the rotor side is inaccessible. Hence, this cannot be used to diagnose

SCIM with broken rotor bar fault. A different technique (locked-rotor test) was considered.

The locked-rotor test allows a higher current excitation of the SCIM up to the rated current.
The substitute impedance measured from the stator side using a pulsating magnetic field by
shorting two windings were extracted. It was expected that this parameter should change at
different rotor angle positions since the presence of a broken rotor bar creates a magnetic
disturbance around the bar which in turn alters this parameter. Analyses were conducted on
this parameter to understand its behaviour as a function of the rotor angle position. It was
observed that this parameter remains relatively constant when the rotor bar is healthy and forms
a sinusoidal profile under the broken rotor bar condition. This sinusoidal profile is regarded as
a key indicator of SCIM with a broken rotor bar fault. Also, the change in the substitute
impedance of the SCIM3 under the broken rotor bar condition is much larger than its value
under the healthy rotor bar condition. Therefore, the sinusoidal profile or shape formed at
different rotor angles shows that a locked-rotor test using a pulsating magnetic field is a reliable

technique for diagnosing squirrel-cage induction motor with broken rotor bar fault.

9.2 Recommendations

This work has developed a model for studying the impedance behaviour of the stator winding
of a squirrel-cage induction motor. The number of stator winding turns was considered as the
key factor in the proposed model to emulate the inter-turn short-circuit faults at different
severities. The model could be improved by considering the insulation resistance and short-

circuit resistance in the equivalent circuit to extend this work.

This work also investigated the detection of broken rotor bars using SFRA, where no clear
indication of the impedance response at different rotor angles was observed. This approach

could be improved upon to achieve a better result for broken rotor bar fault detection.
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Appendix A

A.1 Frequency Response Analysis Test Configurations

There are four different configurations normally used for making FRA measurements. These
are: end to end open circuit test; end to end short-circuit test; capacitive inter-winding test and

inductive inter-winding test.

A.1.1 End to End Open Circuit Test
This mode of test configuration is the most common FRA test performed [140]. The input
signal is connected to one end of the winding while the output signal is measured from the
other end of the winding. This can be applied to both single and three-phase induction motor
and applies to wye and delta connected windings. The term open circuit indicates that the
winding of the other phases is left floating during the measurement. This test is most influenced
by the effect of the core and main windings. Depending on the winding configuration, the low

frequency section will usually take on a distinct shape.

A.1.2 End to End Short-Circuit Test
This mode of test configuration is made from one end of a winding to another while the other
winding is shorted. VVoltages with reference to ground are measured at each end of the excited
winding. This connection removes the influence of magnetizing inductance of the core from
the response and allows inspection of the winding without the influence of the core. Due to the
absence of the core, the response in the low frequency region is characterized by only leakage

the inductance of the winding.

A.1.3 Capacitive Inter-Winding Test
The capacitive inter-winding test also known as the inter-winding measurement is performed
between two electrically isolated windings. This is made from one end of a winding and the
response signal is measured through one of the terminals of another winding, with all other
terminals floating. Capacitive inter-winding measurements are capacitive in nature and exhibit
a high impedance at low frequencies (< 100 Hz) which generally decreases as frequency

increases.

A.1.4 Inductive Inter-Winding Test
The inductive inter-winding test (also known as the transfer voltage measurement) is performed

between two windings with one end of each winding grounded while other winding terminals
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not under test remains floating. This mode of test configuration closely resembles the turns

ratio test properties at or around the fundamental power frequency.

A.2 Methods Used to Assess Measured Traces

Evaluation of FRA results require comparison of both actual data with reference data by visual
inspection or using processed data [74]. There are three methods used to assess the measured
traces: time-based comparison, type-based comparison and phase-based comparison which are

discussed below.

A.2.1 Time-based comparison
In this mode of assessing the stator winding integrity of induction motor, the reference or
baseline data is the result of a former FRA test when it is in good condition and is called
fingerprint or signature of the induction motor. This can be gotten from the factory along with
the induction motor when purchased or performed immediately after installation. This method
is the most reliable way for evaluating or assessing FRA measurements. In a situation where

this is not available, the type- and phase-based comparison are the alternative.

A.2.2 Type-based comparison

The FRA results of the identically designed, manufactured and constructed induction motor
can be used for evaluating the actual test responses when the fingerprint data are not available
[141]. These similar motors are sometimes referred to as twin or sister induction motors. There
might be a slight deviation in the results due to manufacturing tolerance or core magnetization
effects [142]. This method is particularly useful for single-phase induction motor. In a situation
where the twin induction motor is not available, phase comparison is applied to test the integrity
of the stator winding of a three-phase squirrel-cage induction motor.

A.2.3 Phase-based comparison
In this mode of assessing the induction motor, the FRA test results of the other phases of a

three-phase winding could be used as reference data due to symmetry in the construction.

A.3 Application of FRA Measurement

There are two distinct categories for the application of FRA measurements: baseline
measurement and diagnostic measurement. The procedure and precautions to generate a good
measurement are both the same. However, there is a difference in the motivation for the tests

in each categories [73].
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A.3.1 FRA Baseline Measurements
The baseline FRA measurement is performed in either the factory or the field and provides
information that can be used for future need. The several distinct reasons why this measurement

should be carried out are [73]:

e To provide a standard of comparison for future diagnostic FRA measurements.
e Quality assurance to test the integrity of the winding structures and the core.
e Transportation diagnostics prior to relocation.

e Required by customer specification.

It is of great important to document the methods or mode of connection when performing
baseline FRA measurements. If different modes are used for the two categories (i.e., baseline
and diagnostic measurements), it may affect the diagnostic results and effective comparison
may not be achieved. Therefore, it is important to document the test configuration and

connections for future test repeatability.

A.3.2 FRA Diagnostic Measurements
The following are the main reasons why this category of FRA application measurement should
be carried out [73]:

e Verification that no damage occurred during a short-circuit test.
e Evaluation of used or spare induction motor.

e Condition assessment of older induction motor.

e Relocation of induction motor.

e Routine diagnostic purposes.

It is of great interest to match the setup and instrumentation parameters used for the baseline

measurements.
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Appendix B

B.1 LabVIEW Code

LabVIEW is a programming language used for acquiring data from instruments (e.g., National
instruments (NI)), process data (e.g., transform, filter), analyse data and control instruments

and equipment. A LabVIEW program consist of two windows: the front panel and block

diagram window.

B.1.1 Front Panel for signal acquisition and monitoring
The front panel window used in this study reads the voltage from the signal generated or
programmable power supply, the voltage across the device under test (DUT), process the data
by calculating the current through the DUT, and transform the voltages and currents in time

domain to frequency domain to calculate the impedance at different supply frequency.
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B.1.2 Block diagram for signal acquisition and data processing

Block diagram window consist of block objects which includes terminals, subVIs, functions,

constants, structures, and wires, which transfer dtat among other block diagram objects. This
is where data processing takes place.
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Appendix C

C.1 Python Code

The raw data acquired from the NI DAQ device were further processed using python

programming language to extract the impedance information for the device under test.

The below snippet was use for impedance extraction in laminated core inductor, SCIM at

different fault conditions.

Processing raw signal data from the DAQ

import numpy as np

import pandas as pd

import matplotlib. pyplot as plt
from scipy import fftpack

For a signal at a particular frequency

signal_data = pd.read_csv( healthy_28 88/healthy_1.1vm",
delimiter="\t"',
names=[ "time’, ‘v_in', 'v_out'],
decimal=",")
# Get this values
voltage in = []; voltage out = []; current_in = []; complex z = []
z mag = []; freq = []; z_phase _rad = []; z_phase_deg = []

def data processing(signal data):
signal_data.dropna(inplace=True)
signal data.drop duplicates(subset=["time'], inplace=True, keep="last’)
time = signal_data.time.values
v_in = signal data.v_in.wvalues
v_out = signal data.v_out.values

# current through the circuit
i_in = {v_in - v_out)/47
signal data['i_in'] = i_in
#print(signal_data. head())

plt.figure(figsize=(15, 18))

plt.subplot(221)

plt.plot(time, v_in, linewidth=2, label="V _in")
plt.plot(time, v_out, label="V_L")
plt.plot(time, i in, label="I in")

plt.xlabel( 'Time (s)', fontsize=14)

plt.ylabel( 'Inductor voltage (V)', fontsize=14)
plt.grid(True)

plt.legend(loc="upper right")

N = len(time)
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# At what intervals time points are sampled
samplingInterval = time[1]-time[@8]

# The FFT of the signal

sig fft v_in = fftpack.fft(v_in)
sig fft v out = fftpack.fft(v_out)
sig fft i in = fftpack.fft(i_in)

# And the power (sig fft is of complex dtype)

power_v_in = np.abs(sig fft_v_in)*2/N # Normalize amplitude
voltage in.append(power v _in.max()}) # input voltage magnitude
power_v_out = np.abs{sig fft_v out)*2/N # Normalize amplitude
voltage out.append(power v out.max()) # output voltage magnitude
power_i in = np.abs(sig fft_i in)*2/N # Normalize amplitude
current_in.append(power_i in.max())} # input current magnitude

# # The corresponding freguencies
sample_freq = fftpack.fftfreq(v_in.size, samplingInterval}

plt.subplot(222)

plt.plot(sample_freq[range(int(len(sample_freq)/2))], power_v_in[range(int(len(sample_freq)/2))])
plt.xlabel{'Frequency [Hz]', fontsize=14)

plt.ylabel('V_in", fontsize=14)

plt.grid(True)

plt.subplot(223)

plt.plot(sample_freq[range(int(len(sample_freq)/2))], power_v_out[range(int(len(sample_freq)/2))])
plt.xlabel('Frequency [Hz]", fontsize=14)

plt.ylabel('V_ocut’, fontsize=14)

plt.grid(True)

plt.subplot(224)

plt.plot(sample_freq[range(int(len(sample_freq)/2))], power_i_in[range(int(len(sample_freq)/2))])
plt.xlabel('Frequency [Hz]', fontsize=14)

plt.ylabel('I_in", fontsize=14)

plt.grid(True)

impedance_mag = power_v_out.max()/power_i_in.max()
z_mag.append{impedance_mag) # Impedance Magnitude
#print( "impedance in frequency domain ", impedance_mag)

# Get the index of the maximum output voltage amplitude
index_max_v_out = (list({power_v_out)).index(power_v_out.max())

# Get the index of the maximum input current amplitude
index_max_i_in = (list(power_i_in)).index(power_i_in.max())

# Get the corresponding complex number
complex_v_out = sig fft_ v out[index_max_v_out]
complex_i_in = sig fft_i_in[index_max_i_in]

# Get the complex impedance

complex_impedance = complex_v_out/complex_i_in

complex_z.append(complex_impedance) # Impedance complex value

#print(“"The complex impedance and it's magnitude is “, complex_ impedance, abs{complex_impedance))

# Get the impedance phase
z_phase_rad.append(np.angle(complex_impedance))
z_phase_deg.append(np.angle(complex_impedance, deg=True))

# Print the input frequency
frequency = sample_freq[index_max_v_out]
freg.append(frequency)
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# Create DataFrame
df_healthy = pd.DataFrame([])

df_healthy[ frequency'] = freg
df_healthy['voltage_in'] = voltage_in
df_healthy['voltage_out'] = voltage_out
df_healthy['current_in'] = current_in
df_healthy["impedance_complex'] = complex_z
df_healthy[ ' impedance magnitude'] = z_mag
df_healthy[ impedance_phase_rad'] = z_phase_rad
df_healthy["impedance_phase_deg'] = z_phase_deg

df_healthy[ inductance'] = df_healthy[ impedance_complex’].values.imag/(2*np.pi*df_healthy.frequency)
#df_healthy.drop duplicates(subset=["frequency'], inplace=True, keep="last')
df_healthy

frequency voltage_in voltage_out current_in impedance_complex impedance_magnitude impedance_phase_rad impedance_phase_deg inductance

0 0500000 5001570 0295051 0100173  2.928285+0.317157] 2.045410 0.107887 6.181494  0.100954

1 1000000 5001741 0209615 0100185  2.921085+0.641112] 2.990622 0.216051 12378816 0.102036

2 5000000 5011823 0437906 0100113  2.958662+3221594] 4274127 0.627932 47437003 0102550

3 10.000000 5037094 0709688  0.099917  2.009999+6.438119] 7.102773 1134738 65.015682 0102456

4 20000000 5130852 1313001 0.099215 3.087789+12.869522 13.234854 1335310 76508141 0102413
782.754974-

56 90645.161200 0068382  0.0952604  0.002031 P tenias 4901.238335 -1.410404 80810194  -0.009549

57 85205.806552 0.806528  0.790801  0.002202 852631473 4445 988452 1423473 81558080 -0.008119

: : : : 4207 827358] : : : :

504.040980-

58 90900.090903 0876017  0.853602  0.002361 Prrapacrate 4176.543215 -1.427862 81810463 -0.007237

#plt.figure(figsize=(10, 7))

plt.semilogx(df_healthy[ "frequency'], df_healthy['impedance_magnitude']*8.881, label="Healthy')
plt.semilogx(df_1turn['frequency'], df_lturn['impedance_magnitude']*8.801, label="1 turn')

plt.semilogx(df_4dturns['frequency’'], df_4turns['impedance magnitude’]*B.881, label="4 turns')

plt.semilogx(df_8turns[ 'frequency’], df_8turns['impedance magnitude’]*8.e81, label="8 turns')

# plt.semilogx(df_l16turns[ ' frequency'], df_l@turns[ 'impedance_magnitude']*8.001, '#9467bd’', Label="18 turns')
plt.xlabel("Frequency [Hz]", fontsize=14)

plt.ylabel("$Z_{L}$% [k\ue3a9]", fontsize=14)

plt.grid(which="both")

plt.legend()

plt.tight_layout(pad=8.4, w_pad=@.5, h_pad=1.8)

# An inner plot te show the peak frequency

axes = plt.axes([8.35, 8.35, 8.3, 8.5])

plt.semilogx(df_healthy[df_healthy[ ' frequency'] »588][ frequency'], df_healthy[df_healthy['frequency'] »5e6][ impedance_magnitud
e']*p.e81, label="Healthy")

plt.semilogx(df_1turn[df_lturn['frequency'] »5@8][ frequency’], df_iturn[df_1turn[’'frequency’'] »>58@][ impedance_magnitude']*8.08
1, label="1 turn")
plt.semilogx(df_4turns|
6.801, label="4 turns')
plt.semilogx(df_8turns[df_8turns['frequency’] >58@]['frequency'], df_8turns[df_8turns['frequency'] »508@][" impedance_magnitude’]*
8.0081, label="8 turns')

# plt.semilogx(df_l1@turns[df 18turns[ frequency'] >588][ 'frequency'], df_18turns[df 16turns[’frequency'] »5600][ "impedance_magnit
ude ' ]*9.001, Label="8 turns')

#plt.setp(axes, yticks=[]) # this removes the yticks and its values

#plt.title("Impedance plot")

df_4aturns[ "frequency’] »>5@@]["frequency'], df_4turns[df_aturns[ frequency'] »56@][ " impedance_magnitude’]*
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Appendix D

D.1 Diagnosis using Statistical Indicators

The four statistical indicators explained in section 3.3.5 are applied to the impedance response
experimental results for each of the DUT (LACOIN, SCIM1, and SCIM2 with and without
rotor) to find the most accurate and sensitive ones for diagnosis. These results are shown in
Table’s D.1-D.3. The correlation coefficient (CC) is designed to tend towards zero if two
responses are uncorrelated and towards one if they are correlated (similar). This can be seen in
each of the tables where CC of the DUT in healthy condition is unity and less than one under
fault conditions. The higher the severity the more CC values approaches zero. For the other
three indicators i.e., standard deviation (SD), maximum absolute difference (DABS) and
absolute sum of logarithm error (ASLE), the values are zero when the DUT is in good condition
as this basically determines the distance between two impedance responses. The higher the
deviation from the baseline impedance responses, the higher the indicator values. The effect of
rotor on the impedance response could also be seen from each of the indicator. The values of
the indicators (SD and DABS) without rotor are almost twice the values of the indicator (SD
and DABS) with rotor which reflects reduction in impedance responses. However, based on
the data extracted from the impedance response for each of the DUT, all the four statistical

indicators are good performance for SFRA assessment.

Table D.1: Table of statistical indicators for LACOIN impedance response

Statistical Indicators
LACOIN Conditions
SD

Healthy 1.000 0.000 0.000 0.000

1%

DABS

0.799 3863.266 1758.867 0.130
inter-turns

3%
0.531 5537.947 2970.045 0.386
inter-turns
6%
0.508 5626.305 3059.353 0.505
inter-turns
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Table D.2: Table of statistical indicators for SCIM1 impedance response

Statistical Indicators
SCIM1 Conditions
SD

DABS

1.0000 0.000 0.000 0.000
5%
0.9785 1049.00 492.826 0.119
inter-turns
7%
0.9768 1114.46 521.182 0.133

inter-turns

Table D.3: Table of statistical indicators for SCIM2 impedance response

Statistical Indicators
SCIM2 Conditions
CC

SD DABS

Without rotor ~ 1.0000000 0.0000 0.000 0.0000

Healthy
With rotor 1.0000000 0.0000 0.000 0.0000
- Without rotor ~ 0.9985321 1026.93 648.921 0.0692
Inter-turns With rotor 0.9993748 546.083 390.216 0.0648
- Without rotor ~ 0.9984224 1115.75 705.948 0.0802
Inter-turns With rotor 0.9993225 578.871 413.736 0.0711
50 Without rotor ~ 0.9982284 1295.95 797.956 0.0828
Inter-turns With rotor 0.9993219 593.969 426.649 0.0735
- Without rotor ~ 0.9975536 1409.83 903.244 0.1122
Inter-turns With rotor 0.9986753 815.144 583.175 0.1029
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